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in response to UV light, is able to crosslink multiple
nucleophilic residues, including Cys, His, Lys, Tyr, Trp,
Asn, Gln, Asp, Glu, and Met [17]. The half-life of QM is
on the order of seconds, much longer than that of radical
intermediates of the conventional photocrosslinking
Uaas. Correspondingly, FnbY shows higher crosslinking
efficiency than the phenyl azide-based p-azido-phenyl-
alanine. We also genetically encoded another photo-
activatable Uaa FmnbY [18] (Figure 2d), which
photoreleases an ortho-QM, showing similar selectivity
but higher reactivity than para-QM of FnbY. In addition
to protein crosslinking, FnbY and FmnbY can both be
used for photocontrolled protein conjugation with the
widely available amine or thiol reagents, featuring fast
kinetics (reaction completes in tens of seconds) [18].

Proximity-enabled small molecule chemical
crosslinkers
Warhead reactivity of small molecule crosslinkers is
important for protein cross-linking. While poor reactivity
may not effectively capture transient protein-protein
interactions, excessively high reactivity will cause
random non-specific cross-linking, which can lead to
high background or inaccurate distance restraints for
protein structure modeling. Yang et al. designed a
heterobifunctional cross-linker NHSF composed of a
highly reactive succinimide ester and a weakly reactive
aryl sulfonyl fluoride [6] (Figure 3). Succinimide ester
reacts with lysine rapidly, planting the reagent at spe-
cific localizations on protein. When the pendant aryl
sulfonyl fluoride is cast proximal to the target residues,
the increased effective concentration enables aryl sul-
fonyl fluoride to react with multiple weakly nucleophilic
amino acid residues. This proximity-enhanced reaction
decreases the nonspecific crosslinks and exhibits a
better structural compatibility than the traditional bis-
succinimide ester crosslinker. In addition, NHSF is

shown to form crosslink between Lys and His, Ser, Thr,
Tyr, and Lys sidechains, significantly expanding the di-
versity of residues targetable by chemical crosslinkers.

This proximity-enabled chemical crosslinking strategy
has recently been applied to proteinecarbohydrate
complex to identify what functional group can react
with carbohydrate under biocompatible conditions [19].
After planting various chemical crosslinkers on proteins
via succinimide ester reacting with lysine, the other end
of the crosslinker is then tested to crosslink the bound
carbohydrate. Aryl sulfonyl fluoride is discovered to
react with carbohydrate via proximity-enabled reactivity,
offering a novel solution to the low affinity between
proteins and carbohydrates.

Proximity-enabled genetically encoded
chemical crosslinking (GECX)
GECX via latent bioreactive Uaa enables the capture of
weak and transient protein-protein interactions in live
cells for identification with MS [20] (Figure 4a). The
incorporated latent bioreactive Uaa reacts with a target
natural residue only when the two residues are in close
proximity. This unique mechanism enables the covalent
crosslinking to occur between two interacting proteins
specifically, without creating non-specific crosslinks that
lead to false positive and complicated MS analysis. As no
exogenous trigger is needed, GECX can capture the
interacting protein whenever they are in action in live
cells and accumulate the crosslinked product for MS
identification with high sensitivity. The latent reactivity,
genetic encodability, and the spontaneous yet specific
crosslinking ability make GECX uniquely suitable for
applications in vivo.

A series of latent bioreactive Uaas have been devised
and genetically encoded into proteins to covalently

Figure 3

Current Opinion in Chemical Biology

Crosslinking mechanism of small molecule crosslinker containing one weakly reactive group whose reactivity is enhanced by proximity effect.

Residue selective cross-linking of proteins Liu et al. 5

www.sciencedirect.com Current Opinion in Chemical Biology 2023, 74:102285

Liu, J., Yang, B., & Wang, L. Current Opinion in Chemical Biology 2023, 74, 102285.
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reactive, cross-linking reagents,68,69 and they are still by far the
predominant cross-linking reagents used. Targeting lysine
residues has the advantage that surface-exposed lysines are
readily accessible to react with the cross-linker. Nonetheless,
several disadvantages are associated with targeting amine groups
in lysine side chains: The lysine side chains are highly flexible;
therefore, the distance constraints gained from these experi-
ments for subsequent computational modeling are not rigid. The
main spacer lengths of cross-linkers range between 10 and 12.5
Å. For example, one of the most popular cross-linkers is
bis(sulfosuccinimidyl)suberate (BS3), which possesses a spacer
length of 11.4 Å and is able to bridge Cα−Cα distances of 26 to
30 Å.70 In addition to lysine residues, NHS esters have been
found to react with hydroxyl groups in serine, threonine, and
tyrosine residues in proteins with ∼30% frequency.58 As NHS
esters are insoluble in aqueous buffers, most protocols involve
dissolving the NHS ester in an organic solvent at high
concentration and diluting that stock solution in the reaction
medium. Often, NHS esters that are modified with sulfonic acids
are used as water-soluble analogues. One of the most prominent
examples is the cross-linker “twins” BS3 and disuccinimidylsub-
erate (DSS), which only differ by the presence of a sulfonic acid
group. NHS esters react with nucleophiles to release the NHS or
sulfo-NHS group to create stable amide bonds with primary
amines, such as N-termini and ε-amino groups in lysine side
chains of proteins (Scheme 1A). By varying the excess of cross-
linker, the pH value, and the temperature, it is possible to adapt
the level of modification to the requirements of the individual
protein system.
The cross-linking reaction between the amine groups of two

lysine residues will only occur if the amine groups are at the
correct distance to be bridged by the cross-linker (Scheme 2).
The cross-link can then be created between two lysine residues
in proximity on the same peptide (intrapeptide cross-link) or
between two lysines separated from each other in the amino acid
sequence or even located in different proteins (interpeptide
cross-link). From a structural standpoint, interpeptide cross-
links are the most interesting ones and serve as the basis for

subsequent computational modeling studies, giving insights into
protein conformation and protein−protein interfaces. In the
situation where one NHS ester of the cross-linker has reacted
with an amine group of a lysine residue, but when no amine
group is present at the appropriate distance to form a cross-link,
the remaining NHS ester will be hydrolyzed. Hydrolysis results
in covalent modifications of lysines, so-called “dead-end” cross-
links, that do not yield direct distance information but will give
important insights into the solvent-accessible surface area
(SASA).71 Therefore this information should not be dismissed
as it serves as valuable input for computational modeling of
protein conformations.
It should bementioned in this context that there is no uniform

nomenclature for the different types of cross-links that are
created with NHS esters. A uniform and systematic
nomenclature for the different cross-link types (type 0 for
“dead-end” cross-link, type 1 for intrapeptide cross-link, and
type 2 for interpeptide cross-link) was proposed several years
ago,72 but it has never found widespread acceptance. This
underlines the need to develop a standard and accepted
nomenclature in the XL-MS field (see section 9).
3.2. Thiol-Reactive Cross-linkers

The challenge when targeting thiol groups of cysteines is their
potential involvement in disulfide bond formation. Reduction of
disulfide bonds to generate free thiol groups might distort the
3D-protein structure and should be avoided. Accordingly, only
free thiol groups of cysteine residues are accessible for XL-MS.
Maleic acid imides (or maleimides) are a widely used reactive
group in several heterobifunctional cross-linking reagents,
mainly in combination with an NHS ester. The cross-linking
reaction proceeds such that the thiolate anion is added to the
maleimide (Scheme 1B). Maleimide reactions are sulfhydryl-
specific in the pH range between 6.5 and 7.5.73

Recently, 1,3-diallylurea (DAU) was introduced as the first
MS-cleavable, photothiol-reactive cross-linker.74 Upon UV-A
irradiation, DAU undergoes an anti-Markovnikov hydro-
thiolation with thiol groups of cysteine residues in the presence
of a radical initiator (Scheme 1C). Benzophenone as radical
initiator was found to produce optimum cross-linking yields.
Radical cysteine cross-linking proceeds via an orthogonal “click
reaction” and yields stable alkyl sulfide products. DAU reacts at
physiological pH, and cross-linking reactions with peptides and
proteins can be performed at different temperatures and as low
as 4 °C. The central urea bond is efficiently cleaved upon
collisional activation in MS/MS experiments generating
characteristic fragment ions (see section 3.6), which greatly
improves the reliability of cross-link identification.75

3.3. Photoreactive Cross-linkers

To target a broad range of amino acids in proteins, reagents with
alternative specificities, such as photoreactive cross-linkers, are
being explored and applied in photoaffinity labeling experi-
ments.76,77 As membrane proteins do not normally contain
lysines in their membrane-spanning domains, these regions are
excluded from structural analysis when amine-reactive cross-
linkers are used. Targeting hydrophobic amino acids by
photoreactive cross-linkers extends the cross-linking approach
toward integral membrane proteins. Photoreactive cross-linkers
are induced to react with target molecules by exposure to UV
light. The ideal photoreactive agent should be highly reactive but
still be stable in the dark and highly susceptible to light of a
wavelength that does not cause any photolytic damage to the
biological sample. Most of the photoreactive cross-linkers are

Scheme 2. Reaction of Amine-Reactive NHS Esters,
Exemplified for BS3 (Upper Panel). Reaction Products with
Proteins Include Intrapeptide Cross-links (Type 1; Left),
Interpeptide Cross-linksa (Type 2;Middle), and “Dead-End”
Cross-links or “Mono-links” (Type 0; Right)

aCross-links can be created within one protein (intraprotein, red or
blue only) or between different proteins (interprotein, red and blue
mixed).

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00786
Chem. Rev. 2022, 122, 7500−7531

7506

Piersimoni, L., et al. Chem. Rev. 2022, 122, 7500-7531.
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phorin A, which revealed interaction with multiple sites in the
hydrophobic region of the protein.73

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.74 Acetophenone and benzophe-
none (Fig. 2B) were benchmarked against aryl azide, using the
peptide pentagastrin, with the model proteins bovine serum
albumin (BSA) and lysozyme.74 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 (Fig. 1B) as photoactivatable struc-

tural 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 adja-
cent amino acids.75

Continuing in the theme of nature-inspired photoactivata-
ble handles, another functional group found in many natural
products is the tetrazole moiety (Fig. 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 irre-
versible loss of nitrogen to form a reactive nitrile imine species
that is then trapped by an alkene through a 1,3-dipolar cyclo-
addition.77 This reactive intermediate could also be inter-
cepted with carboxylate functionalities and as such was pro-
posed as a photoreactive group for PAL experiments.36,78 A
similar handle, the 2-aryl-5-carboxytetrazole (ACT; Fig. 1B), was
developed in parallel and was reported to have higher cross-
linking yield when compared with structurally matched benzo-
phenone and diazirine probes.79 In addition to DAT and ACT,
other photoreactive groups identified within the past five years
include o-nitrobenzyl alcohols (o-NBA; Fig. 1B), as lysine
specific photoactivatable groups, and o-(hydroxymethyl)
phenols (o-HMP) as tryptophan specific groups.80,81 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.

2.2 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 label-
ing 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 judi-
cious label selection for future studies. Photolysis of aryl
azides (Fig. 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 rela-
tively 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 gene-

Fig. 2 (A) Photolysis of aryl azide to a singlet nitrene, which can either
relax to a triplet nitrene or isomerize to a dehydroazepine or benzazir-
ine. (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 diazo-
nium species. The carbene from alkyl 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.

Organic & Biomolecular Chemistry Review

This journal is © The Royal Society of Chemistry 2021 Org. Biomol. Chem., 2021, 19, 7792–7809 | 7795
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Problem

Ø extremely short half-lives
→ very low target capturing yields
Ø the nitrone, carbene, and 

diradical intermediates 
→ react non-selectively with any 
proximal C–H/X–H bonds 
(X = N, O, S) 
→ high background

Burton, N. R., Kim, P., & Backus, K. M. 
Organic and Biomolecular Chemistry 2021, 19(36), 7792–7809.



Non-radical intermediate photo-crosslinker

9

GST dimer interface. Incorporation of mPyTK in Grb2
also enables the crosslinking with EGFR in mammalian
cells. Hu et al. developed an o-nitrobenzyl alcohol
containing lysine derivative (o-NBAK) for crosslinking
with proximal lysine residues (Figure 2c) [16]. The o-
NBAK photogenerates aryl-nitroso intermediates, which
have half-lives of w30 min and react with Lys within
GST dimer in vitro and in E. coli cells. They futher
showed that o-NBAK-incorporated SlPatA, a lysine
acetyltransferase, captures its substrate protein SeAcs
via photoactivated o-NBAK reacting with Lys, as veri-
fied by MS.

Amino acid identities at protein-protein interface vary
with proteins due to diverse molecular interactions. It is
thus valuable to develop photoactivatable Uaas capable
of targeting a broader range of natural amino acid resi-
dues specifically. Such multi-targeting reactivity is
particually useful when identifying unknown
protein!protein interactions wherein no information on
the target natural residue is available. We recently
designed and genetically encoded a photoactivatable
para-QM generating Uaa, FnbY, into proteins in E. coli
and mammalian cells (Figure 2d). Using GST as the
model protein, we showed that the incorporated FnbY,

Figure 1

Current Opinion in Chemical Biology

(a) A schematic view of photoaffinity labeling. PG: photoactivatable crosslinking group; CG: crosslinking group. (b) A schematic view of protein cross-
linking with photoactivatable small molecule crosslinkers. The crosslinker can have one or two PGs. (c-e) Photoreactive mechanisms for tetrazole (c), 2-
nitrobenzyl alcohol (d), and photocaged quinone methide (e).

Residue selective cross-linking of proteins Liu et al. 3

www.sciencedirect.com Current Opinion in Chemical Biology 2023, 74:102285

Liu, J., Yang, B., & Wang, L. Current Opinion in Chemical Biology 2023, 74, 102285.

Battenberg, O. A., Nodwell, M. B., & Sieber, S. A. 
Journal of Organic Chemistry 2011, 76(15), 6075–6087.
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Photo-induced coupling reactions of tetrazoles
with carboxylic acids in aqueous solution:
application in protein labelling†

Shan Zhao,ab Jianye Dai,ab Mo Hu,b Chang Liu,b Rong Meng,b Xiaoyun Liu,b

Chu Wangab and Tuoping Luo*ab

The photo-induced reactions of diaryltetrazoles with carboxylic

acids in aqueous solution were investigated. Besides measuring

the apparent second-order rate constant and evaluating the functional

group compatibility of these reactions, we further incorporated the

tetrazoles into SAHA, leading to a new active-site-directed probe for

labelling HDACs in both cell lysates and living cells.

Biocompatible organic reactions involving proteinogenic amino
acid residues are extremely valuable transformations, with the
potential to modify proteins and enable the studies of activity-
based profiling.1 Photochemically induced cross-linking is a
very appealing bioconjugation method given the precise control
of light that could be achieved in terms of wavelength, time and
space.2 However, most photo-induced covalent cross-linking
protocols rely on the highly reactive species and hence neither
site nor residue selectivity would be expected.3 In addition, they
are sometimes plagued by cell damage caused by the high reactivity
of the photolyzed intermediates as well as non-reproducible results
regarding labelling efficiency, the category of proteins and targeting
sites. In this regard, the photo-induced reaction of diaryltetrazoles
and alkenes developed by Lin’s group is particularly remarkable
whereas the tetrazoles or alkenes need to be first introduced into the
protein of interest.4 The photolysis of tetrazole A rapidly and cleanly
generates nitrile imine dipole B that reacts with an alkene to afford
pyrazoline cycloadduct C (Fig. 1a).4 This ‘‘photoclick chemistry’’ has
since been applied in a wide range of studies, due to the advantages
including the generation of strongly fluorescent cycloadducts,
the small size of the bioorthogonal alkene tag, superior reaction
kinetics and the mild photoactivation procedure using a hand-
held UV lamp.

Interested in labelling the carboxylic acids of native proteins,
we were intrigued by the possibility that the nitrile imine inter-
mediate B could react with a carboxylic acid. As a matter of fact, a
seminal report of Heimgartner’s group in 1985 described this
reaction in organic solvents such as 1,4-dioxane or benzene that
afforded diacylhydrazine 3 as the final product (Fig. 1b).5 The
carboxylic acid presumably reacts with the nitrile imine generated
by irradiation of tetrazole 1a to form an adduct intermediate 2,
which is followed by an intramolecular O - N acyl transfer to
give 3.5 The reinvestigation of this photo-induced tetrazole-acid
coupling reaction, especially under the physiologically relevant
conditions, was warranted in order to achieve its full potential
for chemical biology research. Nallani’s group and Zhao’s group
independently reported photo-induced reactions of tetrazoles
with a number of endogenous amino acids,6 but neither publication
has considered the reactivity of carboxylic acids. Given the high

Fig. 1 Photo-inducible reactions of tetrazoles. (a) Photo-induced tetrazole–
alkene addition. (b) Photo-induced reactions of tetrazole 1a and carboxylic
acids.
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and a hydroxamic acid (entries 2–14). The complete conversion
of 1b was observed in all reactions while most additives did not
interfere with the photo-induced reaction. Nonetheless, it is
noteworthy that in the presence of Tyr, Lys or Cys amino acids
the yield of 9 decreased to a different degree (entries 10–12),
presumably due to the reactions between the nitrile imine
intermediate and phenol, amino or thiol groups.6,13

The initial bioconjugation was attempted between the myoglobin
protein and tetrazole 1b. Analysis using electrospray ionization
mass spectrometry (ESI-MS) indicated the formation of a new
species into which the reactive intermediate was incorporated
with equal stoichiometry (Fig. 4a). The conversion was about 12%.

In an analogous experiment conducted in the absence of the
tetrazole, no modification of the protein was observed. Subsequent
tryptic digestion and tandem mass spectrometry confirmed the
presence of modified-carboxyl groups at positions E18, E27, E37
and E41 by the appearance of expected y and b fragment ions
(Fig. 4b and Tables S3–S7, ESI†). These active residues, as
predominant sites of modifications identified in database under
current conditions, were exposed on the surface of myoglobin
and easily accessible to the reaction.

We subsequently investigated the possibility of using the
tetrazole as a new photo-crosslinking functionality in the field
of photo-affinity labelling, which could preferentially react with
carboxylic acid residues. As a proof-of-concept study, we designed
and de novo synthesized the active site-directed small molecule
probe 11 based on SAHA (10), a widely used inhibitor for histone
deacetylases (HDACs) (Fig. 5a and Scheme S1, ESI†).15 The design
of this probe was inspired by the phenyl azide and benzophenone
derivatives of SAHA reported by Richon’s group and Cravatt’s
group, respectively.16 In parallel, we also prepared a pseudo-
probe (12) that lacked the strong Zn2+ chelating group (hydroxamic
acid) and hence should bind HDACs much more weakly.15 Both 11
and 12 contain a terminal alkyne group as the ‘clickable’ moiety to
allow conjugation of a desired tag after photoreaction.

We first tested probe 11 for the labelling of HDACs in HepG2
cell lysates (Fig. 5b). The results confirmed that both HDAC1
and HDAC2 could be labelled by probe 11 (lanes 1–3), and the
signal intensity was competed away by SAHA (lanes 4 and 5). In
comparison, pseudo-probe 12 labelled neither HDAC1 nor
HDAC2 (lane 6). The labelling event was dependent on the
UV irradiation (lane 7), while there was hardly any labelling in
the denatured cell lysates (lane 8). The tetrazole-SAHA 11 should be
covalently linked to HDAC1 and HDAC2 upon UV irradiation
because the detected HDACs survived under the harsh denaturing
condition that is able to disrupt any noncovalent protein–protein/
inhibitor interaction. Moreover, successful labelling was realized
by photolysis of probe 11 in living cells, which was also competed
away by excess SAHA (Fig. 5c and Fig. S10, ESI†). To pinpoint
the potential site(s) that reacted with the tetrazole moiety of 11,

Fig. 3 The competition reaction of carboxylic acid addition and 1,3-dipolar
cycloaddition of tetrazole 1b.

Table 2 Photo-induced reaction of tetrazole 1b with acid 8a

Entry Additive Yieldb (%)

1 None 68
2 Boc-Asn-ONpc 74
3 Boc-Gln-ONp 74
4 Boc-Ser-OMe 64
5 Boc-Thr-OMe 69
6 H-Arg-OMe 61
7 H-His-OMe 66
8 Boc-Trp-OSud 66
9 Boc-Met-OSu 78
10 Boc-Tyr-OMe 40
11 H-Lys-OMe 40
12 H-Cys-OEt 33
13 n-C4H9CCH 64
14 CH3CONHOH 65

a Reaction mixture of tetrazole 1b (100 mM), 8 (2 mM) and additive
(2 mM) in PBS/MeCN (1 : 1) within a quartz test tube was irradiated
using a handheld UV lamp (302 nm, 6 W) for 2 h. b HPLC yield of 9 after 2 h.
c Np = p-nitrophenyl. d Su = succinimide.

Fig. 4 Photo-labelling of myoglobin using tetrazole 1b. (a) ESI-MS analysis
indicating the formation of the anticipated tetrazole 1b adduct (expected
Da = 17 813). (b) Residues E18, E27, E37 and E41 identified as the modification
sites (blue), the locations of which were indicated by the arrows. View
derived from a crystal structure of myoglobin (PDB ID: 3WI8).14
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frequency of aspartate and glutamate residues in the whole
proteome (combined 410%),7 we envision that the tetrazole-
acid coupling reaction, which is readily and uniquely induced by
light, would serve as an important addition to bioconjugation
methods. As a proof-of-concept study, this chemistry was applied
herein for the photoaffinity labelling of histone deacetylases
(HDACs). During the preparation of this manuscript, Yao and
co-workers reported the same tetrazole–carboxylic acid photo-
induced reaction and applied it in the development of protein-
detecting biosensors.8 Rather than standing out as diverse
fluorescence imaging tools in Yao’s work, we focused on the
characterization of tetrazole-acid coupling reactions including
the evaluation of kinetic rate constants, competition, pH dependence
and functional group tolerance.

We commenced our studies by examining the reactions of
various diaryltetrazoles with carboxylic acids in organic solvents
using the mild photoactivation procedure introduced by Lin
and co-workers, which all provided good yields of the desired
diacylhydrazine products (Table S1, ESI†).4 Encouraged by these
results, we moved on investigating this reaction in the aqueous
phase. As the reaction kinetics of the nitrile imine–alkene
cycloaddition was measured in a PBS/acetonitrile (1 : 1) buffer4

even if the pH and chloride dependence have recently been
investigated,9 we decided to determine the corresponding
second-order rate constants (kCOOH) of nitrile imine-acid reactions
under the same reaction conditions. With propionic acid as a
model for various carboxylic acids, the reaction rates were
determined on the basis of HPLC analysis (see the ESI† for
details, Fig. S1–S7). The apparent second-order rate constants
were derived (Table 1 and Table S2, ESI†) based on the assumption
that both the photolysis of diaryltetrazoles and the intramolecular
O - N acyl transfer are very rapid processes.10,11 For unsub-
stituted diphenyl-tetrazole 1a, the apparent second-order rate
constant was estimated to be 2.8 M!1 s!1, while the yield of the

diacylhydrazine product after a brief period of time (e.g. 5 min)
reached 45%. The introduction of an electron-donating group
(methoxyl) at the para position of either the N2 phenyl ring (X)
or the C5 phenyl ring (Y) led to a significant increase in both
the reaction rate (1b and 1c) and the product yield, whereas the
latter had a stronger effect (1c). In contrast, the reaction rate
decreased substantially in the presence of an electron-withdrawing
substituent (methyl carboxylate) (1d, 1e, 1f and 1g). Taking into
consideration the rate constant and product yield, tetrazoles
with only electronic-donating group(s) became the focus of
further investigation.

To access the effect of pH on the tetrazole–carboxylic acid
photo-induced reaction, we studied the reaction of propionic
acid with tetrazole 1b as a model reaction by quantifying the
products via HPLC-MS analysis (Fig. 2 and Fig. S8, ESI†). To our
delight, the highest yield of the desired coupling product 4b
was observed under neutral or slightly acidic conditions (pH =
7.1 or 5.5). Interestingly, the amount of the hydrolysis product
5b decreased with increasing pH. In contrast, the efficiency of
nitrile imine–acetonitrile cycloaddition that afforded 1,2,4-
triazole 6b increased with increasing pH. These results are in
accordance with those reported by Liu and co-workers,9 which
implied that increasing the pH value led to higher cycloaddition
rate constant. The preference of different reaction pathways
influenced by pH values remains to be further investigated.

We next performed the competitive experiment between
carboxylic acid addition and 1,3-dipolar cycloaddition of tetra-
zole 1b in ethyl acetate (organic solvent) and an acetonitrile/
PBS buffer (1 : 1) mixture, respectively. The results suggested
that the in situ generated reactive nitrile imine reacted selectively
with carboxylic acids over alkenes in ethyl acetate, but acted
contrarily in the buffer mixture (Fig. 3).

Before utilizing the tetrazoles to modify native proteins, a
robustness screen of this photo-inducible reaction was desirable
to assess, rapidly and discretely, its tolerance to other functional
groups in the aqueous solution, especially those within the endo-
genous amino acids.12 We investigated the reaction of tetrazole 1b
with Boc-Asp-OtBu 8 and quantitated the yields of product 9 by
HPLC-MS analysis (Table 2 and Fig. S9, ESI†). In the absence of
any additive, the reaction was determined to give 9 in 68% yield
(entry 1). The reaction was then repeated in the presence of
various additives, including protected amino acids, an alkyne

Table 1 Kinetic study of photo-induced reactions of tetrazoles with
propionic acida

Tetrazole X Y kCOOH [M!1 s!1] Yieldb (%)

1a H H 2.8 45
1b p-OMe H 5.5 56
1c H p-OMe 7.4 87
1d p-CO2Me H 0.28 5.9
1e H p-CO2Me 0.05 2.8
1f p-CO2Me p-OMe 0.88 19
1g p-OMe p-CO2Me 0.21 4.7

a Reaction mixture of tetrazole (100 mM) and propionic acid (1 mM) in
PBS/MeCN (1 : 1) within a quartz test tube was irradiated using a
handheld UV lamp (302 nm, 6 W) at room temperature. The product
mixtures were analyzed by reversed-phase HPLC-MS and quantified by
comparing the integrated peaks to that of a standard; see the ESI (Table S2
and Fig. S1–S7) for details. b HPLC yield after 5 min of irradiation.

Fig. 2 The effect of pH on the product distribution of reaction of
propionic acid with tetrazole 1b. (a) Structures of the three observed
products in PBS/MeCN (1 : 1) solution. (b) Reactions carried out at pH
values ranging from 2.5 to 10. The yields of products were quantified using
HPLC-MS. The data shown are an average of three replicate experiments.

Communication ChemComm

Pu
bl

is
he

d 
on

 0
2 

M
ar

ch
 2

01
6.

 D
ow

nl
oa

de
d 

by
 T

he
 U

ni
ve

rs
ity

 o
f T

ok
yo

 o
n 

6/
18

/2
02

3 
9:

16
:5

1 
A

M
. 

View Article Online

a Reaction mixture of tetrazole (100 mM) and propionic acid (1 mM) in PBS/MeCN (1:1) within a quartz test tube was irradiated using 
a handheld UV lamp (302 nm, 6 W) at room temperature. The product mixtures were analyzed by reversed-phase HPLC-MS and 
quantified by comparing the integrated peaks to that of a standard; see the ESI (Table S2 and Fig. S1–S7) for details. b HPLC yield after 
5 min of irradiation.

ü tetrazoles with only electronic-donating group
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frequency of aspartate and glutamate residues in the whole
proteome (combined 410%),7 we envision that the tetrazole-
acid coupling reaction, which is readily and uniquely induced by
light, would serve as an important addition to bioconjugation
methods. As a proof-of-concept study, this chemistry was applied
herein for the photoaffinity labelling of histone deacetylases
(HDACs). During the preparation of this manuscript, Yao and
co-workers reported the same tetrazole–carboxylic acid photo-
induced reaction and applied it in the development of protein-
detecting biosensors.8 Rather than standing out as diverse
fluorescence imaging tools in Yao’s work, we focused on the
characterization of tetrazole-acid coupling reactions including
the evaluation of kinetic rate constants, competition, pH dependence
and functional group tolerance.

We commenced our studies by examining the reactions of
various diaryltetrazoles with carboxylic acids in organic solvents
using the mild photoactivation procedure introduced by Lin
and co-workers, which all provided good yields of the desired
diacylhydrazine products (Table S1, ESI†).4 Encouraged by these
results, we moved on investigating this reaction in the aqueous
phase. As the reaction kinetics of the nitrile imine–alkene
cycloaddition was measured in a PBS/acetonitrile (1 : 1) buffer4

even if the pH and chloride dependence have recently been
investigated,9 we decided to determine the corresponding
second-order rate constants (kCOOH) of nitrile imine-acid reactions
under the same reaction conditions. With propionic acid as a
model for various carboxylic acids, the reaction rates were
determined on the basis of HPLC analysis (see the ESI† for
details, Fig. S1–S7). The apparent second-order rate constants
were derived (Table 1 and Table S2, ESI†) based on the assumption
that both the photolysis of diaryltetrazoles and the intramolecular
O - N acyl transfer are very rapid processes.10,11 For unsub-
stituted diphenyl-tetrazole 1a, the apparent second-order rate
constant was estimated to be 2.8 M!1 s!1, while the yield of the

diacylhydrazine product after a brief period of time (e.g. 5 min)
reached 45%. The introduction of an electron-donating group
(methoxyl) at the para position of either the N2 phenyl ring (X)
or the C5 phenyl ring (Y) led to a significant increase in both
the reaction rate (1b and 1c) and the product yield, whereas the
latter had a stronger effect (1c). In contrast, the reaction rate
decreased substantially in the presence of an electron-withdrawing
substituent (methyl carboxylate) (1d, 1e, 1f and 1g). Taking into
consideration the rate constant and product yield, tetrazoles
with only electronic-donating group(s) became the focus of
further investigation.

To access the effect of pH on the tetrazole–carboxylic acid
photo-induced reaction, we studied the reaction of propionic
acid with tetrazole 1b as a model reaction by quantifying the
products via HPLC-MS analysis (Fig. 2 and Fig. S8, ESI†). To our
delight, the highest yield of the desired coupling product 4b
was observed under neutral or slightly acidic conditions (pH =
7.1 or 5.5). Interestingly, the amount of the hydrolysis product
5b decreased with increasing pH. In contrast, the efficiency of
nitrile imine–acetonitrile cycloaddition that afforded 1,2,4-
triazole 6b increased with increasing pH. These results are in
accordance with those reported by Liu and co-workers,9 which
implied that increasing the pH value led to higher cycloaddition
rate constant. The preference of different reaction pathways
influenced by pH values remains to be further investigated.

We next performed the competitive experiment between
carboxylic acid addition and 1,3-dipolar cycloaddition of tetra-
zole 1b in ethyl acetate (organic solvent) and an acetonitrile/
PBS buffer (1 : 1) mixture, respectively. The results suggested
that the in situ generated reactive nitrile imine reacted selectively
with carboxylic acids over alkenes in ethyl acetate, but acted
contrarily in the buffer mixture (Fig. 3).

Before utilizing the tetrazoles to modify native proteins, a
robustness screen of this photo-inducible reaction was desirable
to assess, rapidly and discretely, its tolerance to other functional
groups in the aqueous solution, especially those within the endo-
genous amino acids.12 We investigated the reaction of tetrazole 1b
with Boc-Asp-OtBu 8 and quantitated the yields of product 9 by
HPLC-MS analysis (Table 2 and Fig. S9, ESI†). In the absence of
any additive, the reaction was determined to give 9 in 68% yield
(entry 1). The reaction was then repeated in the presence of
various additives, including protected amino acids, an alkyne

Table 1 Kinetic study of photo-induced reactions of tetrazoles with
propionic acida

Tetrazole X Y kCOOH [M!1 s!1] Yieldb (%)

1a H H 2.8 45
1b p-OMe H 5.5 56
1c H p-OMe 7.4 87
1d p-CO2Me H 0.28 5.9
1e H p-CO2Me 0.05 2.8
1f p-CO2Me p-OMe 0.88 19
1g p-OMe p-CO2Me 0.21 4.7

a Reaction mixture of tetrazole (100 mM) and propionic acid (1 mM) in
PBS/MeCN (1 : 1) within a quartz test tube was irradiated using a
handheld UV lamp (302 nm, 6 W) at room temperature. The product
mixtures were analyzed by reversed-phase HPLC-MS and quantified by
comparing the integrated peaks to that of a standard; see the ESI (Table S2
and Fig. S1–S7) for details. b HPLC yield after 5 min of irradiation.

Fig. 2 The effect of pH on the product distribution of reaction of
propionic acid with tetrazole 1b. (a) Structures of the three observed
products in PBS/MeCN (1 : 1) solution. (b) Reactions carried out at pH
values ranging from 2.5 to 10. The yields of products were quantified using
HPLC-MS. The data shown are an average of three replicate experiments.
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hydrolysis
product

desired product 

cycloaddition
product

ü the highest yield of the desired product 4b was 
observed under neutral or slightly acidic 
conditions (pH = 7.1 or 5.5)

Zhao, S., et al. Chem. Commun. 2016, 52, 4702-4705. (Fig. modified)

Fig. 2 The effect of pH on the product distribution of reaction of propionic acid with tetrazole 1b. (a) Structures of 
the three observed products in PBS/MeCN (1:1) solution. (b) Reactions carried out at pH values ranging from 2.5 to 
10. The yields of products were quantified using HPLC-MS. The data shown are an average of three replicate 
experiments. 
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and a hydroxamic acid (entries 2–14). The complete conversion
of 1b was observed in all reactions while most additives did not
interfere with the photo-induced reaction. Nonetheless, it is
noteworthy that in the presence of Tyr, Lys or Cys amino acids
the yield of 9 decreased to a different degree (entries 10–12),
presumably due to the reactions between the nitrile imine
intermediate and phenol, amino or thiol groups.6,13

The initial bioconjugation was attempted between the myoglobin
protein and tetrazole 1b. Analysis using electrospray ionization
mass spectrometry (ESI-MS) indicated the formation of a new
species into which the reactive intermediate was incorporated
with equal stoichiometry (Fig. 4a). The conversion was about 12%.

In an analogous experiment conducted in the absence of the
tetrazole, no modification of the protein was observed. Subsequent
tryptic digestion and tandem mass spectrometry confirmed the
presence of modified-carboxyl groups at positions E18, E27, E37
and E41 by the appearance of expected y and b fragment ions
(Fig. 4b and Tables S3–S7, ESI†). These active residues, as
predominant sites of modifications identified in database under
current conditions, were exposed on the surface of myoglobin
and easily accessible to the reaction.

We subsequently investigated the possibility of using the
tetrazole as a new photo-crosslinking functionality in the field
of photo-affinity labelling, which could preferentially react with
carboxylic acid residues. As a proof-of-concept study, we designed
and de novo synthesized the active site-directed small molecule
probe 11 based on SAHA (10), a widely used inhibitor for histone
deacetylases (HDACs) (Fig. 5a and Scheme S1, ESI†).15 The design
of this probe was inspired by the phenyl azide and benzophenone
derivatives of SAHA reported by Richon’s group and Cravatt’s
group, respectively.16 In parallel, we also prepared a pseudo-
probe (12) that lacked the strong Zn2+ chelating group (hydroxamic
acid) and hence should bind HDACs much more weakly.15 Both 11
and 12 contain a terminal alkyne group as the ‘clickable’ moiety to
allow conjugation of a desired tag after photoreaction.

We first tested probe 11 for the labelling of HDACs in HepG2
cell lysates (Fig. 5b). The results confirmed that both HDAC1
and HDAC2 could be labelled by probe 11 (lanes 1–3), and the
signal intensity was competed away by SAHA (lanes 4 and 5). In
comparison, pseudo-probe 12 labelled neither HDAC1 nor
HDAC2 (lane 6). The labelling event was dependent on the
UV irradiation (lane 7), while there was hardly any labelling in
the denatured cell lysates (lane 8). The tetrazole-SAHA 11 should be
covalently linked to HDAC1 and HDAC2 upon UV irradiation
because the detected HDACs survived under the harsh denaturing
condition that is able to disrupt any noncovalent protein–protein/
inhibitor interaction. Moreover, successful labelling was realized
by photolysis of probe 11 in living cells, which was also competed
away by excess SAHA (Fig. 5c and Fig. S10, ESI†). To pinpoint
the potential site(s) that reacted with the tetrazole moiety of 11,

Fig. 3 The competition reaction of carboxylic acid addition and 1,3-dipolar
cycloaddition of tetrazole 1b.

Table 2 Photo-induced reaction of tetrazole 1b with acid 8a

Entry Additive Yieldb (%)

1 None 68
2 Boc-Asn-ONpc 74
3 Boc-Gln-ONp 74
4 Boc-Ser-OMe 64
5 Boc-Thr-OMe 69
6 H-Arg-OMe 61
7 H-His-OMe 66
8 Boc-Trp-OSud 66
9 Boc-Met-OSu 78
10 Boc-Tyr-OMe 40
11 H-Lys-OMe 40
12 H-Cys-OEt 33
13 n-C4H9CCH 64
14 CH3CONHOH 65

a Reaction mixture of tetrazole 1b (100 mM), 8 (2 mM) and additive
(2 mM) in PBS/MeCN (1 : 1) within a quartz test tube was irradiated
using a handheld UV lamp (302 nm, 6 W) for 2 h. b HPLC yield of 9 after 2 h.
c Np = p-nitrophenyl. d Su = succinimide.

Fig. 4 Photo-labelling of myoglobin using tetrazole 1b. (a) ESI-MS analysis
indicating the formation of the anticipated tetrazole 1b adduct (expected
Da = 17 813). (b) Residues E18, E27, E37 and E41 identified as the modification
sites (blue), the locations of which were indicated by the arrows. View
derived from a crystal structure of myoglobin (PDB ID: 3WI8).14
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ü The complete conversion of 1b was observed in 
all reactions 

ü most additives did not interfere with the photo-
induced reaction. 

ü in the presence of Tyr, Lys or Cys, the yield of 9 
decreased to a different degree (entries 10-12)
→ presumably due to the reactions between the 
nitrile imine intermediate and phenol, amino or 
thiol groups.
→ Asp, Glu, Cys, Lys selectivity

ü Interestingly, of all functional groups tested, 
CO2H appeared most reactive at physiological 
pH, better than other common nucleophiles 
including thiols, amines, and alcohols. 

Li, Z., et al. Angew. Chem. Int. Ed. 2016, 55, 2002-2006.

Zhao, S., et al. Chem. Commun. 2016, 52, 4702-4705. (Fig. modified)



Photo-crosslinking of myoglobin

14

https://www.uniprot.org/uniprotkb/P02144/entry#sequences

4704 | Chem. Commun., 2016, 52, 4702--4705 This journal is©The Royal Society of Chemistry 2016

and a hydroxamic acid (entries 2–14). The complete conversion
of 1b was observed in all reactions while most additives did not
interfere with the photo-induced reaction. Nonetheless, it is
noteworthy that in the presence of Tyr, Lys or Cys amino acids
the yield of 9 decreased to a different degree (entries 10–12),
presumably due to the reactions between the nitrile imine
intermediate and phenol, amino or thiol groups.6,13

The initial bioconjugation was attempted between the myoglobin
protein and tetrazole 1b. Analysis using electrospray ionization
mass spectrometry (ESI-MS) indicated the formation of a new
species into which the reactive intermediate was incorporated
with equal stoichiometry (Fig. 4a). The conversion was about 12%.

In an analogous experiment conducted in the absence of the
tetrazole, no modification of the protein was observed. Subsequent
tryptic digestion and tandem mass spectrometry confirmed the
presence of modified-carboxyl groups at positions E18, E27, E37
and E41 by the appearance of expected y and b fragment ions
(Fig. 4b and Tables S3–S7, ESI†). These active residues, as
predominant sites of modifications identified in database under
current conditions, were exposed on the surface of myoglobin
and easily accessible to the reaction.

We subsequently investigated the possibility of using the
tetrazole as a new photo-crosslinking functionality in the field
of photo-affinity labelling, which could preferentially react with
carboxylic acid residues. As a proof-of-concept study, we designed
and de novo synthesized the active site-directed small molecule
probe 11 based on SAHA (10), a widely used inhibitor for histone
deacetylases (HDACs) (Fig. 5a and Scheme S1, ESI†).15 The design
of this probe was inspired by the phenyl azide and benzophenone
derivatives of SAHA reported by Richon’s group and Cravatt’s
group, respectively.16 In parallel, we also prepared a pseudo-
probe (12) that lacked the strong Zn2+ chelating group (hydroxamic
acid) and hence should bind HDACs much more weakly.15 Both 11
and 12 contain a terminal alkyne group as the ‘clickable’ moiety to
allow conjugation of a desired tag after photoreaction.

We first tested probe 11 for the labelling of HDACs in HepG2
cell lysates (Fig. 5b). The results confirmed that both HDAC1
and HDAC2 could be labelled by probe 11 (lanes 1–3), and the
signal intensity was competed away by SAHA (lanes 4 and 5). In
comparison, pseudo-probe 12 labelled neither HDAC1 nor
HDAC2 (lane 6). The labelling event was dependent on the
UV irradiation (lane 7), while there was hardly any labelling in
the denatured cell lysates (lane 8). The tetrazole-SAHA 11 should be
covalently linked to HDAC1 and HDAC2 upon UV irradiation
because the detected HDACs survived under the harsh denaturing
condition that is able to disrupt any noncovalent protein–protein/
inhibitor interaction. Moreover, successful labelling was realized
by photolysis of probe 11 in living cells, which was also competed
away by excess SAHA (Fig. 5c and Fig. S10, ESI†). To pinpoint
the potential site(s) that reacted with the tetrazole moiety of 11,

Fig. 3 The competition reaction of carboxylic acid addition and 1,3-dipolar
cycloaddition of tetrazole 1b.

Table 2 Photo-induced reaction of tetrazole 1b with acid 8a

Entry Additive Yieldb (%)

1 None 68
2 Boc-Asn-ONpc 74
3 Boc-Gln-ONp 74
4 Boc-Ser-OMe 64
5 Boc-Thr-OMe 69
6 H-Arg-OMe 61
7 H-His-OMe 66
8 Boc-Trp-OSud 66
9 Boc-Met-OSu 78
10 Boc-Tyr-OMe 40
11 H-Lys-OMe 40
12 H-Cys-OEt 33
13 n-C4H9CCH 64
14 CH3CONHOH 65

a Reaction mixture of tetrazole 1b (100 mM), 8 (2 mM) and additive
(2 mM) in PBS/MeCN (1 : 1) within a quartz test tube was irradiated
using a handheld UV lamp (302 nm, 6 W) for 2 h. b HPLC yield of 9 after 2 h.
c Np = p-nitrophenyl. d Su = succinimide.

Fig. 4 Photo-labelling of myoglobin using tetrazole 1b. (a) ESI-MS analysis
indicating the formation of the anticipated tetrazole 1b adduct (expected
Da = 17 813). (b) Residues E18, E27, E37 and E41 identified as the modification
sites (blue), the locations of which were indicated by the arrows. View
derived from a crystal structure of myoglobin (PDB ID: 3WI8).14
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Fig. 4 Photo-labelling of myoglobin using tetrazole 1b. (a) ESI-MS analysis indicating the formation of the anticipated 
tetrazole 1b adduct (expected Da = 17 813). (b) Residues E18, E27, E37 and E41 identified as the modification sites (blue), 
the locations of which were indicated by the arrows. View derived from a crystal structure of myoglobin (PDB ID: 3WI8). 

ü Analysis using ESI-MS indicated the formation of a new species (+1 modification)
ü Subsequent tryptic digestion and tandem mass spectrometry

→ confirmed the presence of modified-carboxyl groups at positions E18, E27, E37 
and E41

Zhao, S., et al. Chem. Commun. 2016, 52, 4702-4705.

https://www.uniprot.org/uniprotkb/P02144/entry
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Ø As a proof-of-concept study, small molecule inhibitor SAHA was 
chosen

15

https://ruo.mbl.co.jp/bio/product/epigenome/pickup/deacetylase.html

ü SAHA (suberoylanilide hydroxamic acid) 
inhibits HDAC

→ inhibits cell proliferation and exhibits 
anti-tumor effects
→ effective in the treatment of acute 
myeloid leukemia

https://ruo.mbl.co.jp/bio/product/epigenome/pickup/deacetylase.html
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the tryptic digests of photo-labelled purified HDAC1 were extensively
characterized by LC-MS/MS. Because the hydroxamic acid could be
reduced to the amide group by the treatment during the sample
preparation for MS studies (Fig. S10, ESI†), we assumed the reduced
form of probe 11 (–NHOH - –NH2) as a variable posttranslational
modification. The MS/MS spectrum confirmed the modification
at 203E (YGE*YFPGTGDLR) in HDAC1 (Table S8, ESI†), which
corresponds to 208E in HDAC2 based on sequence alignment
(Fig. S11, ESI†). As revealed in the X-ray structure of the HDAC2-
SAHA complex (PDB ID: 4LXZ),17 the residue of 208E is spatially
close to the phenyl ring of SAHA (Fig. S12, ESI†). Given the high
homology between HDAC1 and HDAC2, the identification of
203E as the labelling site agrees well with the notion that the
SAHA moiety of probe 11 bound to HDAC1 first and the photo-
affinity labelling ensued.

In summary, we investigated the photo-induced diaryltetrazole-
acid coupling reaction as a novel biochemical conjugation strategy.

With successful profiling of HDACs in cell lysates and living cells
using the photo-activatable probe, we believe that this coupling
reaction between tetrazoles and carboxylic acids could be extensively
applied to protein labeling both in vitro and in vivo. To realize a
widespread utility of this coupling reaction, investigations regarding
cross-linking technologies and other potential substrates are
on-going and will be reported in due course.

This work was supported by generous start-up funds from
the National ‘‘Young 1000 Talents Plan’’ Program, College of
Chemistry and Molecular Engineering, Peking University and
Peking-Tsinghua Center for Life Sciences, and the National
Science Foundation of China (Grant No. 21472003 and 31521004).
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Fig. 5 Photo-affinity labelling of HDACs in cell lysates and living cells.
(a) Structures of SAHA and probes. (b) Western blotting analysis of biotin-
enriched active (A) or inactive (IA) HepG2 cell lysates treated with probes in
the absence (!) or presence (+) of competitor SAHA, with or without
irradiation using a handheld UV lamp (10 min). (c) Western blotting of
HDACs enriched from in situ HepG2 cells treated with tetrazole-SAHA
probe 11 and competitor SAHA.
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Ø Proof-of-concept study

ü Tetrazole-SAHA probe (11) 
was designed

ü Pseudo-probe (12) lacked 
the strong Zn2+ chelating 
group (hydroxamic acid) 

ü Tetrazole-SAHA probe (11)
can modify HDAC1 and 
HDAC2

ü Tetrazole-SAHA covalently 
linked to HDAC1 and HDAC2

HDAC2
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the tryptic digests of photo-labelled purified HDAC1 were extensively
characterized by LC-MS/MS. Because the hydroxamic acid could be
reduced to the amide group by the treatment during the sample
preparation for MS studies (Fig. S10, ESI†), we assumed the reduced
form of probe 11 (–NHOH - –NH2) as a variable posttranslational
modification. The MS/MS spectrum confirmed the modification
at 203E (YGE*YFPGTGDLR) in HDAC1 (Table S8, ESI†), which
corresponds to 208E in HDAC2 based on sequence alignment
(Fig. S11, ESI†). As revealed in the X-ray structure of the HDAC2-
SAHA complex (PDB ID: 4LXZ),17 the residue of 208E is spatially
close to the phenyl ring of SAHA (Fig. S12, ESI†). Given the high
homology between HDAC1 and HDAC2, the identification of
203E as the labelling site agrees well with the notion that the
SAHA moiety of probe 11 bound to HDAC1 first and the photo-
affinity labelling ensued.

In summary, we investigated the photo-induced diaryltetrazole-
acid coupling reaction as a novel biochemical conjugation strategy.

With successful profiling of HDACs in cell lysates and living cells
using the photo-activatable probe, we believe that this coupling
reaction between tetrazoles and carboxylic acids could be extensively
applied to protein labeling both in vitro and in vivo. To realize a
widespread utility of this coupling reaction, investigations regarding
cross-linking technologies and other potential substrates are
on-going and will be reported in due course.
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Fig. 5 Photo-affinity labelling of HDACs in cell lysates and living cells.
(a) Structures of SAHA and probes. (b) Western blotting analysis of biotin-
enriched active (A) or inactive (IA) HepG2 cell lysates treated with probes in
the absence (!) or presence (+) of competitor SAHA, with or without
irradiation using a handheld UV lamp (10 min). (c) Western blotting of
HDACs enriched from in situ HepG2 cells treated with tetrazole-SAHA
probe 11 and competitor SAHA.
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Ø HDACs enriched from in situ HepG2 cell
treated with tetrazole-SAHA probe 11

ü successful labeling was realized by 
photolysis of probe 11 in living cells

41

mode, with one full MS scan (400–1800 m/z) in the orbitrap followed by MS/MS 
scans of the 20 most abundant ions using the linear ion trap with dynamic exclusion 
enabled. The MS data was analyzed by Mascot v2.3.02 using a SwissProt database 
with two differential modifications: Carbamidomethyl modification of 57.02146 on 
cysteine (C) and SAHA-tetrazole probe modification of 418.2005 on aspartic acid (D) 
or glutamic acid (E).

Fig. S11. HPLC-MS analysis of SAHA after the treatment of the MS sample 
preparation

Table S8. MS/MS spectrum and b/y ion assignments by Mascot confirming 203E of 
HDAC1 was labeled by probe 11

YGEYFPGTGDLR
Res. mass b ion b++ y ion y++ z m/z

Y 163.1 164.1 82.5 2 895.9129 

G 57.0 221.1 111.0 1629.8 815.4 3 597.2752 

EZ 101.0 768.3 384.7 1572.7 786.9 4 447.9564 

Y 163.1 931.4 466.2 1025.5 513.3

F 147.1 1078.5 539.7 862.4 431.7

P 97.1 1175.5 588.3 715.4 358.2

G 128.1 1232.5 616.7 618.3 309.7

T 101.0 1333.6 667.3 561.3 281.2

G 128.1 1390.6 695.8 460.3 230.6

D 115.0 1505.6 753.8 403.2 202.1

L 113.1 1618.7 809.9 288.2 144.6

R 156.1 175.1 88.1

Ø MS/MS spectrum 
(in vitro; HDAC1 and SAHA-probe 11)

Zhao, S., et al. Chem. Commun. 2016, 52, 4702-4705.

ü from MS/MS Spectrum, E203 close 
to SAHA was modified



Short summary

ü photo-induced diaryltetrazole-
acid coupling reaction as a 
biochemical conjugation strategy

ü diaryltetrazole can react with 
selective amino acids (Asp, Glu, 
Cys, Lys)

ü successfully profiling HDACs in 
cell lysates and living cells

ü this coupling reaction could be 
extensively applied to protein 
labeling (in vitro & in vivo)
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Photo-induced coupling reactions of tetrazoles
with carboxylic acids in aqueous solution:
application in protein labelling†

Shan Zhao,ab Jianye Dai,ab Mo Hu,b Chang Liu,b Rong Meng,b Xiaoyun Liu,b

Chu Wangab and Tuoping Luo*ab

The photo-induced reactions of diaryltetrazoles with carboxylic

acids in aqueous solution were investigated. Besides measuring

the apparent second-order rate constant and evaluating the functional

group compatibility of these reactions, we further incorporated the

tetrazoles into SAHA, leading to a new active-site-directed probe for

labelling HDACs in both cell lysates and living cells.

Biocompatible organic reactions involving proteinogenic amino
acid residues are extremely valuable transformations, with the
potential to modify proteins and enable the studies of activity-
based profiling.1 Photochemically induced cross-linking is a
very appealing bioconjugation method given the precise control
of light that could be achieved in terms of wavelength, time and
space.2 However, most photo-induced covalent cross-linking
protocols rely on the highly reactive species and hence neither
site nor residue selectivity would be expected.3 In addition, they
are sometimes plagued by cell damage caused by the high reactivity
of the photolyzed intermediates as well as non-reproducible results
regarding labelling efficiency, the category of proteins and targeting
sites. In this regard, the photo-induced reaction of diaryltetrazoles
and alkenes developed by Lin’s group is particularly remarkable
whereas the tetrazoles or alkenes need to be first introduced into the
protein of interest.4 The photolysis of tetrazole A rapidly and cleanly
generates nitrile imine dipole B that reacts with an alkene to afford
pyrazoline cycloadduct C (Fig. 1a).4 This ‘‘photoclick chemistry’’ has
since been applied in a wide range of studies, due to the advantages
including the generation of strongly fluorescent cycloadducts,
the small size of the bioorthogonal alkene tag, superior reaction
kinetics and the mild photoactivation procedure using a hand-
held UV lamp.

Interested in labelling the carboxylic acids of native proteins,
we were intrigued by the possibility that the nitrile imine inter-
mediate B could react with a carboxylic acid. As a matter of fact, a
seminal report of Heimgartner’s group in 1985 described this
reaction in organic solvents such as 1,4-dioxane or benzene that
afforded diacylhydrazine 3 as the final product (Fig. 1b).5 The
carboxylic acid presumably reacts with the nitrile imine generated
by irradiation of tetrazole 1a to form an adduct intermediate 2,
which is followed by an intramolecular O - N acyl transfer to
give 3.5 The reinvestigation of this photo-induced tetrazole-acid
coupling reaction, especially under the physiologically relevant
conditions, was warranted in order to achieve its full potential
for chemical biology research. Nallani’s group and Zhao’s group
independently reported photo-induced reactions of tetrazoles
with a number of endogenous amino acids,6 but neither publication
has considered the reactivity of carboxylic acids. Given the high

Fig. 1 Photo-inducible reactions of tetrazoles. (a) Photo-induced tetrazole–
alkene addition. (b) Photo-induced reactions of tetrazole 1a and carboxylic
acids.
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the tryptic digests of photo-labelled purified HDAC1 were extensively
characterized by LC-MS/MS. Because the hydroxamic acid could be
reduced to the amide group by the treatment during the sample
preparation for MS studies (Fig. S10, ESI†), we assumed the reduced
form of probe 11 (–NHOH - –NH2) as a variable posttranslational
modification. The MS/MS spectrum confirmed the modification
at 203E (YGE*YFPGTGDLR) in HDAC1 (Table S8, ESI†), which
corresponds to 208E in HDAC2 based on sequence alignment
(Fig. S11, ESI†). As revealed in the X-ray structure of the HDAC2-
SAHA complex (PDB ID: 4LXZ),17 the residue of 208E is spatially
close to the phenyl ring of SAHA (Fig. S12, ESI†). Given the high
homology between HDAC1 and HDAC2, the identification of
203E as the labelling site agrees well with the notion that the
SAHA moiety of probe 11 bound to HDAC1 first and the photo-
affinity labelling ensued.

In summary, we investigated the photo-induced diaryltetrazole-
acid coupling reaction as a novel biochemical conjugation strategy.

With successful profiling of HDACs in cell lysates and living cells
using the photo-activatable probe, we believe that this coupling
reaction between tetrazoles and carboxylic acids could be extensively
applied to protein labeling both in vitro and in vivo. To realize a
widespread utility of this coupling reaction, investigations regarding
cross-linking technologies and other potential substrates are
on-going and will be reported in due course.

This work was supported by generous start-up funds from
the National ‘‘Young 1000 Talents Plan’’ Program, College of
Chemistry and Molecular Engineering, Peking University and
Peking-Tsinghua Center for Life Sciences, and the National
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Fig. 5 Photo-affinity labelling of HDACs in cell lysates and living cells.
(a) Structures of SAHA and probes. (b) Western blotting analysis of biotin-
enriched active (A) or inactive (IA) HepG2 cell lysates treated with probes in
the absence (!) or presence (+) of competitor SAHA, with or without
irradiation using a handheld UV lamp (10 min). (c) Western blotting of
HDACs enriched from in situ HepG2 cells treated with tetrazole-SAHA
probe 11 and competitor SAHA.
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Advance of photo-crosslinker using tetrazole

・ACT (2-aryl-5-carboxytetrazole): non-radical intermediate

20

Herner, A., et al. Journal of the American Chemical Society 2016, 138(44), 14609–14615.



Reaction mechanism

21

studies. To quantify the photo-cross-linking yield, we incubated
recombinant protein targets with appropriate Dasatinib or JQ-1
probes, subjected the mixture to a brief UV irradiation, and
analyzed the mixtures by LC-MS. Gratifyingly, ACT-based
probes 1a and 4a showed robust photo-cross-linking with their
targets, reaching 60% cross-linking yield for 1a (Figure 3a) and
95% cross-linking yield for 4a (Figure 3d). In contrast, DA-
based probes 2a and 5a gave the desired photo-cross-linked
products in much lower yields (Figure 3b, 3e). The control
experiment showed that the photoactivation efficiencies are
similar between the ACT and DA probes (Figure S6).
Surprisingly, BP-based probes 3a and 6a did not yield any
detectable photo-cross-linked adducts; instead, the recombinant
target proteins showed significant broadening of their mass
peaks, suggesting the initial photoadducts, if they are formed,
may have undergone fragmentation to generate less than
expected lower-molecular weight adducts (Figure 3c, 3f). An
alternative explanation is that the benzophenone serves as a
photosensitizer to cause nonspecific oxidative damage to the
proteins.23 Importantly, the ACT-mediated photo-cross-linking
with the target protein is ligand-dependent, as addition of
Dasatinib or JQ-1 into the reaction mixture abolished the
photoadducts (Figure S7). In addition, the photo-cross-linking
yield showed probe-concentration dependency as increasing
amount of ACT-probe 4a used in the reaction led to a higher
photo-cross-linking yield (Figure S8).
Identification of the ACT Cross-Linking Site by

Tandem Mass Spectrometry. To identify cross-linking
sites on the target protein, we digested the probe 1a-treated
recombinant BTK protein with trypsin, and analyzed the
product mixture by LC-MS/MS. A tripeptide fragment
corresponding to BTK488−490 with the carboxy-nitrile imine
linked with the Glu-488 side chain was identified (Figure 4a). It
is noted that recombinant BTK387−659 protein contains 25 Glu
and 14 Asp residues and only Glu-488 was detected as labeled,
indicating that the photo-cross-linking is ligand-dependent.
This ligand-directed proximity-driven reactivity is consistent
with the probe docking model (Figure 4b) in which the binding

of probe 1a to the kinase active site brings the C5 of the ACT
ca. 6.9 Å away from the carboxylate of Glu-488; indeed, it is the
only nucleophilic side chain within 9.0 Å from the electrophilic
site. Certainly, because the ACT is completely solvent exposed
and highly mobile, these distances may vary as the ACT orients
itself dynamically relative to the BTK protein. We propose that
the photoadduct is formed via nucleophilic addition of the Glu-
488 carboxylate to the carboxy-nitrile imine intermediate
followed by a 1,4-acyl shift (Figure 4c). This mechanism is
consistent with a literature report in which quenching of the in
situ generated diaryl nitrile imine by an excess carboxylic acid
produced the N′-acyl-N′-aryl-benzohydrazide product in good
yield.24 It is conceivable that other nucleophiles such as Cys
(Figure S9),12 if they are in close proximity, may also
participate in the cross-linking reactions with ACT for other
targets. Since a recent report25 suggested that the photo-
reactivity of diaryltetrazole can be harnessed for photo-cross-
linking with target proteins through their acidic side chains, we
compared the intrinsic reactivity of the carboxy-nitrile imine to
that of the diaryl-nitrile imine toward glutamic acid (10 mM) in
mixed PBS/acetonitrile (1:1) solution. In the model study, the
glutamate-quenching product was clearly detected for the
diphenyl-nitrile imine (Figure S10). In contrast, the carboxy-
nitrile imine underwent predominant chloride quenching when
a weak nucleophile such as glutamic acid is present in solution
(Figure S9), suggesting that the observed photo-cross-linking of
1a with Glu-488 of the BTK enzyme is not merely the result of
elevated local concentration of the glutamate near the in situ
generated carboxy-nitrile imine. Indeed, because of the rapid
chloride quenching of the reactive carboxy-nitrile imine, ACT
should be more suitable as a photoaffinity label than the
diaryltetrazoles, as the background cross-linking reactions with
the nucleophilic side chains present on protein surfaces would
be minimal.

ACT-Enabled in Situ Target Identifications. Encouraged
by high in vitro photo-cross-linking efficiency, we sought to
assess the efficiency and selectivity of ACT as a new
photoaffinity label for in situ target identification. For

Figure 4. Determination of the cross-linking site on BTK protein and the proposed ligand-directed cross-linking mechanism. (a) Sequence of the
full-length His6-(TEV)-G-hBTK387−659. The MS/MS spectrum for probe 1a-modified tripeptide fragment, EMR, is shown with the fragment ions
annotated on the structure. (b) A docking model of probe 1a bound to BTK (PDB code: 3K54) showing a proximal Glu-488 residue located on a
loop 6.9 Å away from the C5 of the tetrazole ring. (c) Proposed mechanism of the ligand-dependent nucleophilic addition to the carboxy-nitrile
imine followed by the O → N acyl shift to generate the specific photoadduct.
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Photo-induced coupling reactions of tetrazoles
with carboxylic acids in aqueous solution:
application in protein labelling†

Shan Zhao,ab Jianye Dai,ab Mo Hu,b Chang Liu,b Rong Meng,b Xiaoyun Liu,b

Chu Wangab and Tuoping Luo*ab

The photo-induced reactions of diaryltetrazoles with carboxylic

acids in aqueous solution were investigated. Besides measuring

the apparent second-order rate constant and evaluating the functional

group compatibility of these reactions, we further incorporated the

tetrazoles into SAHA, leading to a new active-site-directed probe for

labelling HDACs in both cell lysates and living cells.

Biocompatible organic reactions involving proteinogenic amino
acid residues are extremely valuable transformations, with the
potential to modify proteins and enable the studies of activity-
based profiling.1 Photochemically induced cross-linking is a
very appealing bioconjugation method given the precise control
of light that could be achieved in terms of wavelength, time and
space.2 However, most photo-induced covalent cross-linking
protocols rely on the highly reactive species and hence neither
site nor residue selectivity would be expected.3 In addition, they
are sometimes plagued by cell damage caused by the high reactivity
of the photolyzed intermediates as well as non-reproducible results
regarding labelling efficiency, the category of proteins and targeting
sites. In this regard, the photo-induced reaction of diaryltetrazoles
and alkenes developed by Lin’s group is particularly remarkable
whereas the tetrazoles or alkenes need to be first introduced into the
protein of interest.4 The photolysis of tetrazole A rapidly and cleanly
generates nitrile imine dipole B that reacts with an alkene to afford
pyrazoline cycloadduct C (Fig. 1a).4 This ‘‘photoclick chemistry’’ has
since been applied in a wide range of studies, due to the advantages
including the generation of strongly fluorescent cycloadducts,
the small size of the bioorthogonal alkene tag, superior reaction
kinetics and the mild photoactivation procedure using a hand-
held UV lamp.

Interested in labelling the carboxylic acids of native proteins,
we were intrigued by the possibility that the nitrile imine inter-
mediate B could react with a carboxylic acid. As a matter of fact, a
seminal report of Heimgartner’s group in 1985 described this
reaction in organic solvents such as 1,4-dioxane or benzene that
afforded diacylhydrazine 3 as the final product (Fig. 1b).5 The
carboxylic acid presumably reacts with the nitrile imine generated
by irradiation of tetrazole 1a to form an adduct intermediate 2,
which is followed by an intramolecular O - N acyl transfer to
give 3.5 The reinvestigation of this photo-induced tetrazole-acid
coupling reaction, especially under the physiologically relevant
conditions, was warranted in order to achieve its full potential
for chemical biology research. Nallani’s group and Zhao’s group
independently reported photo-induced reactions of tetrazoles
with a number of endogenous amino acids,6 but neither publication
has considered the reactivity of carboxylic acids. Given the high

Fig. 1 Photo-inducible reactions of tetrazoles. (a) Photo-induced tetrazole–
alkene addition. (b) Photo-induced reactions of tetrazole 1a and carboxylic
acids.
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and off-targets of Dasatinib and JQ-1−two drugs profiled
extensively in the literature.11,12 Compared with DA and BP,
ACT gave higher yields in the ligand-directed photo-cross-
linking reactions with the recombinant target proteins. In
addition, the ACT-based probes facilitated the in situ target
identification in a manner similar to the DA-based ones.

■ RESULTS AND DISCUSSION
Design, Synthesis, and Biological Evaluation of the

Photoaffinity Probes. Whereas the tosyl and acyl imidazolyl
groups were successfully employed in labeling endogenous
targets in living cells, they are not ideal affinity labels for general
target identification because of concerns about their stability in
cellular milieu.13 We hypothesized that ACT should serve as an
ideal photoaffinity label based on the following considerations:
(i) 5-carboxy-substituted 2-aryltetrazoles are photoactive;14 (ii)
placement of a carboxyl group at the C5-position of 2H-
tetrazole increases the electrophilicity of the photogenerated
carboxy-nitrile imine intermediate; (iii) nucleophilic thiol-
addition of 2-mercaptobenzoic acid15 and 3-mercaptopropionic
acid16 to the base-generated carboxy-nitrile imine was reported
in the literature; and (iv) the photogenerated carboxy-nitrile
imine intermediate should undergo rapid medium quenching
when a proximal nucleophile is not available (Figure S1),9,17

minimizing the undesired reactions with nonspecific targets.
Thus, two series of photoaffinity probes were prepared (see
Supporting Information for synthetic schemes): one series is
based on Dasatinib, a potent inhibitor of Bcr-Abl kinase,18 the
Src family kinases, as well as BTK (Bruton’s tyrosine kinase);19

and the other is based on JQ-1, a potent inhibitor of the BET
family of bromodomain proteins20 (Figure 1a). Specifically,
three photoaffinity labels, ACT, DA, and BP, were attached to
Dasatinib or JQ-1 via the previously reported linkage sites.11,12

The linker length was varied to adjust the distance of the
reactive intermediate from the target binding site (Figure 1a).
An alkyne tag was placed on the photoaffinity labels to enable
the click chemistry-mediated detection and enrichment of the
targets from cell lysates.21 To determine how the attachment of
photoaffinity label affects the inhibitory activity and specificity,
kinome profiling was carried out for Dasatinib-derived probes
(Figure 1b and Table S1), while the in vitro binding assay was
performed for JQ-1-derived probes (Figure 1c and Table S2).
We found that DA probes 2a and 2b retained most of their
inhibitory activities while ACT probes 1a and 1b showed
modest reduction (2−20-fold), particularly for 1a with the
shorter linker. In comparison, the BP probes exhibited the
largest reduction in inhibitory activity (25−400-fold), presum-
ably due to the positioning of a large, flat aromatic structure in
the solvent-exposed hinge region. For the JQ-1 series, almost all
the photoaffinity probes demonstrated greater inhibitory
activities than JQ-1, indicating that the hydrophobic photo-
affinity labels form additional interactions with BRD2-4 outside
the shallow and flat canonical binding pocket.20 In the cell
proliferation assays, the photoaffinity label-linked JQ-1 probes
showed potencies similar to the parent JQ-1 against leukemic
cell line SKM-1, but reduced activities against breast carcinoma
MX-1 as well as nonsmall cell lung carcinoma NCI-H1299
(Table S2), likely due to the permeability difference of the
photoaffinity probes and/or the disparate dependency of these
cell lines on BRD proteins for proliferation.

Evaluation of Photo-Cross-Linking Efficiency in Vitro.
To compare the efficiency of these three photoaffinity labels in
covalently labeling their targets, we treated recombinant BTK
and BRD4 proteins with appropriate probes, and we detected
the photo-cross-linked adducts using in-gel fluorescence
analysis after the copper-catalyzed click chemistry with

Figure 1. Dasatinib and JQ-1-derived photoaffinity probes containing 2-aryl-5-carboxy-tetrazole (ACT), diazirine (DA), or benzophenone (BP)
photoaffinity label (PAL) and their biological activities. (a) Structures of the photoaffinity probes. (b) Kinome profiling of Dasatinib-derived
photoaffinity probes. A panel of 82 protein kinases were surveyed in this assay, and inhibition constants, Ki, are given in micromolar. See Table S1 in
the Supporting Information for Ki values. The nonreceptor tyrosine kinase targets are indicated by blue arrows. NV, no value. (c) Plots of the
inhibition of BRD-2, -3, and -4 by JQ-1-derived photoaffinity probes. See Table S2 in the Supporting Information for Ki values.
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Ø synthesized probes did not strongly inhibit ligand-POI affinity
→ BTK, BRD4 were used
Ø For JQ-1, inhibition efficiency was improved

and off-targets of Dasatinib and JQ-1−two drugs profiled
extensively in the literature.11,12 Compared with DA and BP,
ACT gave higher yields in the ligand-directed photo-cross-
linking reactions with the recombinant target proteins. In
addition, the ACT-based probes facilitated the in situ target
identification in a manner similar to the DA-based ones.
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ably due to the positioning of a large, flat aromatic structure in
the solvent-exposed hinge region. For the JQ-1 series, almost all
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affinity labels form additional interactions with BRD2-4 outside
the shallow and flat canonical binding pocket.20 In the cell
proliferation assays, the photoaffinity label-linked JQ-1 probes
showed potencies similar to the parent JQ-1 against leukemic
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(Table S2), likely due to the permeability difference of the
photoaffinity probes and/or the disparate dependency of these
cell lines on BRD proteins for proliferation.

Evaluation of Photo-Cross-Linking Efficiency in Vitro.
To compare the efficiency of these three photoaffinity labels in
covalently labeling their targets, we treated recombinant BTK
and BRD4 proteins with appropriate probes, and we detected
the photo-cross-linked adducts using in-gel fluorescence
analysis after the copper-catalyzed click chemistry with

Figure 1. Dasatinib and JQ-1-derived photoaffinity probes containing 2-aryl-5-carboxy-tetrazole (ACT), diazirine (DA), or benzophenone (BP)
photoaffinity label (PAL) and their biological activities. (a) Structures of the photoaffinity probes. (b) Kinome profiling of Dasatinib-derived
photoaffinity probes. A panel of 82 protein kinases were surveyed in this assay, and inhibition constants, Ki, are given in micromolar. See Table S1 in
the Supporting Information for Ki values. The nonreceptor tyrosine kinase targets are indicated by blue arrows. NV, no value. (c) Plots of the
inhibition of BRD-2, -3, and -4 by JQ-1-derived photoaffinity probes. See Table S2 in the Supporting Information for Ki values.
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rhodamine-azide.22 For BTK, all probes showed irradiation and
ligand-dependent labeling, with 1a and 3a giving the strongest
fluorescence (Figure 2a and Figure S2), suggesting other
factors, e.g., click chemistry yield, may also affect the overall
labeling efficiency. These probes also selectively labeled BTK in
the K562 cell lysate spiked with recombinant BTK protein
(Figure S3). For BRD4 protein, both ACT- and DA-based
probes showed UV light- and ligand-dependent labeling, while
BP-based probes 6a/6b exhibited strong background labeling,
evidenced by lack of signal attenuation in the presence of JQ-1

(Figure 2b) as well as labeling of BSA which was added to the
reaction mixture to prevent nonspecific binding of BRD4 to the
plastic surface (Figure S4). In the K562 cell lysate spiked with
recombinant BRD4, ACT-based probe 4a showed stronger
labeling of BRD4 than DA-based probe 5a, while BP-based
probe 6a showed no labeling (Figure S5), presumably due to its
nonspecific associations with many cellular proteins.
Because the photoaffinity probes with the short linker in

general exhibited higher labeling efficiency (Figure 2), we
decided to focus on these probes in the following comparison

Figure 2. Evaluating the efficiency and selectivity of photoaffinity-labeling of recombinant proteins by the small-molecule probes. (a) Evaluating the
BTK labeling efficiency using in-gel fluorescence (top panels). For reaction setup, 0.5 μg of BTK (final concentration ≈0.1 μM), 0.2 μM small-
molecule probe, 10 μM Dasatinib (for competition only) in 50 μL of PBS were used. For photoirradiation, a hand-held UV lamp with a wavelength
of 302 nm for ACT (5 min) and BP (20 min) or 365 nm for DA (10 min) was used. (b) Evaluating the BRD4 labeling efficiency using in-gel
fluorescence (top panels). For reaction setup, 0.4 μg of BRD4 (final concentration ≈0.4 μM), 0.2 μM small-molecule probe, 5 μg of BSA, and 10 μM
JQ-1 (for competition only) in 50 μL of PBS were used. The equal loading of proteins was verified by SYPRO Ruby staining of the same gels
(bottom panels). See Supporting Information for procedures of click chemistry with TAMRA-azide and polyacrylamide gel electrophoresis.

Figure 3. Quantifying the cross-linking efficiency of the photoaffinity labels with recombinant target proteins by LC-MS. (a−c) Deconvoluted
masses of the product mixture after incubating 2.5 μM human BTK387−659 with 25 μM Dasatinib probe 1a, 2a, or 3a in 100 μL of PBS for 15 min
followed by photoirradiation with a hand-held UV lamp for 5 min (302 nm for ACT and BP, 365 nm for DA) on ice. (d−f) Deconvoluted masses of
the product mixture after incubating 2.5 μM BRD444−168 with 5 μM JQ-1 probe 4a, 5a, or 6a in 100 μL of PBS followed by photoirradiation with a
hand-held UV lamp for 5 min (302 nm for ACT and BP, 365 nm for DA) on ice. The cross-linking yield was calculated using the following equation:
yield% = Iphotoadduct/(Itarget protein + Iphotoadduct), where Itarget protein and Iphotoadduct represent the ion counts of the target protein and the photoadduct,
respectively, and marked at the upper-right of the spectra.
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and off-targets of Dasatinib and JQ-1−two drugs profiled
extensively in the literature.11,12 Compared with DA and BP,
ACT gave higher yields in the ligand-directed photo-cross-
linking reactions with the recombinant target proteins. In
addition, the ACT-based probes facilitated the in situ target
identification in a manner similar to the DA-based ones.

■ RESULTS AND DISCUSSION
Design, Synthesis, and Biological Evaluation of the

Photoaffinity Probes. Whereas the tosyl and acyl imidazolyl
groups were successfully employed in labeling endogenous
targets in living cells, they are not ideal affinity labels for general
target identification because of concerns about their stability in
cellular milieu.13 We hypothesized that ACT should serve as an
ideal photoaffinity label based on the following considerations:
(i) 5-carboxy-substituted 2-aryltetrazoles are photoactive;14 (ii)
placement of a carboxyl group at the C5-position of 2H-
tetrazole increases the electrophilicity of the photogenerated
carboxy-nitrile imine intermediate; (iii) nucleophilic thiol-
addition of 2-mercaptobenzoic acid15 and 3-mercaptopropionic
acid16 to the base-generated carboxy-nitrile imine was reported
in the literature; and (iv) the photogenerated carboxy-nitrile
imine intermediate should undergo rapid medium quenching
when a proximal nucleophile is not available (Figure S1),9,17

minimizing the undesired reactions with nonspecific targets.
Thus, two series of photoaffinity probes were prepared (see
Supporting Information for synthetic schemes): one series is
based on Dasatinib, a potent inhibitor of Bcr-Abl kinase,18 the
Src family kinases, as well as BTK (Bruton’s tyrosine kinase);19

and the other is based on JQ-1, a potent inhibitor of the BET
family of bromodomain proteins20 (Figure 1a). Specifically,
three photoaffinity labels, ACT, DA, and BP, were attached to
Dasatinib or JQ-1 via the previously reported linkage sites.11,12

The linker length was varied to adjust the distance of the
reactive intermediate from the target binding site (Figure 1a).
An alkyne tag was placed on the photoaffinity labels to enable
the click chemistry-mediated detection and enrichment of the
targets from cell lysates.21 To determine how the attachment of
photoaffinity label affects the inhibitory activity and specificity,
kinome profiling was carried out for Dasatinib-derived probes
(Figure 1b and Table S1), while the in vitro binding assay was
performed for JQ-1-derived probes (Figure 1c and Table S2).
We found that DA probes 2a and 2b retained most of their
inhibitory activities while ACT probes 1a and 1b showed
modest reduction (2−20-fold), particularly for 1a with the
shorter linker. In comparison, the BP probes exhibited the
largest reduction in inhibitory activity (25−400-fold), presum-
ably due to the positioning of a large, flat aromatic structure in
the solvent-exposed hinge region. For the JQ-1 series, almost all
the photoaffinity probes demonstrated greater inhibitory
activities than JQ-1, indicating that the hydrophobic photo-
affinity labels form additional interactions with BRD2-4 outside
the shallow and flat canonical binding pocket.20 In the cell
proliferation assays, the photoaffinity label-linked JQ-1 probes
showed potencies similar to the parent JQ-1 against leukemic
cell line SKM-1, but reduced activities against breast carcinoma
MX-1 as well as nonsmall cell lung carcinoma NCI-H1299
(Table S2), likely due to the permeability difference of the
photoaffinity probes and/or the disparate dependency of these
cell lines on BRD proteins for proliferation.

Evaluation of Photo-Cross-Linking Efficiency in Vitro.
To compare the efficiency of these three photoaffinity labels in
covalently labeling their targets, we treated recombinant BTK
and BRD4 proteins with appropriate probes, and we detected
the photo-cross-linked adducts using in-gel fluorescence
analysis after the copper-catalyzed click chemistry with

Figure 1. Dasatinib and JQ-1-derived photoaffinity probes containing 2-aryl-5-carboxy-tetrazole (ACT), diazirine (DA), or benzophenone (BP)
photoaffinity label (PAL) and their biological activities. (a) Structures of the photoaffinity probes. (b) Kinome profiling of Dasatinib-derived
photoaffinity probes. A panel of 82 protein kinases were surveyed in this assay, and inhibition constants, Ki, are given in micromolar. See Table S1 in
the Supporting Information for Ki values. The nonreceptor tyrosine kinase targets are indicated by blue arrows. NV, no value. (c) Plots of the
inhibition of BRD-2, -3, and -4 by JQ-1-derived photoaffinity probes. See Table S2 in the Supporting Information for Ki values.
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photoaffinity label (PAL) and their biological activities. (a) Structures of the photoaffinity probes. (b) Kinome profiling of Dasatinib-derived
photoaffinity probes. A panel of 82 protein kinases were surveyed in this assay, and inhibition constants, Ki, are given in micromolar. See Table S1 in
the Supporting Information for Ki values. The nonreceptor tyrosine kinase targets are indicated by blue arrows. NV, no value. (c) Plots of the
inhibition of BRD-2, -3, and -4 by JQ-1-derived photoaffinity probes. See Table S2 in the Supporting Information for Ki values.
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Ø For BTK, all probes showed irradiation and ligand-dependent labeling

Ø For BRD4, irradiation and ligand-dependent labeling other than 6a/6b
→ exhibited strong background labeling
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rhodamine-azide.22 For BTK, all probes showed irradiation and
ligand-dependent labeling, with 1a and 3a giving the strongest
fluorescence (Figure 2a and Figure S2), suggesting other
factors, e.g., click chemistry yield, may also affect the overall
labeling efficiency. These probes also selectively labeled BTK in
the K562 cell lysate spiked with recombinant BTK protein
(Figure S3). For BRD4 protein, both ACT- and DA-based
probes showed UV light- and ligand-dependent labeling, while
BP-based probes 6a/6b exhibited strong background labeling,
evidenced by lack of signal attenuation in the presence of JQ-1

(Figure 2b) as well as labeling of BSA which was added to the
reaction mixture to prevent nonspecific binding of BRD4 to the
plastic surface (Figure S4). In the K562 cell lysate spiked with
recombinant BRD4, ACT-based probe 4a showed stronger
labeling of BRD4 than DA-based probe 5a, while BP-based
probe 6a showed no labeling (Figure S5), presumably due to its
nonspecific associations with many cellular proteins.
Because the photoaffinity probes with the short linker in

general exhibited higher labeling efficiency (Figure 2), we
decided to focus on these probes in the following comparison

Figure 2. Evaluating the efficiency and selectivity of photoaffinity-labeling of recombinant proteins by the small-molecule probes. (a) Evaluating the
BTK labeling efficiency using in-gel fluorescence (top panels). For reaction setup, 0.5 μg of BTK (final concentration ≈0.1 μM), 0.2 μM small-
molecule probe, 10 μM Dasatinib (for competition only) in 50 μL of PBS were used. For photoirradiation, a hand-held UV lamp with a wavelength
of 302 nm for ACT (5 min) and BP (20 min) or 365 nm for DA (10 min) was used. (b) Evaluating the BRD4 labeling efficiency using in-gel
fluorescence (top panels). For reaction setup, 0.4 μg of BRD4 (final concentration ≈0.4 μM), 0.2 μM small-molecule probe, 5 μg of BSA, and 10 μM
JQ-1 (for competition only) in 50 μL of PBS were used. The equal loading of proteins was verified by SYPRO Ruby staining of the same gels
(bottom panels). See Supporting Information for procedures of click chemistry with TAMRA-azide and polyacrylamide gel electrophoresis.

Figure 3. Quantifying the cross-linking efficiency of the photoaffinity labels with recombinant target proteins by LC-MS. (a−c) Deconvoluted
masses of the product mixture after incubating 2.5 μM human BTK387−659 with 25 μM Dasatinib probe 1a, 2a, or 3a in 100 μL of PBS for 15 min
followed by photoirradiation with a hand-held UV lamp for 5 min (302 nm for ACT and BP, 365 nm for DA) on ice. (d−f) Deconvoluted masses of
the product mixture after incubating 2.5 μM BRD444−168 with 5 μM JQ-1 probe 4a, 5a, or 6a in 100 μL of PBS followed by photoirradiation with a
hand-held UV lamp for 5 min (302 nm for ACT and BP, 365 nm for DA) on ice. The cross-linking yield was calculated using the following equation:
yield% = Iphotoadduct/(Itarget protein + Iphotoadduct), where Itarget protein and Iphotoadduct represent the ion counts of the target protein and the photoadduct,
respectively, and marked at the upper-right of the spectra.
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üACT-based probes 1a and 4a showed robust photo-crosslinking with their targets,
while DA-based probes 2a and 5a gave crosslinked products in much lower yields
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Figure S6. HPLC and LC-MS analyses of the photoactivation of (a) 1a and (b) 2a (100 μM) in 
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studies. To quantify the photo-cross-linking yield, we incubated
recombinant protein targets with appropriate Dasatinib or JQ-1
probes, subjected the mixture to a brief UV irradiation, and
analyzed the mixtures by LC-MS. Gratifyingly, ACT-based
probes 1a and 4a showed robust photo-cross-linking with their
targets, reaching 60% cross-linking yield for 1a (Figure 3a) and
95% cross-linking yield for 4a (Figure 3d). In contrast, DA-
based probes 2a and 5a gave the desired photo-cross-linked
products in much lower yields (Figure 3b, 3e). The control
experiment showed that the photoactivation efficiencies are
similar between the ACT and DA probes (Figure S6).
Surprisingly, BP-based probes 3a and 6a did not yield any
detectable photo-cross-linked adducts; instead, the recombinant
target proteins showed significant broadening of their mass
peaks, suggesting the initial photoadducts, if they are formed,
may have undergone fragmentation to generate less than
expected lower-molecular weight adducts (Figure 3c, 3f). An
alternative explanation is that the benzophenone serves as a
photosensitizer to cause nonspecific oxidative damage to the
proteins.23 Importantly, the ACT-mediated photo-cross-linking
with the target protein is ligand-dependent, as addition of
Dasatinib or JQ-1 into the reaction mixture abolished the
photoadducts (Figure S7). In addition, the photo-cross-linking
yield showed probe-concentration dependency as increasing
amount of ACT-probe 4a used in the reaction led to a higher
photo-cross-linking yield (Figure S8).
Identification of the ACT Cross-Linking Site by

Tandem Mass Spectrometry. To identify cross-linking
sites on the target protein, we digested the probe 1a-treated
recombinant BTK protein with trypsin, and analyzed the
product mixture by LC-MS/MS. A tripeptide fragment
corresponding to BTK488−490 with the carboxy-nitrile imine
linked with the Glu-488 side chain was identified (Figure 4a). It
is noted that recombinant BTK387−659 protein contains 25 Glu
and 14 Asp residues and only Glu-488 was detected as labeled,
indicating that the photo-cross-linking is ligand-dependent.
This ligand-directed proximity-driven reactivity is consistent
with the probe docking model (Figure 4b) in which the binding

of probe 1a to the kinase active site brings the C5 of the ACT
ca. 6.9 Å away from the carboxylate of Glu-488; indeed, it is the
only nucleophilic side chain within 9.0 Å from the electrophilic
site. Certainly, because the ACT is completely solvent exposed
and highly mobile, these distances may vary as the ACT orients
itself dynamically relative to the BTK protein. We propose that
the photoadduct is formed via nucleophilic addition of the Glu-
488 carboxylate to the carboxy-nitrile imine intermediate
followed by a 1,4-acyl shift (Figure 4c). This mechanism is
consistent with a literature report in which quenching of the in
situ generated diaryl nitrile imine by an excess carboxylic acid
produced the N′-acyl-N′-aryl-benzohydrazide product in good
yield.24 It is conceivable that other nucleophiles such as Cys
(Figure S9),12 if they are in close proximity, may also
participate in the cross-linking reactions with ACT for other
targets. Since a recent report25 suggested that the photo-
reactivity of diaryltetrazole can be harnessed for photo-cross-
linking with target proteins through their acidic side chains, we
compared the intrinsic reactivity of the carboxy-nitrile imine to
that of the diaryl-nitrile imine toward glutamic acid (10 mM) in
mixed PBS/acetonitrile (1:1) solution. In the model study, the
glutamate-quenching product was clearly detected for the
diphenyl-nitrile imine (Figure S10). In contrast, the carboxy-
nitrile imine underwent predominant chloride quenching when
a weak nucleophile such as glutamic acid is present in solution
(Figure S9), suggesting that the observed photo-cross-linking of
1a with Glu-488 of the BTK enzyme is not merely the result of
elevated local concentration of the glutamate near the in situ
generated carboxy-nitrile imine. Indeed, because of the rapid
chloride quenching of the reactive carboxy-nitrile imine, ACT
should be more suitable as a photoaffinity label than the
diaryltetrazoles, as the background cross-linking reactions with
the nucleophilic side chains present on protein surfaces would
be minimal.

ACT-Enabled in Situ Target Identifications. Encouraged
by high in vitro photo-cross-linking efficiency, we sought to
assess the efficiency and selectivity of ACT as a new
photoaffinity label for in situ target identification. For

Figure 4. Determination of the cross-linking site on BTK protein and the proposed ligand-directed cross-linking mechanism. (a) Sequence of the
full-length His6-(TEV)-G-hBTK387−659. The MS/MS spectrum for probe 1a-modified tripeptide fragment, EMR, is shown with the fragment ions
annotated on the structure. (b) A docking model of probe 1a bound to BTK (PDB code: 3K54) showing a proximal Glu-488 residue located on a
loop 6.9 Å away from the C5 of the tetrazole ring. (c) Proposed mechanism of the ligand-dependent nucleophilic addition to the carboxy-nitrile
imine followed by the O → N acyl shift to generate the specific photoadduct.
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studies. To quantify the photo-cross-linking yield, we incubated
recombinant protein targets with appropriate Dasatinib or JQ-1
probes, subjected the mixture to a brief UV irradiation, and
analyzed the mixtures by LC-MS. Gratifyingly, ACT-based
probes 1a and 4a showed robust photo-cross-linking with their
targets, reaching 60% cross-linking yield for 1a (Figure 3a) and
95% cross-linking yield for 4a (Figure 3d). In contrast, DA-
based probes 2a and 5a gave the desired photo-cross-linked
products in much lower yields (Figure 3b, 3e). The control
experiment showed that the photoactivation efficiencies are
similar between the ACT and DA probes (Figure S6).
Surprisingly, BP-based probes 3a and 6a did not yield any
detectable photo-cross-linked adducts; instead, the recombinant
target proteins showed significant broadening of their mass
peaks, suggesting the initial photoadducts, if they are formed,
may have undergone fragmentation to generate less than
expected lower-molecular weight adducts (Figure 3c, 3f). An
alternative explanation is that the benzophenone serves as a
photosensitizer to cause nonspecific oxidative damage to the
proteins.23 Importantly, the ACT-mediated photo-cross-linking
with the target protein is ligand-dependent, as addition of
Dasatinib or JQ-1 into the reaction mixture abolished the
photoadducts (Figure S7). In addition, the photo-cross-linking
yield showed probe-concentration dependency as increasing
amount of ACT-probe 4a used in the reaction led to a higher
photo-cross-linking yield (Figure S8).
Identification of the ACT Cross-Linking Site by

Tandem Mass Spectrometry. To identify cross-linking
sites on the target protein, we digested the probe 1a-treated
recombinant BTK protein with trypsin, and analyzed the
product mixture by LC-MS/MS. A tripeptide fragment
corresponding to BTK488−490 with the carboxy-nitrile imine
linked with the Glu-488 side chain was identified (Figure 4a). It
is noted that recombinant BTK387−659 protein contains 25 Glu
and 14 Asp residues and only Glu-488 was detected as labeled,
indicating that the photo-cross-linking is ligand-dependent.
This ligand-directed proximity-driven reactivity is consistent
with the probe docking model (Figure 4b) in which the binding

of probe 1a to the kinase active site brings the C5 of the ACT
ca. 6.9 Å away from the carboxylate of Glu-488; indeed, it is the
only nucleophilic side chain within 9.0 Å from the electrophilic
site. Certainly, because the ACT is completely solvent exposed
and highly mobile, these distances may vary as the ACT orients
itself dynamically relative to the BTK protein. We propose that
the photoadduct is formed via nucleophilic addition of the Glu-
488 carboxylate to the carboxy-nitrile imine intermediate
followed by a 1,4-acyl shift (Figure 4c). This mechanism is
consistent with a literature report in which quenching of the in
situ generated diaryl nitrile imine by an excess carboxylic acid
produced the N′-acyl-N′-aryl-benzohydrazide product in good
yield.24 It is conceivable that other nucleophiles such as Cys
(Figure S9),12 if they are in close proximity, may also
participate in the cross-linking reactions with ACT for other
targets. Since a recent report25 suggested that the photo-
reactivity of diaryltetrazole can be harnessed for photo-cross-
linking with target proteins through their acidic side chains, we
compared the intrinsic reactivity of the carboxy-nitrile imine to
that of the diaryl-nitrile imine toward glutamic acid (10 mM) in
mixed PBS/acetonitrile (1:1) solution. In the model study, the
glutamate-quenching product was clearly detected for the
diphenyl-nitrile imine (Figure S10). In contrast, the carboxy-
nitrile imine underwent predominant chloride quenching when
a weak nucleophile such as glutamic acid is present in solution
(Figure S9), suggesting that the observed photo-cross-linking of
1a with Glu-488 of the BTK enzyme is not merely the result of
elevated local concentration of the glutamate near the in situ
generated carboxy-nitrile imine. Indeed, because of the rapid
chloride quenching of the reactive carboxy-nitrile imine, ACT
should be more suitable as a photoaffinity label than the
diaryltetrazoles, as the background cross-linking reactions with
the nucleophilic side chains present on protein surfaces would
be minimal.

ACT-Enabled in Situ Target Identifications. Encouraged
by high in vitro photo-cross-linking efficiency, we sought to
assess the efficiency and selectivity of ACT as a new
photoaffinity label for in situ target identification. For

Figure 4. Determination of the cross-linking site on BTK protein and the proposed ligand-directed cross-linking mechanism. (a) Sequence of the
full-length His6-(TEV)-G-hBTK387−659. The MS/MS spectrum for probe 1a-modified tripeptide fragment, EMR, is shown with the fragment ions
annotated on the structure. (b) A docking model of probe 1a bound to BTK (PDB code: 3K54) showing a proximal Glu-488 residue located on a
loop 6.9 Å away from the C5 of the tetrazole ring. (c) Proposed mechanism of the ligand-dependent nucleophilic addition to the carboxy-nitrile
imine followed by the O → N acyl shift to generate the specific photoadduct.
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ü only Glu-488 was detected as labeled
(BTK has 25 Glu, 14 Asp)

ü Glu-488 is the only nucleophilic side chain 
within 9.0 Å from the electrophilic site
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Photo-induced coupling reactions of tetrazoles
with carboxylic acids in aqueous solution:
application in protein labelling†

Shan Zhao,ab Jianye Dai,ab Mo Hu,b Chang Liu,b Rong Meng,b Xiaoyun Liu,b

Chu Wangab and Tuoping Luo*ab

The photo-induced reactions of diaryltetrazoles with carboxylic

acids in aqueous solution were investigated. Besides measuring

the apparent second-order rate constant and evaluating the functional

group compatibility of these reactions, we further incorporated the

tetrazoles into SAHA, leading to a new active-site-directed probe for

labelling HDACs in both cell lysates and living cells.

Biocompatible organic reactions involving proteinogenic amino
acid residues are extremely valuable transformations, with the
potential to modify proteins and enable the studies of activity-
based profiling.1 Photochemically induced cross-linking is a
very appealing bioconjugation method given the precise control
of light that could be achieved in terms of wavelength, time and
space.2 However, most photo-induced covalent cross-linking
protocols rely on the highly reactive species and hence neither
site nor residue selectivity would be expected.3 In addition, they
are sometimes plagued by cell damage caused by the high reactivity
of the photolyzed intermediates as well as non-reproducible results
regarding labelling efficiency, the category of proteins and targeting
sites. In this regard, the photo-induced reaction of diaryltetrazoles
and alkenes developed by Lin’s group is particularly remarkable
whereas the tetrazoles or alkenes need to be first introduced into the
protein of interest.4 The photolysis of tetrazole A rapidly and cleanly
generates nitrile imine dipole B that reacts with an alkene to afford
pyrazoline cycloadduct C (Fig. 1a).4 This ‘‘photoclick chemistry’’ has
since been applied in a wide range of studies, due to the advantages
including the generation of strongly fluorescent cycloadducts,
the small size of the bioorthogonal alkene tag, superior reaction
kinetics and the mild photoactivation procedure using a hand-
held UV lamp.

Interested in labelling the carboxylic acids of native proteins,
we were intrigued by the possibility that the nitrile imine inter-
mediate B could react with a carboxylic acid. As a matter of fact, a
seminal report of Heimgartner’s group in 1985 described this
reaction in organic solvents such as 1,4-dioxane or benzene that
afforded diacylhydrazine 3 as the final product (Fig. 1b).5 The
carboxylic acid presumably reacts with the nitrile imine generated
by irradiation of tetrazole 1a to form an adduct intermediate 2,
which is followed by an intramolecular O - N acyl transfer to
give 3.5 The reinvestigation of this photo-induced tetrazole-acid
coupling reaction, especially under the physiologically relevant
conditions, was warranted in order to achieve its full potential
for chemical biology research. Nallani’s group and Zhao’s group
independently reported photo-induced reactions of tetrazoles
with a number of endogenous amino acids,6 but neither publication
has considered the reactivity of carboxylic acids. Given the high

Fig. 1 Photo-inducible reactions of tetrazoles. (a) Photo-induced tetrazole–
alkene addition. (b) Photo-induced reactions of tetrazole 1a and carboxylic
acids.
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studies. To quantify the photo-cross-linking yield, we incubated
recombinant protein targets with appropriate Dasatinib or JQ-1
probes, subjected the mixture to a brief UV irradiation, and
analyzed the mixtures by LC-MS. Gratifyingly, ACT-based
probes 1a and 4a showed robust photo-cross-linking with their
targets, reaching 60% cross-linking yield for 1a (Figure 3a) and
95% cross-linking yield for 4a (Figure 3d). In contrast, DA-
based probes 2a and 5a gave the desired photo-cross-linked
products in much lower yields (Figure 3b, 3e). The control
experiment showed that the photoactivation efficiencies are
similar between the ACT and DA probes (Figure S6).
Surprisingly, BP-based probes 3a and 6a did not yield any
detectable photo-cross-linked adducts; instead, the recombinant
target proteins showed significant broadening of their mass
peaks, suggesting the initial photoadducts, if they are formed,
may have undergone fragmentation to generate less than
expected lower-molecular weight adducts (Figure 3c, 3f). An
alternative explanation is that the benzophenone serves as a
photosensitizer to cause nonspecific oxidative damage to the
proteins.23 Importantly, the ACT-mediated photo-cross-linking
with the target protein is ligand-dependent, as addition of
Dasatinib or JQ-1 into the reaction mixture abolished the
photoadducts (Figure S7). In addition, the photo-cross-linking
yield showed probe-concentration dependency as increasing
amount of ACT-probe 4a used in the reaction led to a higher
photo-cross-linking yield (Figure S8).
Identification of the ACT Cross-Linking Site by

Tandem Mass Spectrometry. To identify cross-linking
sites on the target protein, we digested the probe 1a-treated
recombinant BTK protein with trypsin, and analyzed the
product mixture by LC-MS/MS. A tripeptide fragment
corresponding to BTK488−490 with the carboxy-nitrile imine
linked with the Glu-488 side chain was identified (Figure 4a). It
is noted that recombinant BTK387−659 protein contains 25 Glu
and 14 Asp residues and only Glu-488 was detected as labeled,
indicating that the photo-cross-linking is ligand-dependent.
This ligand-directed proximity-driven reactivity is consistent
with the probe docking model (Figure 4b) in which the binding

of probe 1a to the kinase active site brings the C5 of the ACT
ca. 6.9 Å away from the carboxylate of Glu-488; indeed, it is the
only nucleophilic side chain within 9.0 Å from the electrophilic
site. Certainly, because the ACT is completely solvent exposed
and highly mobile, these distances may vary as the ACT orients
itself dynamically relative to the BTK protein. We propose that
the photoadduct is formed via nucleophilic addition of the Glu-
488 carboxylate to the carboxy-nitrile imine intermediate
followed by a 1,4-acyl shift (Figure 4c). This mechanism is
consistent with a literature report in which quenching of the in
situ generated diaryl nitrile imine by an excess carboxylic acid
produced the N′-acyl-N′-aryl-benzohydrazide product in good
yield.24 It is conceivable that other nucleophiles such as Cys
(Figure S9),12 if they are in close proximity, may also
participate in the cross-linking reactions with ACT for other
targets. Since a recent report25 suggested that the photo-
reactivity of diaryltetrazole can be harnessed for photo-cross-
linking with target proteins through their acidic side chains, we
compared the intrinsic reactivity of the carboxy-nitrile imine to
that of the diaryl-nitrile imine toward glutamic acid (10 mM) in
mixed PBS/acetonitrile (1:1) solution. In the model study, the
glutamate-quenching product was clearly detected for the
diphenyl-nitrile imine (Figure S10). In contrast, the carboxy-
nitrile imine underwent predominant chloride quenching when
a weak nucleophile such as glutamic acid is present in solution
(Figure S9), suggesting that the observed photo-cross-linking of
1a with Glu-488 of the BTK enzyme is not merely the result of
elevated local concentration of the glutamate near the in situ
generated carboxy-nitrile imine. Indeed, because of the rapid
chloride quenching of the reactive carboxy-nitrile imine, ACT
should be more suitable as a photoaffinity label than the
diaryltetrazoles, as the background cross-linking reactions with
the nucleophilic side chains present on protein surfaces would
be minimal.

ACT-Enabled in Situ Target Identifications. Encouraged
by high in vitro photo-cross-linking efficiency, we sought to
assess the efficiency and selectivity of ACT as a new
photoaffinity label for in situ target identification. For

Figure 4. Determination of the cross-linking site on BTK protein and the proposed ligand-directed cross-linking mechanism. (a) Sequence of the
full-length His6-(TEV)-G-hBTK387−659. The MS/MS spectrum for probe 1a-modified tripeptide fragment, EMR, is shown with the fragment ions
annotated on the structure. (b) A docking model of probe 1a bound to BTK (PDB code: 3K54) showing a proximal Glu-488 residue located on a
loop 6.9 Å away from the C5 of the tetrazole ring. (c) Proposed mechanism of the ligand-dependent nucleophilic addition to the carboxy-nitrile
imine followed by the O → N acyl shift to generate the specific photoadduct.
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comparison, we included the DA-based probes 2a and 5a, as
they exhibited excellent biological activities (Figure 1) and
moderate photo-cross-linking reactivity (Figures 2 and 3). In
brief, suspended K562 cells were treated with 1 μM probe 1a,
2a, 4a, or 5a for 5 h before UV irradiation (5 min for ACT
probe-treated cells at 302 nm; 10 min for DA probe-treated
cells at 365 nm). The cells were lysed, and the lysates were
reacted with biotin azide prior to pulldown with the
streptavidin agarose beads.20 Western blot analyses revealed
that the Dasatinib targets, BTK, Src, and Csk, and the JQ-1
target, BRD4, were successfully captured by their respective
photoaffinity probes, and pretreating the cells with 50 μM
parent drug, Dasatinib or JQ-1, abolished the capture (Figure
S11). In-gel digestion of the streptavidin captured proteins on
SDS-PAGE gel followed by LC-MS/MS analyses produced lists
of potential targets. To ensure that the captured proteins are
derived from the ligand-dependent photo-cross-linking, high-
confidence targets were compiled based on the following two
criteria: (1) at least two unique peptides were identified in the
MS, and (2) the area under the curve (AUC)−a measurement
of MS signal intensity and reliability−for the parent drug-
pretreated sample is not detectable. Using these criteria, six
kinases were identified by probe 1a, five of which also appeared
in probe 2a-treated cells, indicating ACT works similarly to DA
(Figure 5a, Table S3). However, probe 1a failed to identify Abl

protein, presumably due to a lack of proximal nucleophilic side
chains near the kinase active site. For JQ-1 targets, probes 4a
and 5a successfully captured the bromodomain proteins BRD-
2, -3, and -4 with minimum off-targets (Figure 5b, Table S4),
suggesting both ACT and DA are efficient in the in situ target
identification. Comparison of our data with other literature-
reported MS-based target identification studies revealed that
these ACT- and DA-based photoaffinity probes performed
exceptionally well (Tables S5−S6).
Taken together, we show that ACT can serve as an effective

photoaffinity label for target identification both in vitro and in
live cells. Compared to the existing photoaffinity labels such as
BP and DA, the main advantage of ACT lies in its unique
photo-cross-linking mechanism, which in principle should lead
to reduced background reactions with nonspecific targets as
well as a facile mapping of the ligand-binding site. Structurally,
ACT is comparable in size to BP and the electronically
stabilized DA derivatives such as trifluoromethylaryl diazirine,
and it features a modular design with the carboxy group at the
C5-position of 2H-tetrazole, providing the conjugation handle

for a drug molecule and the aryl group responsible for the
photoreactivity. Compared to DA and BP, ACT showed higher
cross-linking yields with the desired targets in vitro (Figure 3),
but it produced similar efficiency in target capture in situ in a
two-step cross-linking/capture procedure (Figure S11), sug-
gesting additional optimization of the capture step may be
necessary in order to achieve higher overall target capture yield.
At present, an alkyne tag was appended onto the aryl ring to
enable the click chemistry-mediated target capture. However,
alternative chemical moieties that are captured covalently by
engineered enzymes, e.g., the haloalkane moiety for HaloTag26

and the benzoguanine moiety for SNAP tag,27 will be explored
in the future for more efficient target capture. Because of its
unique cross-linking mechanism, a potential drawback of ACT
is that a suitable nucleophile needs to be present near the
ligand-binding site for a target to be captured and identified,
which may result in false negative; for example, Abl kinase was
not identified by 1a in this study. In principle, this limitation
can be potentially overcome by increasing the linker length
between ACT and the ligand to allow the survey of a larger area
surrounding the ligand-binding pocket.
In summary, we have developed a new photoaffinity label, 2-

aryl-5-carboxytetrazole (ACT), for efficient in situ target
capture and subsequent identification. The attachment of
ACT to two drug molecules was generally well tolerated
without significantly altering the binding affinity and specificity.
Compared with DA and BP, ACT provides a unique
mechanism of target capture through which the photogenerated
carboxy-nitrile imine intermediate reacts with a proximal
nucleophile near the target active site. As a result, ACT
displayed the cleanest and most efficient cross-linking with the
recombinant target proteins in vitro among the three photo-
affinity labels tested. In the in situ target identification studies
with two previously profiled drugs, Dasatinib and JQ-1, ACT
successfully captured the desired targets in both cases with an
efficiency comparable to DA. While aniline was used as the aryl
group in the present study, a wide range of heterocycles will be
explored in the future with a goal to identify ACTs with
enhanced solubility and photo-cross-linking reactivity.

■ EXPERIMENTAL SECTION
In-Gel Fluorescence Analysis of BTK Labeling by Dasatinib

Probes in Vitro. One microliter of 0.5 mM Dasatinib in DMSO (for
competition experiments) or DMSO (without Dasatinib competition)
was added to 0.5 μg of BTK in 50 μL of PBS. After incubation at r.t.
for 15 min, 1 μL of 10 μM photoaffinity probe in DMSO was added.
After additional incubation at r.t. for 30 min, the mixture was irradiated
with a hand-held 302 nm UV lamp, ca. 2−3 cm from the top of the
sample. A premixed click reaction cocktail (6 μL, 1:3:1:1 of 50 mM
CuSO4 in water/1.7 mM TBTA in 1:4 DMSO-tBuOH/50 mM TCEP
in water/1.25 mM TAMRA-azide in DMSO) was added, and the
reaction mixture was incubated at r.t. for 1 h. After 1 h, 500 μL of cold
acetone was added, and the mixture was left at −20 °C overnight. The
mixture was then centrifuged at 17,200g at 4 °C for 20 min and the
pellet was collected. To the pellet was added 30 μL of 1 × SDS sample
buffer, and the mixture was boiled at 95 °C for 10 min before SDS-
PAGE with 4−20% Bis-Tris gel using MOPS as running buffer.

In-Gel Fluorescence Analysis of BTK Labeling by Dasatinib
Probes in K562 Cell Lysate. One microliter of 0.5 mM Dasatinib in
DMSO (for competition experiments) or DMSO (without Dasatinib
competition) was added to 0.5 μg of BTK in 50 μL of 2 mg/mL K562
cell lysate in PBS. After incubation at r.t. for 15 min, 1 μL of 10 μM
photoaffinity probe in DMSO was added. After additional incubation
at r.t. for 30 min, the mixture was irradiated with a hand-held 302 nm
UV lamp, ca. 2−3 cm from the top of the sample. A premixed click

Figure 5. Venn diagrams of the identified protein targets by (a)
Dasatinib-derived photoaffinity probes 1a and 2a; and (b) JQ-1-
derived photoaffinity probes 4a and 5a.
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and off-targets of Dasatinib and JQ-1−two drugs profiled
extensively in the literature.11,12 Compared with DA and BP,
ACT gave higher yields in the ligand-directed photo-cross-
linking reactions with the recombinant target proteins. In
addition, the ACT-based probes facilitated the in situ target
identification in a manner similar to the DA-based ones.

■ RESULTS AND DISCUSSION
Design, Synthesis, and Biological Evaluation of the

Photoaffinity Probes. Whereas the tosyl and acyl imidazolyl
groups were successfully employed in labeling endogenous
targets in living cells, they are not ideal affinity labels for general
target identification because of concerns about their stability in
cellular milieu.13 We hypothesized that ACT should serve as an
ideal photoaffinity label based on the following considerations:
(i) 5-carboxy-substituted 2-aryltetrazoles are photoactive;14 (ii)
placement of a carboxyl group at the C5-position of 2H-
tetrazole increases the electrophilicity of the photogenerated
carboxy-nitrile imine intermediate; (iii) nucleophilic thiol-
addition of 2-mercaptobenzoic acid15 and 3-mercaptopropionic
acid16 to the base-generated carboxy-nitrile imine was reported
in the literature; and (iv) the photogenerated carboxy-nitrile
imine intermediate should undergo rapid medium quenching
when a proximal nucleophile is not available (Figure S1),9,17

minimizing the undesired reactions with nonspecific targets.
Thus, two series of photoaffinity probes were prepared (see
Supporting Information for synthetic schemes): one series is
based on Dasatinib, a potent inhibitor of Bcr-Abl kinase,18 the
Src family kinases, as well as BTK (Bruton’s tyrosine kinase);19

and the other is based on JQ-1, a potent inhibitor of the BET
family of bromodomain proteins20 (Figure 1a). Specifically,
three photoaffinity labels, ACT, DA, and BP, were attached to
Dasatinib or JQ-1 via the previously reported linkage sites.11,12

The linker length was varied to adjust the distance of the
reactive intermediate from the target binding site (Figure 1a).
An alkyne tag was placed on the photoaffinity labels to enable
the click chemistry-mediated detection and enrichment of the
targets from cell lysates.21 To determine how the attachment of
photoaffinity label affects the inhibitory activity and specificity,
kinome profiling was carried out for Dasatinib-derived probes
(Figure 1b and Table S1), while the in vitro binding assay was
performed for JQ-1-derived probes (Figure 1c and Table S2).
We found that DA probes 2a and 2b retained most of their
inhibitory activities while ACT probes 1a and 1b showed
modest reduction (2−20-fold), particularly for 1a with the
shorter linker. In comparison, the BP probes exhibited the
largest reduction in inhibitory activity (25−400-fold), presum-
ably due to the positioning of a large, flat aromatic structure in
the solvent-exposed hinge region. For the JQ-1 series, almost all
the photoaffinity probes demonstrated greater inhibitory
activities than JQ-1, indicating that the hydrophobic photo-
affinity labels form additional interactions with BRD2-4 outside
the shallow and flat canonical binding pocket.20 In the cell
proliferation assays, the photoaffinity label-linked JQ-1 probes
showed potencies similar to the parent JQ-1 against leukemic
cell line SKM-1, but reduced activities against breast carcinoma
MX-1 as well as nonsmall cell lung carcinoma NCI-H1299
(Table S2), likely due to the permeability difference of the
photoaffinity probes and/or the disparate dependency of these
cell lines on BRD proteins for proliferation.

Evaluation of Photo-Cross-Linking Efficiency in Vitro.
To compare the efficiency of these three photoaffinity labels in
covalently labeling their targets, we treated recombinant BTK
and BRD4 proteins with appropriate probes, and we detected
the photo-cross-linked adducts using in-gel fluorescence
analysis after the copper-catalyzed click chemistry with

Figure 1. Dasatinib and JQ-1-derived photoaffinity probes containing 2-aryl-5-carboxy-tetrazole (ACT), diazirine (DA), or benzophenone (BP)
photoaffinity label (PAL) and their biological activities. (a) Structures of the photoaffinity probes. (b) Kinome profiling of Dasatinib-derived
photoaffinity probes. A panel of 82 protein kinases were surveyed in this assay, and inhibition constants, Ki, are given in micromolar. See Table S1 in
the Supporting Information for Ki values. The nonreceptor tyrosine kinase targets are indicated by blue arrows. NV, no value. (c) Plots of the
inhibition of BRD-2, -3, and -4 by JQ-1-derived photoaffinity probes. See Table S2 in the Supporting Information for Ki values.
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The linker length was varied to adjust the distance of the
reactive intermediate from the target binding site (Figure 1a).
An alkyne tag was placed on the photoaffinity labels to enable
the click chemistry-mediated detection and enrichment of the
targets from cell lysates.21 To determine how the attachment of
photoaffinity label affects the inhibitory activity and specificity,
kinome profiling was carried out for Dasatinib-derived probes
(Figure 1b and Table S1), while the in vitro binding assay was
performed for JQ-1-derived probes (Figure 1c and Table S2).
We found that DA probes 2a and 2b retained most of their
inhibitory activities while ACT probes 1a and 1b showed
modest reduction (2−20-fold), particularly for 1a with the
shorter linker. In comparison, the BP probes exhibited the
largest reduction in inhibitory activity (25−400-fold), presum-
ably due to the positioning of a large, flat aromatic structure in
the solvent-exposed hinge region. For the JQ-1 series, almost all
the photoaffinity probes demonstrated greater inhibitory
activities than JQ-1, indicating that the hydrophobic photo-
affinity labels form additional interactions with BRD2-4 outside
the shallow and flat canonical binding pocket.20 In the cell
proliferation assays, the photoaffinity label-linked JQ-1 probes
showed potencies similar to the parent JQ-1 against leukemic
cell line SKM-1, but reduced activities against breast carcinoma
MX-1 as well as nonsmall cell lung carcinoma NCI-H1299
(Table S2), likely due to the permeability difference of the
photoaffinity probes and/or the disparate dependency of these
cell lines on BRD proteins for proliferation.

Evaluation of Photo-Cross-Linking Efficiency in Vitro.
To compare the efficiency of these three photoaffinity labels in
covalently labeling their targets, we treated recombinant BTK
and BRD4 proteins with appropriate probes, and we detected
the photo-cross-linked adducts using in-gel fluorescence
analysis after the copper-catalyzed click chemistry with

Figure 1. Dasatinib and JQ-1-derived photoaffinity probes containing 2-aryl-5-carboxy-tetrazole (ACT), diazirine (DA), or benzophenone (BP)
photoaffinity label (PAL) and their biological activities. (a) Structures of the photoaffinity probes. (b) Kinome profiling of Dasatinib-derived
photoaffinity probes. A panel of 82 protein kinases were surveyed in this assay, and inhibition constants, Ki, are given in micromolar. See Table S1 in
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ü both ACT (2-acyl-5-carboxytetrazole) and diazirine are efficient in the target identification 
(K562 cell)

ü ACT did not improve identification regardless of higher crosslinking yield than diazirine
but both ACT and DA are efficient in the in situ target identification.

Herner, A., et al. Journal of the American Chemical Society 2016, 138(44), 14609–14615. (Fig. modified)
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Vajpai, N., et al. THE JOURNAL OF BIOLOGICAL CHEMISTRY 2008, 283(26), 18292–18302.
(PDB 2GQG) https://www.rcsb.org/structure/2gqg (Fig. modified)

ü D325 and E329 are present near Dasatinib → probably crosslinking was occurred

Dasatinib

Abl

E329

D325
Dasatinib

https://www.rcsb.org/structure/2gqg


Short summary

ü Tetrazole has selectivity to amino acids (Asp, Glu, Cys, Lys)
ü ACT (2-acyl-5-carboxytetrazole) can serve as an effective 

photoaffinity label for target identification both in vitro and in living 
cells 

ü unique photo-crosslinking mechanism (non-radical)
→ lead to reduced background reactions with nonspecific targets 
→ facile mapping of the ligand-binding site

ü Compared to DA and BP, ACT showed higher cross-linking yields with 
the desired targets in vitro

ü achieve efficient in situ target capture and subsequent identification

32Herner, A., et al. Journal of the American Chemical Society 2016, 138(44), 14609–14615.
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ACTK analogs 1−4 in Chart 1, the key intermediate, ethyl 2-aryl-
2H-tetrazole-5-carboxylate, was obtained through CuII-catalyzed
cross-coupling of ethyl 2H-tetrazole-5-carboxylate with the
phenylaryliodonium salt14 (Schemes S1−S4 in Supporting
Information). For PhTK (5), the Kakehi tetrazole synthesis
was followed to give the ethyl 2-phenyl-2H-tetrazole-5-
carboxylate intermediate15 (Scheme S5 in Supporting Informa-
tion). Subsequent hydrolysis and coupling with Fmoc-lysine·
HCl followed by removal of the protecting group afforded the
ACT-lysine analogs 1−5 (Chart 1). To identify PylRS mutants
that efficiently charge mPyTK (1), anMmPylRS library, in which
four residues surrounding the N-methylpyrrole-lysine side chain
based on the crystal structure of Methanosarcina mazei PylRS in
complex with Pyl-AMP16 (Y306, L309, C348 and Y384; Figure
1a) were randomized, was subjected to successive rounds of the

positive and negative selections.17 An MmPylRS mutant
displaying the highest amber suppression efficiency in E. coli
was identified that carries the Y306V/L309A/C348F/Y384F
mutations and is hereafter referred to as mPyTKRS. A plasmid
pEvol-mPyTKRS encoding mPyTKRS and tRNAPyl

CUA was then
constructed and showed site-specific incorporation of mPyTK
into superfolder green fluorescent protein (sfGFP) carrying an
amber mutation at the Q204 position and a C-terminal His tag
(Figure 1b). Interestingly, we found that mPyTKRS also exhibits
polyspecificity and allows site-specific incorporation of other
ACTK into sfGFP-Q204TAG with the level of expression
following the order of mPyTK > FTK > PhTK > PyTK > TTK
(Figure 1b). A 100 mL scale expression of the sfGFP-
Q204mPyTK mutant in BL21DE3 cells in the presence of 1
mMmPyTK gave a protein yield of 0.8 mg L−1; subsequent mass
spectrometry analysis verified the incorporation of mPyTK
(Figure 1c and Figure S1 in the Supporting Information (SI)).
The lower expression yield is likely due to reduced enzymatic
activity of mPyTKRS as a higher yield, 17.8 mg L−1, was obtained
when BocK was charged into the sfGFP-Q204 position using the
wild-type PylRS under identical conditions (Figure S2 in the SI).
Next, we examined the efficiency of ACTK in photo-cross-

linking Schistosoma japonicum glutathione-S-transferase (SjGST)
homodimer (Figure 2a), a system used widely for evaluating the

genetically encoded photo-cross-linkers.1,2 Inspection of the
GST dimer structure (PDB code: 1Y6E) revealed that the four
interfacial residues, E52, F53, L66 and R74, are located at a
distance of ∼4−8 Å from a potential nucleophilic residue from
the opposite monomer (Figure S3 in SI). Thus, the GSTmutants
carrying mPyTK at these positions were expressed in BL21DE3
cells and purified by Ni-NTA affinity chromatography. To our
surprise, only the GST-E52TAG mutant gave detectable
expression (with a yield of 2.8 mg L−1) based on SDS-PAGE,
which was confirmed by LC-MS data (Figure S4 in SI). To probe
whether mPyTK enables photo-cross-linking in vitro, the
purified GST-E52mPyTK protein was irradiated with a hand-
held 302 nm UV lamp for 0, 1, 5 and 15 min on ice, and covalent
dimer formation was monitored by SDS-PAGE. We observed
time-dependent GST dimer formation for the E52mPyTK
mutant with ∼53% yield at 5 min, but not for wild-type (Figure
2b), indicating that the ACT moiety is responsible for dimer
cross-linking. For comparison, we expressed the GST-E52AbK
mutant using the wild-type PylRS with a yield of 2.5 mg L−1 and

Figure 1. Site-specific incorporation of ACT-based photo-cross-linkers
into sfGFP via amber suppression. (a) A close-up view of the binding of
mPyTK (carbon skeleton shown in cyan tube model) or pyrrolysine-
AMP (carbon skeleton shown in yellow tube model) in the active site of
MmPylRS (PDB code: 2ZIM). The residues in the vicinity of mPyTK
selected for randomization are marked in green tube model. (b) Anti-
His6 Western blot of sfGFP-Q204ACTK mutants expressed in
BL21DE3 cells in the absence (−) and presence of 1 mM ACTK. (c)
Deconvoluted mass spectrum of sfGFP-Q204mPyTK: calcd, 27885.1
Da [M−Met +H+]; found, 27 884.2± 2.0 Da. The smaller mass peak of
27767.1 Da corresponds to sfGFP-Q204W, the product of near-cognate
suppression by Trp.

Figure 2. Photo-cross-linking reactivity of the ACTK-encoded SjGST
mutants. (a) Scheme for photo-cross-linking of GST-ACTK to form
covalent GST dimer. The cross-linking sites are marked as red lines
between the two monomers. (b) Coomassie blue stained SDS-PAGE
gels after the wild-type (WT), E52mPyTK and E52AbK GST mutants
were photoirradiated for 0, 1, 5 or 15 min. 302 nm UV light was used for
WT and E52mPyTK mutant whereas 365 nm UV light was used for
E52AbK mutant. Asterisk indicates an impurity derived from the Ni-
NTA affinity purification. (c) Time-dependent photo-cross-linking of
GST-E52mPyTK in E. coli. The GST monomer and photo-cross-linked
dimer in cell lysates were detected by Western blot using an anti-His6
antibody. (d) Comparing photo-cross-linking efficiency of five ACTKs
by Western blot using anti-His6 antibody. E. coli cells were photo-
irradiated with a 302 nm UV lamp for 5 min before cell lysis.
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examined its photo-cross-linking reactivity. To our surprise, AbK
exhibited very weak reactivity as the dimer band was detected
only by Western blot4 (Figure S5 in SI) but not Coomassie blue
(Figure 2b). Interestingly, a higher cross-linking yield (∼79%)
was obtained when E. coli cells expressing GST-E52mPyTK were
directly photoirradiated, which could be attributed to higher
intracellular concentration of the GST mutant (Figure 2c and
Figure S6 in SI). Because mPyTKRS can charge other ACTKs
into proteins site-selectively, we expressed SjGST mutants
carrying PyTK, FTK, TTK and PhTK, respectively, at position-
52 and compared their photo-cross-linking efficiency in E. coli
cells. Based on Western blot analysis, only mPyTK, FTK and
TTK showed the cross-linked dimer with the efficiency order of
mPyTK > TTK > FTK (Figure 2d), presumably due to the
highest electron density atN-methyl-pyrrole ring, which helps to
stabilize the photogenerated carboxy-nitrile imine and increase
its lifetime in biological media.
Because ACT photoreacts with proximal nucleophilic residues

on proteins, we sought to determine which nucleophilic residues
on the opposite GST monomer might react with the photo-
generated carboxy-nitrile imine intermediate. To this end, we
built a model of the GST-E52mPyTK and surveyed the chemical
environment surrounding mPyTK. Four nucleophilic residues
(E92, M133, C139 and K141) were identified that are located
2.8−13.0 Å from the electrophilic nitrile imine carbon (Figure
3a). To determine which one of these four residues participates
the cross-linking reaction, we mutated these residues to alanine
and examined the photo-cross-linking activity of the resulting
mutants. We found the Glu92 → Ala mutation completely
abolished the covalent dimer formation whereas other mutations
had no effect (Figure 3b). This result is consistent with the
proximity-driven reactivity as E92 is closest to mPyTK with a
calculated distance between the carboxylate oxygen and the
nitrile imine carbon of 2.8 Å (Figure 3a). Similar results were
obtained when the alanine scan was conducted with the GST-
E52-FTK mutant (Figure S7 in SI). We propose a photo-cross-
linking mechanism in which the E92 carboxylate undergoes
nucleophilic addition to the photogenerated carboxy-nitrile
imine followed by 1,4-acyl shift (Figure 3c). The rearranged
cross-linked structure was supported by tandem mass spectrom-
etry data in which the two fragment ions derived from the two
discrete cleavage pathways were positively identified (Figure S8
in SI). For comparison, we performed photo-cross-linking
studies with the same set of alanine mutants of the GST-
E52AbK (E92A, M133A, C139A and K141A). We did not
observe prominent attenuation in GST dimer formation;
unexpectedly, two alaninemutants (M133A and K141A) showed
greater extent of dimer formation than the GST-E52AbK alone
(Figure S7 in SI), presumably due to a remodeling of the
interaction interface that alters the distance and/or angle of a
suitable proximal C−H bond.9

To examine whether the genetically encoded mPyTK can
capture protein−protein interaction complexes in mammalian
cells, we first confirmed that when mPyTKRS was expressed in
HEK293T cells, it allowed site-selective incorporation of mPyTK
into mCherry-TAG-EGFP based on confocal fluorescence
microscopic analysis (Figure S9 in SI). We then introduced
mPyTK into Grb2, an adaptor protein that links phosphorylated
EGFR to the Ras signaling pathway through guanine nucleotide
exchange factor Sos18 and was used previously for evaluating the
genetically encoded photo-cross-linkers in mammalian cells.19

Inspection of crystal structure of the Grb2 SH2 domain in
complex with a phosphotyrosine-containing heptapeptide

ligand20 revealed that 9 residues surrounding the ligand, A91,
D104, V105, Q106, F108, K109, L111, W121 and N143, could
be mutated to mPyTK for potential photo-cross-linking with the
SH2 ligands such as the cytoplasmic domain of EGFR (Figure
4a). Thus, HEK293T cells were cotransfected with pCMV-
mPyTKRS-tRNAPyl

CUA encoding mPyTK-specific PylRS and
tRNAPyl

CUA, pCMV6-Grb2-myc-DDK encoding either wild-type
or amber mutant with TAG codon substituted at any of the 9
positions with a C-terminal myc-DDK tag, and pcDNA3-EGFR-
EGFP encoding full-length EGFR and a C-terminal EGFP tag,
and protein expressions were carried out in DMEM medium
supplemented with 10% FBS and 1 mMmPyTK. The cells were
starved for 12 h before EGF stimulation and subsequent
photoirradiation on ice. The cells were then lysed and the
lysates were treated with protein tyrosine phosphatase 1B to
hydrolyze the phosphotyrosine to obviate noncovalent Grb2-
interacting protein complexes. The cross-linkedGrb2-interacting
proteins were immunoprecipitated with anti-Flag antibody and
analyzed by sequential Western blots using antimyc and anti-
EGFR antibodies. The cross-linked Grb2−EGFR complex was
detected for 8 out 9 Grb2-mPyTK mutants; the D104mPyTK
mutant gave the highest photo-cross-linking yield followed by

Figure 3. Identifying the mPyTK photo-cross-linking site in GST. (a) A
close-up view of the nucleophilic residues from the opposite GST
monomer (colored in gray) surrounding mPyTK in GST monomer
(colored in yellow). The side chains of proximal resides (E92, M133,
C139 and K141) are rendered in tube model. (b) Coomassie blue
stained SDS-PAGE gel showing UV-dependent cross-linking of the
GST-mPyTK alanine mutants. Asterisk indicates an impurity derived
from Ni-NTA affinity purification. The proteins were photoirradiated
with a hand-held 302 nm UV lamp on ice for 15 min before SDS-PAGE.
(c) Proposed mechanism for mPyTK-mediated photo-cross-linking of
GST dimer. The two cleavage pathways are marked with blue and red
dash lines on the cross-linked structure (see Figure S8 in SI for details).

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.7b02615
J. Am. Chem. Soc. 2017, 139, 6078−6081

6080

Genetically Encoded 2‑Aryl-5-carboxytetrazoles for Site-Selective
Protein Photo-Cross-Linking
Yulin Tian,† Marco Paolo Jacinto,† Yu Zeng,‡ Zhipeng Yu,†,# Jun Qu,⊥ Wenshe R. Liu,‡

and Qing Lin*,†

†Department of Chemistry, State University of New York at Buffalo, Buffalo, New York 14260, United States
‡Department of Chemistry, Texas A&M University, College Station, Texas 77845, United States
⊥Department of Pharmaceutical Sciences, State University of New York at Buffalo, Buffalo, New York 14260, United States

*S Supporting Information

ABSTRACT: The genetically encoded photo-cross-link-
ers promise to offer a temporally controlled tool to map
transient and dynamic protein−protein interaction com-
plexes in living cells. Here we report the synthesis of a
panel of 2-aryl-5-carboxytetrazole-lysine analogs (ACTKs)
and their site-specific incorporation into proteins via
amber codon suppression in Escherichia coli and
mammalian cells. Among five ACTKs investigated, N-
methylpyrroletetrazole-lysine (mPyTK) was found to give
robust and site-selective photo-cross-linking reactivity in E.
coli when placed at an appropriate site at the protein
interaction interface. A comparison study indicated that
mPyTK exhibits higher photo-cross-linking efficiency than
a diazirine-based photo-cross-linker, AbK, when placed at
the same location of the interaction interface in vitro.
When mPyTK was introduced into the adapter protein
Grb2, it enabled the photocapture of EGFR in a stimulus-
dependent manner. The design of mPyTK along with the
identification of its cognate aminoacyl-tRNA synthetase
makes it possible to map transient protein−protein
interactions and their interfaces in living cells.

Tomap dynamic protein−protein interactions in living cells,
a powerful chemical strategy involves the use of genetically

encoded photo-cross-linkers that permanently link transient
protein−protein interaction complexes with a burst of light.
Based on the structures, the reported genetically encoded photo-
cross-linkers contain one of the three moieties: phenyl azide such
as pAzF,1 benzophenone such as pBpa,2 and diazirine such as
AbK3,4 and their derivatives (Chart 1).5−8 Although these
genetically encoded photo-cross-linkers have proven to be

valuable in the study of protein structure and function, they
invariably cross-link with their interacting protein partners with
no selectivity for any particular residue as the photogenerated
reactive intermediate, i.e., the nitrene from phenyl azide, the
diradical from benzophenone and the carbene from diazirine,
inserts into a proximal C−H bond with appropriate distance and
angle,9 making it difficult to predict a prior suitable positions for
installation of the photo-cross-linker. In addition, the tandem
mass spectrometry-based mapping of the interaction interface is
complicated as any residue from the interacting protein partner
can potentially participate in the photo-cross-linking.
Recently, we reported a new photoaffinity label based on 2-

aryl-5-carboxytetrazole (ACT) with a size similar to benzophe-
none, which cross-links its target proteins via addition with a
proximal nucleophile near the active site.10 Because ACT exhibits
ligand-dependent selective photo-cross-linking, we envisioned
that ACT may also serve as a new class of genetically encoded
photo-cross-linkers for mapping transient protein−protein
interaction interfaces. It is noted that a biocompatible
proximity-driven nucleophilic substitution reaction between a
genetically encoded Nε-fluoroacetyllysine and cysteine was
reported recently for mapping the protein−protein interaction
interface.11 However, the occurrence of native cysteine at the
protein−protein interaction interface is rather rare.12 Herein, we
report the synthesis of a panel of ACT-lysine analogs (ACTK,
Chart 1), and the identification of a new ACTK-specific
pyrrolysyl-tRNA synthetase for site-specific incorporation of
ACTK into proteins in Escherichia coli and in mammalian cells.
One of the ACTK analogs, mPyTK, exhibited robust and site-
selective photo-cross-linking of a GST dimer in bacteria. In a
comparison study, mPyTK showed significantly higher cross-
linking efficiency than AbK when both are incorporated at the
same location of GST. Moreover, the mPyTK-encoded adapter
protein, Grb2, showed a stimulus and position-dependent
capture of its transient interaction partner, epidermal growth
factor receptor (EGFR), in mammalian cells.
Because pyrrolysyl-tRNA synthetase (PylRS) and its variants

have shown tremendous versatility in charging various lysine
derivatives into proteins site-selectively in bacteria, yeast and
mammalian cells,13 we decided to append ACTmotif onto the ε-
amino group via simple acylation reaction. For the synthesis of
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Chart 1. Genetically Encoded Photo-Cross-Linkers
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Ø Genetically encoded ACT (2-aryl-5-
carboxytetrazole)

Ø give robust and site-selective photo-
crosslinking reactivity
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ACTK analogs 1−4 in Chart 1, the key intermediate, ethyl 2-aryl-
2H-tetrazole-5-carboxylate, was obtained through CuII-catalyzed
cross-coupling of ethyl 2H-tetrazole-5-carboxylate with the
phenylaryliodonium salt14 (Schemes S1−S4 in Supporting
Information). For PhTK (5), the Kakehi tetrazole synthesis
was followed to give the ethyl 2-phenyl-2H-tetrazole-5-
carboxylate intermediate15 (Scheme S5 in Supporting Informa-
tion). Subsequent hydrolysis and coupling with Fmoc-lysine·
HCl followed by removal of the protecting group afforded the
ACT-lysine analogs 1−5 (Chart 1). To identify PylRS mutants
that efficiently charge mPyTK (1), anMmPylRS library, in which
four residues surrounding the N-methylpyrrole-lysine side chain
based on the crystal structure of Methanosarcina mazei PylRS in
complex with Pyl-AMP16 (Y306, L309, C348 and Y384; Figure
1a) were randomized, was subjected to successive rounds of the

positive and negative selections.17 An MmPylRS mutant
displaying the highest amber suppression efficiency in E. coli
was identified that carries the Y306V/L309A/C348F/Y384F
mutations and is hereafter referred to as mPyTKRS. A plasmid
pEvol-mPyTKRS encoding mPyTKRS and tRNAPyl

CUA was then
constructed and showed site-specific incorporation of mPyTK
into superfolder green fluorescent protein (sfGFP) carrying an
amber mutation at the Q204 position and a C-terminal His tag
(Figure 1b). Interestingly, we found that mPyTKRS also exhibits
polyspecificity and allows site-specific incorporation of other
ACTK into sfGFP-Q204TAG with the level of expression
following the order of mPyTK > FTK > PhTK > PyTK > TTK
(Figure 1b). A 100 mL scale expression of the sfGFP-
Q204mPyTK mutant in BL21DE3 cells in the presence of 1
mMmPyTK gave a protein yield of 0.8 mg L−1; subsequent mass
spectrometry analysis verified the incorporation of mPyTK
(Figure 1c and Figure S1 in the Supporting Information (SI)).
The lower expression yield is likely due to reduced enzymatic
activity of mPyTKRS as a higher yield, 17.8 mg L−1, was obtained
when BocK was charged into the sfGFP-Q204 position using the
wild-type PylRS under identical conditions (Figure S2 in the SI).
Next, we examined the efficiency of ACTK in photo-cross-

linking Schistosoma japonicum glutathione-S-transferase (SjGST)
homodimer (Figure 2a), a system used widely for evaluating the

genetically encoded photo-cross-linkers.1,2 Inspection of the
GST dimer structure (PDB code: 1Y6E) revealed that the four
interfacial residues, E52, F53, L66 and R74, are located at a
distance of ∼4−8 Å from a potential nucleophilic residue from
the opposite monomer (Figure S3 in SI). Thus, the GSTmutants
carrying mPyTK at these positions were expressed in BL21DE3
cells and purified by Ni-NTA affinity chromatography. To our
surprise, only the GST-E52TAG mutant gave detectable
expression (with a yield of 2.8 mg L−1) based on SDS-PAGE,
which was confirmed by LC-MS data (Figure S4 in SI). To probe
whether mPyTK enables photo-cross-linking in vitro, the
purified GST-E52mPyTK protein was irradiated with a hand-
held 302 nm UV lamp for 0, 1, 5 and 15 min on ice, and covalent
dimer formation was monitored by SDS-PAGE. We observed
time-dependent GST dimer formation for the E52mPyTK
mutant with ∼53% yield at 5 min, but not for wild-type (Figure
2b), indicating that the ACT moiety is responsible for dimer
cross-linking. For comparison, we expressed the GST-E52AbK
mutant using the wild-type PylRS with a yield of 2.5 mg L−1 and

Figure 1. Site-specific incorporation of ACT-based photo-cross-linkers
into sfGFP via amber suppression. (a) A close-up view of the binding of
mPyTK (carbon skeleton shown in cyan tube model) or pyrrolysine-
AMP (carbon skeleton shown in yellow tube model) in the active site of
MmPylRS (PDB code: 2ZIM). The residues in the vicinity of mPyTK
selected for randomization are marked in green tube model. (b) Anti-
His6 Western blot of sfGFP-Q204ACTK mutants expressed in
BL21DE3 cells in the absence (−) and presence of 1 mM ACTK. (c)
Deconvoluted mass spectrum of sfGFP-Q204mPyTK: calcd, 27885.1
Da [M−Met +H+]; found, 27 884.2± 2.0 Da. The smaller mass peak of
27767.1 Da corresponds to sfGFP-Q204W, the product of near-cognate
suppression by Trp.

Figure 2. Photo-cross-linking reactivity of the ACTK-encoded SjGST
mutants. (a) Scheme for photo-cross-linking of GST-ACTK to form
covalent GST dimer. The cross-linking sites are marked as red lines
between the two monomers. (b) Coomassie blue stained SDS-PAGE
gels after the wild-type (WT), E52mPyTK and E52AbK GST mutants
were photoirradiated for 0, 1, 5 or 15 min. 302 nm UV light was used for
WT and E52mPyTK mutant whereas 365 nm UV light was used for
E52AbK mutant. Asterisk indicates an impurity derived from the Ni-
NTA affinity purification. (c) Time-dependent photo-cross-linking of
GST-E52mPyTK in E. coli. The GST monomer and photo-cross-linked
dimer in cell lysates were detected by Western blot using an anti-His6
antibody. (d) Comparing photo-cross-linking efficiency of five ACTKs
by Western blot using anti-His6 antibody. E. coli cells were photo-
irradiated with a 302 nm UV lamp for 5 min before cell lysis.
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ü GST dimer formation for the E52mPyTK mutant 
with ∼53% yield at 5 min, but not for WT
→ ACT moiety is responsible for dimer cross-
linking

tetrazole diazirine

S6 
 

 
 
Figure S5. Comparison of the photo-cross-linking efficiencies of mPyTK and AbK. (A) 
Coomassie blue stained SDS-PAGE gel after GST-E52AbK or -E52mPyTK mutant was 
photoirradiated for 0, 1, 5 or 15 min. 365 nm UV was used for GST-E52Abk while 302 nm (or 
365 nm) UV was used for GSTE52mPyTK. (B) Anti-His6 western blot of GST-E52AbK and -
E52mPyTK mutants after photoirradiation for 0, 1, 5 or 15 min. A 365-nm UV lamp was used for 
GST-E52Abk while a 302-nm (or 365-nm) UV lamp was used for GSTE52mPyTK. (C) De-
convoluted mass spectrum of GST-E52AbK: calcd 26642.2 Da [M – Met + H+], found 26645.4 ± 
2.9 Da; calcd 26949.2 Da [M – Met + H+ + GSH], found 26946.0 ± 3.8 Da.  

ü AbK exhibited very weak reactivity as the dimer 
band was detected only by Western blot
→ higher yield by using tetrazole

Tian, Y., et al. Journal of the American Chemical Society 2017, 139(17), 6078–6081.



Identifying the mPyTK photo-crosslinking site in GST

36

examined its photo-cross-linking reactivity. To our surprise, AbK
exhibited very weak reactivity as the dimer band was detected
only by Western blot4 (Figure S5 in SI) but not Coomassie blue
(Figure 2b). Interestingly, a higher cross-linking yield (∼79%)
was obtained when E. coli cells expressing GST-E52mPyTK were
directly photoirradiated, which could be attributed to higher
intracellular concentration of the GST mutant (Figure 2c and
Figure S6 in SI). Because mPyTKRS can charge other ACTKs
into proteins site-selectively, we expressed SjGST mutants
carrying PyTK, FTK, TTK and PhTK, respectively, at position-
52 and compared their photo-cross-linking efficiency in E. coli
cells. Based on Western blot analysis, only mPyTK, FTK and
TTK showed the cross-linked dimer with the efficiency order of
mPyTK > TTK > FTK (Figure 2d), presumably due to the
highest electron density atN-methyl-pyrrole ring, which helps to
stabilize the photogenerated carboxy-nitrile imine and increase
its lifetime in biological media.
Because ACT photoreacts with proximal nucleophilic residues

on proteins, we sought to determine which nucleophilic residues
on the opposite GST monomer might react with the photo-
generated carboxy-nitrile imine intermediate. To this end, we
built a model of the GST-E52mPyTK and surveyed the chemical
environment surrounding mPyTK. Four nucleophilic residues
(E92, M133, C139 and K141) were identified that are located
2.8−13.0 Å from the electrophilic nitrile imine carbon (Figure
3a). To determine which one of these four residues participates
the cross-linking reaction, we mutated these residues to alanine
and examined the photo-cross-linking activity of the resulting
mutants. We found the Glu92 → Ala mutation completely
abolished the covalent dimer formation whereas other mutations
had no effect (Figure 3b). This result is consistent with the
proximity-driven reactivity as E92 is closest to mPyTK with a
calculated distance between the carboxylate oxygen and the
nitrile imine carbon of 2.8 Å (Figure 3a). Similar results were
obtained when the alanine scan was conducted with the GST-
E52-FTK mutant (Figure S7 in SI). We propose a photo-cross-
linking mechanism in which the E92 carboxylate undergoes
nucleophilic addition to the photogenerated carboxy-nitrile
imine followed by 1,4-acyl shift (Figure 3c). The rearranged
cross-linked structure was supported by tandem mass spectrom-
etry data in which the two fragment ions derived from the two
discrete cleavage pathways were positively identified (Figure S8
in SI). For comparison, we performed photo-cross-linking
studies with the same set of alanine mutants of the GST-
E52AbK (E92A, M133A, C139A and K141A). We did not
observe prominent attenuation in GST dimer formation;
unexpectedly, two alaninemutants (M133A and K141A) showed
greater extent of dimer formation than the GST-E52AbK alone
(Figure S7 in SI), presumably due to a remodeling of the
interaction interface that alters the distance and/or angle of a
suitable proximal C−H bond.9

To examine whether the genetically encoded mPyTK can
capture protein−protein interaction complexes in mammalian
cells, we first confirmed that when mPyTKRS was expressed in
HEK293T cells, it allowed site-selective incorporation of mPyTK
into mCherry-TAG-EGFP based on confocal fluorescence
microscopic analysis (Figure S9 in SI). We then introduced
mPyTK into Grb2, an adaptor protein that links phosphorylated
EGFR to the Ras signaling pathway through guanine nucleotide
exchange factor Sos18 and was used previously for evaluating the
genetically encoded photo-cross-linkers in mammalian cells.19

Inspection of crystal structure of the Grb2 SH2 domain in
complex with a phosphotyrosine-containing heptapeptide

ligand20 revealed that 9 residues surrounding the ligand, A91,
D104, V105, Q106, F108, K109, L111, W121 and N143, could
be mutated to mPyTK for potential photo-cross-linking with the
SH2 ligands such as the cytoplasmic domain of EGFR (Figure
4a). Thus, HEK293T cells were cotransfected with pCMV-
mPyTKRS-tRNAPyl

CUA encoding mPyTK-specific PylRS and
tRNAPyl

CUA, pCMV6-Grb2-myc-DDK encoding either wild-type
or amber mutant with TAG codon substituted at any of the 9
positions with a C-terminal myc-DDK tag, and pcDNA3-EGFR-
EGFP encoding full-length EGFR and a C-terminal EGFP tag,
and protein expressions were carried out in DMEM medium
supplemented with 10% FBS and 1 mMmPyTK. The cells were
starved for 12 h before EGF stimulation and subsequent
photoirradiation on ice. The cells were then lysed and the
lysates were treated with protein tyrosine phosphatase 1B to
hydrolyze the phosphotyrosine to obviate noncovalent Grb2-
interacting protein complexes. The cross-linkedGrb2-interacting
proteins were immunoprecipitated with anti-Flag antibody and
analyzed by sequential Western blots using antimyc and anti-
EGFR antibodies. The cross-linked Grb2−EGFR complex was
detected for 8 out 9 Grb2-mPyTK mutants; the D104mPyTK
mutant gave the highest photo-cross-linking yield followed by

Figure 3. Identifying the mPyTK photo-cross-linking site in GST. (a) A
close-up view of the nucleophilic residues from the opposite GST
monomer (colored in gray) surrounding mPyTK in GST monomer
(colored in yellow). The side chains of proximal resides (E92, M133,
C139 and K141) are rendered in tube model. (b) Coomassie blue
stained SDS-PAGE gel showing UV-dependent cross-linking of the
GST-mPyTK alanine mutants. Asterisk indicates an impurity derived
from Ni-NTA affinity purification. The proteins were photoirradiated
with a hand-held 302 nm UV lamp on ice for 15 min before SDS-PAGE.
(c) Proposed mechanism for mPyTK-mediated photo-cross-linking of
GST dimer. The two cleavage pathways are marked with blue and red
dash lines on the cross-linked structure (see Figure S8 in SI for details).
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examined its photo-cross-linking reactivity. To our surprise, AbK
exhibited very weak reactivity as the dimer band was detected
only by Western blot4 (Figure S5 in SI) but not Coomassie blue
(Figure 2b). Interestingly, a higher cross-linking yield (∼79%)
was obtained when E. coli cells expressing GST-E52mPyTK were
directly photoirradiated, which could be attributed to higher
intracellular concentration of the GST mutant (Figure 2c and
Figure S6 in SI). Because mPyTKRS can charge other ACTKs
into proteins site-selectively, we expressed SjGST mutants
carrying PyTK, FTK, TTK and PhTK, respectively, at position-
52 and compared their photo-cross-linking efficiency in E. coli
cells. Based on Western blot analysis, only mPyTK, FTK and
TTK showed the cross-linked dimer with the efficiency order of
mPyTK > TTK > FTK (Figure 2d), presumably due to the
highest electron density atN-methyl-pyrrole ring, which helps to
stabilize the photogenerated carboxy-nitrile imine and increase
its lifetime in biological media.
Because ACT photoreacts with proximal nucleophilic residues

on proteins, we sought to determine which nucleophilic residues
on the opposite GST monomer might react with the photo-
generated carboxy-nitrile imine intermediate. To this end, we
built a model of the GST-E52mPyTK and surveyed the chemical
environment surrounding mPyTK. Four nucleophilic residues
(E92, M133, C139 and K141) were identified that are located
2.8−13.0 Å from the electrophilic nitrile imine carbon (Figure
3a). To determine which one of these four residues participates
the cross-linking reaction, we mutated these residues to alanine
and examined the photo-cross-linking activity of the resulting
mutants. We found the Glu92 → Ala mutation completely
abolished the covalent dimer formation whereas other mutations
had no effect (Figure 3b). This result is consistent with the
proximity-driven reactivity as E92 is closest to mPyTK with a
calculated distance between the carboxylate oxygen and the
nitrile imine carbon of 2.8 Å (Figure 3a). Similar results were
obtained when the alanine scan was conducted with the GST-
E52-FTK mutant (Figure S7 in SI). We propose a photo-cross-
linking mechanism in which the E92 carboxylate undergoes
nucleophilic addition to the photogenerated carboxy-nitrile
imine followed by 1,4-acyl shift (Figure 3c). The rearranged
cross-linked structure was supported by tandem mass spectrom-
etry data in which the two fragment ions derived from the two
discrete cleavage pathways were positively identified (Figure S8
in SI). For comparison, we performed photo-cross-linking
studies with the same set of alanine mutants of the GST-
E52AbK (E92A, M133A, C139A and K141A). We did not
observe prominent attenuation in GST dimer formation;
unexpectedly, two alaninemutants (M133A and K141A) showed
greater extent of dimer formation than the GST-E52AbK alone
(Figure S7 in SI), presumably due to a remodeling of the
interaction interface that alters the distance and/or angle of a
suitable proximal C−H bond.9

To examine whether the genetically encoded mPyTK can
capture protein−protein interaction complexes in mammalian
cells, we first confirmed that when mPyTKRS was expressed in
HEK293T cells, it allowed site-selective incorporation of mPyTK
into mCherry-TAG-EGFP based on confocal fluorescence
microscopic analysis (Figure S9 in SI). We then introduced
mPyTK into Grb2, an adaptor protein that links phosphorylated
EGFR to the Ras signaling pathway through guanine nucleotide
exchange factor Sos18 and was used previously for evaluating the
genetically encoded photo-cross-linkers in mammalian cells.19

Inspection of crystal structure of the Grb2 SH2 domain in
complex with a phosphotyrosine-containing heptapeptide

ligand20 revealed that 9 residues surrounding the ligand, A91,
D104, V105, Q106, F108, K109, L111, W121 and N143, could
be mutated to mPyTK for potential photo-cross-linking with the
SH2 ligands such as the cytoplasmic domain of EGFR (Figure
4a). Thus, HEK293T cells were cotransfected with pCMV-
mPyTKRS-tRNAPyl

CUA encoding mPyTK-specific PylRS and
tRNAPyl

CUA, pCMV6-Grb2-myc-DDK encoding either wild-type
or amber mutant with TAG codon substituted at any of the 9
positions with a C-terminal myc-DDK tag, and pcDNA3-EGFR-
EGFP encoding full-length EGFR and a C-terminal EGFP tag,
and protein expressions were carried out in DMEM medium
supplemented with 10% FBS and 1 mMmPyTK. The cells were
starved for 12 h before EGF stimulation and subsequent
photoirradiation on ice. The cells were then lysed and the
lysates were treated with protein tyrosine phosphatase 1B to
hydrolyze the phosphotyrosine to obviate noncovalent Grb2-
interacting protein complexes. The cross-linkedGrb2-interacting
proteins were immunoprecipitated with anti-Flag antibody and
analyzed by sequential Western blots using antimyc and anti-
EGFR antibodies. The cross-linked Grb2−EGFR complex was
detected for 8 out 9 Grb2-mPyTK mutants; the D104mPyTK
mutant gave the highest photo-cross-linking yield followed by

Figure 3. Identifying the mPyTK photo-cross-linking site in GST. (a) A
close-up view of the nucleophilic residues from the opposite GST
monomer (colored in gray) surrounding mPyTK in GST monomer
(colored in yellow). The side chains of proximal resides (E92, M133,
C139 and K141) are rendered in tube model. (b) Coomassie blue
stained SDS-PAGE gel showing UV-dependent cross-linking of the
GST-mPyTK alanine mutants. Asterisk indicates an impurity derived
from Ni-NTA affinity purification. The proteins were photoirradiated
with a hand-held 302 nm UV lamp on ice for 15 min before SDS-PAGE.
(c) Proposed mechanism for mPyTK-mediated photo-cross-linking of
GST dimer. The two cleavage pathways are marked with blue and red
dash lines on the cross-linked structure (see Figure S8 in SI for details).
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ü model of the GST-E52mPyTK
→ Four nucleophilic residues (E92, M133, 
C139 and K141) were identified

ü E92A mutation completely abolished the 
covalent dimer formation

ü other mutations had no effect
Tian, Y., et al. Journal of the American Chemical Society 2017, 139(17), 6078–6081.
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Interaction of EGF receptor and Grb2 in living cells visualized by

fluorescence resonance energy transfer (FRET) microscopy

Alexander Sorkin, Maria McClure, Fangtian Huang and Royston Carter*

The interaction of activated epidermal growth factor

receptor (EGFR) with the Src homology 2 (SH2) domain

of the growth-factor-receptor binding protein Grb2

initiates signaling through Ras and mitogen-activated

protein kinase (MAP kinase) [1,2]. Activation of EGFRs

by ligand also triggers rapid endocytosis of EGF–

receptor complexes. To analyze the spatiotemporal

regulation of EGFR–Grb2 interactions in living cells, we

have combined imaging microscopy with a modified

method of measuring fluorescence resonance energy

transfer (FRET) on a pixel-by-pixel basis using EGFR

fused to cyan fluorescent protein (CFP) and Grb2 fused

to yellow fluorescent protein (YFP). Efficient energy

transfer between CFP and YFP should only occur if CFP

and YFP are less than 50 Å apart, which requires direct

interaction of the EGFR and Grb2 fused to these

fluorescent moieties [3]. Stimulation by EGF resulted in

the recruitment of Grb2–YFP to cellular compartments

that contained EGFR–CFP and a large increase in FRET

signal amplitude. In particular, FRET measurements

indicated that activated EGFR–CFP interacted with

Grb2–YFP in membrane ruffles and endosomes. These

results demonstrate that signaling via EGFRs can occur

in the endosomal compartment. The work also

highlights the potential of FRET microscopy in the study

of subcellular compartmentalization of protein–protein

interactions in living cells.
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Results and discussion

We have previously generated a functional chimera of
EGFR and green fluorescent protein (GFP) [4]. EGFR–
GFP can activate MAP kinase, suggesting that the initial
step of this signaling pathway, the receptor–Grb2 interaction,

occurs normally. These experiments opened the way for
use of chimeric EGFRs and FRET microscopy to analyze
receptor interactions with Grb2 in living cells. EGFR–CFP
was stably expressed in porcine aortic endothelial (PAE)
cells that lack endogenous EGFRs [4]. Chimeric Grb2–YFP
was generated by fusion of YFP to the carboxyl terminus
of Grb2 (Figure 1) and transiently expressed in
PAE/EGFR–CFP cells. To analyze the effect of EGF on
subcellular distribution and interactions of EGFR–CFP
and Grb2–YFP, digital images were acquired through
CFP, YFP and FRET channels from a single cell at suc-
cessively longer elapsed times following stimulation with
EGF (Figure 2). Corrected FRET (FRETC) was calcu-
lated for the entire image on a pixel-by-pixel basis using a
three-filter ‘micro FRET’ method [5] and is presented as
a quantitative pseudocolor image. 

Calculation of FRETC includes corrections for the back-
ground fluorescence and for the fact that raw FRET
images consist of both FRET and non-FRET compo-
nents resulting from the cross-over of donor and acceptor
fluorescence through the FRET filters. Cross-over can be
calculated as a constant proportion of the CFP and YFP

Figure 1

Hypothetical model of EGFR–Grb2 interaction measured by FRET. In
our FRET registration system, the excitation of CFP at 436 nm will
result in emission at 470 nm if no YFP is in close proximity. If the
distance between CFP and YFP is less than 50 Å, however, due to
formation of the EGFR–CFP/Grb2–YFP complex, then the energy will
be transferred from excited CFP to YFP, resulting in the sensitized
emission at 535 nm. The figure shows a possible arrangement of the
intracellular domain of EGFR–CFP associated with Grb2–YFP via
phosphorylated Tyr1068 and Tyr1086 [9]. The SH2 and SH3 domains
of Grb2, EGFR kinase, YFP and CFP are drawn according to their
approximate sizes deduced from the three-dimensional structures.
f (red), fluorophores of YFP and CFP.
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the V105mPyTK, Q106mPyTK and N143mPyTK mutants
(Figure 4b and Figure S10 in SI). The clustering of the four
mutants (D104, V105, Q106 and N143) in the same region of
Grb2 SH2 domain suggests that the mPyTK photo-cross-linker
in these mutants may react with the same nucleophilic residue on
EGFR across the interaction interface. Moreover, the photo-
cross-linking of EGFR is EGF stimulation and photoirradiation-
dependent and is mediated by mPyTK as the wild-type Grb2 did
not exhibit covalent capture of EGFR (Figure S11A in SI). The
highest photo-cross-linking yield for Grb2-D104mPyTK was
observed when cells were stimulated with EGF for 15 min
(Figure S11B in SI), indicating that the Grb2−EGFR interaction
is transient and dynamic, resembling some other known EGF-
dependent protein−protein interactions.21

In summary, we have synthesized a panel of 2-aryl-5-carboxy-
tetrazole-based photo-cross-linkers and evolved a polyspecific
pyrrolysyl-tRNA synthetase variant that charges these ACT-
lysine analogs site-selectively into proteins in E. coli. One of the
most reactive, genetically encoded photo-cross-linkers, mPyTK,
allowed site-selective photo-cross-linking of a GST dimer in vitro
and in E. coli cells. In comparison studies, mPyTK exhibited a
significantly higher efficiency than AbK when placed at the same
location of the GST dimer interface. Moreover, mPyTK enabled
covalent capture of the transient Grb2-interacting protein
partner in mammalian cells in a stimulus-dependent manner.
In view of their higher photo-cross-linking yields and unique
cross-linking mechanism, these genetically encoded ACT-lysines
should offer a powerful chemical tool to map transient protein−
protein interactions underlining signal transduction pathways.
Because tandem MS analysis revealed the characteristic frag-
ments after photo-cross-linking, these ACT-lysines may also find
applications in structural analysis of protein complexes.
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Figure 4. Photo-cross-linking of EGFR by the mPyTK-encoded Grb2
mutants in mammalian cells. (a) A close-up view of Grb2-SH2 domain
in complex with phosphotyrosine-containing heptapeptide (PDB code:
1TZE), highlighting the proximal residues surrounding pY (rendered in
cyan tube model) that were selected for the mPyTK mutagenesis. (b)
Comparison of the efficiency of the mPyTK-containing Grb2-SH2
domain mutants for photo-cross-linking with EGFR in HEK293T cells.
Cells were exposed to 302 nmUV light for 5 min before lysis. The Grb2-
cross-linked proteins in cell lysates were immunoprecipitated with the
anti-FLAG antibody-immobilized agarose beads. The samples were
analyzed SDS-PAGE/Western blot and probed successively with
antimyc antibody (top panel) and anti-EGFR antibody (bottom panel).
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Figure S10.  Photo-cross-linking with EGFR by Grb2-D104mPyTK. The lysates of HEK293T 
cells expressing either EGFR or EGFR/Grb2-D104mPyTK were analyzed directly by SDS-PAGE 
followed by western blot using an anti-EGFR antibody.  
  

Ø crystal structure of 
Grb2 SH2 domain 

Ø Photo-crosslinking with EGFR
in HEK293T cells

ü 9 residues have a potential to photo-crosslink with EGFR
ü D104mPyTK mutant gave the highest photo-cross-linking yield followed by V105mPyTK, 

Q106mPyTK and N143mPyTK mutants
ü may react with the same nucleophilic residue on EGFR across the interaction interface

Tian, Y., et al. Journal of the American Chemical Society 2017, 139(17), 6078–6081.
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Figure S11.  Photo-cross-linking with EGFR by Grb2-D104mPyTK is UV, EGF stimulation, and 
stimulation time dependent. (A) Comparison of Grb2-D104mPyTK with wt-Grb2 in photo-cross-
linking with EGFR in the absence and presence of UV irradiation and/or EGF stimulation. (B) 
Effect of EGF stimulation time on EGFR photo-capture yield as detected in western blot using an 
anti-myc antibody.  
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Tian, Y., et al. Journal of the American Chemical Society 2017, 139(17), 6078–6081. (Fig. modified)

ü the photo-crosslinking of EGFR is EGF stimulation and photoirradiation-dependent
ü highest photo-cross-linking yield was when cells were stimulated with EGF for 15 min

→ Grb2−EGFR interaction is transient and dynamic
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Summary

✗ conventional photo-crosslinkers (benzophenone, diazirine)
• very low target capturing yields
• react non-selectively (any proximal X-H bonds) → difficult for identifying 

target by MS
• high background

ü Tetrazole has selectivity to amino acids (Asp, Glu, Cys, Lys)

ü unique photo-crosslinking mechanism (non-radical)
→ lead to reduced background reactions with nonspecific targets 
→ facile mapping of the ligand-binding site
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Summary

ü diaryltetrazole or ACT (2-aryl-5-
carboxytetrazole) successfully 
profiling proteins in vitro and 
living cells

42
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Photo-induced coupling reactions of tetrazoles
with carboxylic acids in aqueous solution:
application in protein labelling†

Shan Zhao,ab Jianye Dai,ab Mo Hu,b Chang Liu,b Rong Meng,b Xiaoyun Liu,b

Chu Wangab and Tuoping Luo*ab

The photo-induced reactions of diaryltetrazoles with carboxylic

acids in aqueous solution were investigated. Besides measuring

the apparent second-order rate constant and evaluating the functional

group compatibility of these reactions, we further incorporated the

tetrazoles into SAHA, leading to a new active-site-directed probe for

labelling HDACs in both cell lysates and living cells.

Biocompatible organic reactions involving proteinogenic amino
acid residues are extremely valuable transformations, with the
potential to modify proteins and enable the studies of activity-
based profiling.1 Photochemically induced cross-linking is a
very appealing bioconjugation method given the precise control
of light that could be achieved in terms of wavelength, time and
space.2 However, most photo-induced covalent cross-linking
protocols rely on the highly reactive species and hence neither
site nor residue selectivity would be expected.3 In addition, they
are sometimes plagued by cell damage caused by the high reactivity
of the photolyzed intermediates as well as non-reproducible results
regarding labelling efficiency, the category of proteins and targeting
sites. In this regard, the photo-induced reaction of diaryltetrazoles
and alkenes developed by Lin’s group is particularly remarkable
whereas the tetrazoles or alkenes need to be first introduced into the
protein of interest.4 The photolysis of tetrazole A rapidly and cleanly
generates nitrile imine dipole B that reacts with an alkene to afford
pyrazoline cycloadduct C (Fig. 1a).4 This ‘‘photoclick chemistry’’ has
since been applied in a wide range of studies, due to the advantages
including the generation of strongly fluorescent cycloadducts,
the small size of the bioorthogonal alkene tag, superior reaction
kinetics and the mild photoactivation procedure using a hand-
held UV lamp.

Interested in labelling the carboxylic acids of native proteins,
we were intrigued by the possibility that the nitrile imine inter-
mediate B could react with a carboxylic acid. As a matter of fact, a
seminal report of Heimgartner’s group in 1985 described this
reaction in organic solvents such as 1,4-dioxane or benzene that
afforded diacylhydrazine 3 as the final product (Fig. 1b).5 The
carboxylic acid presumably reacts with the nitrile imine generated
by irradiation of tetrazole 1a to form an adduct intermediate 2,
which is followed by an intramolecular O - N acyl transfer to
give 3.5 The reinvestigation of this photo-induced tetrazole-acid
coupling reaction, especially under the physiologically relevant
conditions, was warranted in order to achieve its full potential
for chemical biology research. Nallani’s group and Zhao’s group
independently reported photo-induced reactions of tetrazoles
with a number of endogenous amino acids,6 but neither publication
has considered the reactivity of carboxylic acids. Given the high

Fig. 1 Photo-inducible reactions of tetrazoles. (a) Photo-induced tetrazole–
alkene addition. (b) Photo-induced reactions of tetrazole 1a and carboxylic
acids.

a Peking-Tsinghua Center for Life Sciences, Academy for Advanced Interdisciplinary
Studies, Peking University, Beijing 100871, China. E-mail: tuopingluo@pku.edu.cn

b Beijing National Laboratory for Molecular Science (BNLMS), College of Chemistry
and Molecular Engineering, Key Laboratory of Bioorganic Chemistry and
Molecular Engineering of Ministry of Education, College of Chemistry and
Molecular Engineering, Peking University, Beijing 100871, China

† Electronic supplementary information (ESI) available: Experimental procedures
and characterization data. See DOI: 10.1039/c5cc10445a

Received 21st December 2015,
Accepted 1st March 2016

DOI: 10.1039/c5cc10445a

www.rsc.org/chemcomm

ChemComm

COMMUNICATION

Pu
bl

is
he

d 
on

 0
2 

M
ar

ch
 2

01
6.

 D
ow

nl
oa

de
d 

by
 T

he
 U

ni
ve

rs
ity

 o
f T

ok
yo

 o
n 

6/
18

/2
02

3 
9:

16
:5

1 
A

M
. 

View Article Online
View Journal  | View Issue

ü Although more improvement is needed, these coupling reactions could 
be extensively applied to low-background protein labeling 
ü Other crosslinking methods without radical intermediate are also 
emerging
→ allow the identification of elusive transient and dynamic protein-protein 
interactions in vitro, in cell lysates, and in living cells
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