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Chemical modification of proteins is enormously useful for characterizing protein function in complex
biological systems and for drug development. Selective labeling of native or endogenous proteins is
challenging owing to the existence of distinct functional groups in proteins and in living systems.
Chemistry for rapid and selective labeling of proteins remains in high demand. Here we have developed
novel affinity labeling probes using benzotriazole (BTA) chemistry. We showed that affinity-based BTA
probes selectively and covalently label a lysine residue in the vicinity of the ligand binding site of a target
protein with a reaction half-time of 28 s. The reaction rate constant is comparable to the fastest
biorthogonal chemistry. This approach was used to selectively label different cytosolic and membrane
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Introduction

Selective chemical labeling of proteins is highly valuable for
studying and controlling protein structures, dynamics and
functions in vitro and in living systems," for development of
new materials*® and for drug development.**** As proteins carry
many copies of various functional groups, it is challenging to
selectively label a protein at a defined site.'* Moreover, the
labeling conditions have to be mild in aqueous solution and
reactions should be orthogonal to other functionalities in living
systems when a protein is to be labeled in vivo. Numerous
chemical tagging approaches in combination with bio-
orthogonal chemistry enable incorporation of chemical probes
into proteins in cells and organisms.>***® Although these
approaches are versatile and robust, most of these approaches
rely on exogenous expression of protein of interest (POI) with
genetic tags or non-canonical amino acids.>**'** The advance
in selective labeling of endogenous proteins facilitates affinity-
based protein profiling,”® proteomic analysis of cellular
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organelles and protein complexes,* target identification,” and
diagnosis.*®

Affinity labeling of proteins based on proximity-driven
chemistry has been a powerful approach for selective labeling
of native or endogenous proteins,*” and for the development of
covalent inhibitors.” Following the protein-ligand interaction,
the electrophilic group of the probe is placed in proximity of the
POI, thereby facilitating nucleophilic attack by residues in the
vicinity of the ligand-binding site, leading to covalent binding.
Depending on the purpose of application, affinity labeling
approaches can afford the covalent binding of ligands that
eventually disrupts protein function or locks the protein at
a defined state. Alternatively, these approaches can label native
or endogenous proteins without functional disruption owing to
the concomitant release of ligands upon labeling. In the latter,
ligand-directed probes that consist of a ligand for the POI, an
electrophilic leaving group and a tag have been used for cova-
lent attachment of a desired tag to the POI. The operation is very
facile without genetic manipulation.

A range of reactive groups have been developed and used in
affinity labeling of proteins, including classical electrophiles
such as a-halocarbonyls, epoxides, acrylamides, vinyl sulfo-
nates, etc. (Fig. 1a), which have been used for covalent binding
of ligands/inhibitors.”®*** The emerging ligand-directed chem-
istry has been used to label endogenous proteins in living
systems, including tosyl (LDT),*** alkyloxyacyl imidazole
(LDAI),**?*% O-nitrobenzoxadiazole (O-NBD),** dibromophe-
nylbenzoate (LDBB),* difluorophenylbenzoate,** N-sulfonyl
pyridone,*> and N-acyl-N-alkyl sulfonamide (LDNASA) chemistry
(Fig. 1a).* These reactive groups are relatively less reactive

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Reactive groups used in affinity labeling. (b) Schematic illustration of affinity labeling using BTA chemistry for selective protein

modification. (c—e) Compounds used for labeling FKBP12 (c), GRAMDIA (d) and carbonic anhydrases (CAs) (e) in this study.

towards nucleophiles under certain conditions, while the reac-
tion is accelerated by proximity effect to achieve selectivity.
However, most of the affinity-labeling reagents suffer from
sluggish reaction rates, which require hours to a day to yield
sufficiently labeled proteins. Recently, the LDNASA strategy
achieves the most rapid reaction rate with a second-order rate
constant in the range of 10* M~" s'.** Therefore, new reactive
groups for affinity labeling with fast reaction rates and good
selectivity remain in high demand. Herein, we report a benzo-
triazole (BTA) chemistry that can be incorporated into affinity
labeling probes for rapid and selective labeling of native or
endogenous proteins in vitro and in cells.

Results and discussion

Benzotriazole contains two electron-deficient sp® nitrogen
atoms (N” and N*) and the pK, of the N'-H is ca. 8. It has been

© 2022 The Author(s). Published by the Royal Society of Chemistry

used as an efficient synthetic auxiliary group for the N-substi-
tution of various compounds in organic synthesis, because the
benzotriazolate anion is a good leaving group and N-substituted
derivatives are easy to prepare.*>*> Moreover, ligands or chem-
ical handles could be placed on the phenyl ring for a design of
affinity labeling probes (Fig. 1b).

As proof of principle, we designed compound 1, in which
a synthetic ligand for the FKBP12 protein (SLF)*® is linked to
a biotin tag via the benzotriazole moiety and linkers (Fig. 1c).
The covalent conjugation of 1 with the recombinant FKBP12
protein was evaluated by denaturing SDS-PAGE and monitored
by western blot of biotin. Reaction of 5 uM FKBP12 with 10 uM
compound 1 proceeded rapidly in aqueous solution with a half-
time of 113 s (Fig. 2a and b). According to the equation of
observed rate constant (k.ps), under the conditions used (the
concentration of reagent is much higher than Ky of ligand
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Fig. 2 In vitro labeling of FKBP12 protein. (a) SDS-PAGE and western blotting analysis of labeling reaction of 5 uM FKBP12 with 10 uM 1. (b)
Kinetics of labeling reactions of 5 uM FKBP12 using 10 uM 1 (red) vs. LDNASA (blue). The solid line shows the fitting to a single-exponential
equation for determining ty,,. Error bars represent standard deviation of three independent experiments. (c) The crystal structure of the FKBP12-
SLF complex (PDB ID: 1FKG). The labelling sites of 1 are marked as red (Lys52, the major labeling site) and blue (Lys35, the minor labelling site). SLF
is shown in green sticks.

binding), the observed ultrafast reaction rate reflects the reac- determined to be 151 s. Therefore, the affinity labeling of
tivity of the BTA chemistry driven by proximity effect (kechem) FKBP12 by BTA chemistry is ca. 1.3-fold faster than LDNASA
(ESIT). Addition of parental ligand SLF led to abolishment of the = chemistry.

conjugation, suggesting that the BTA reaction is selectively The stability of the BTA probe 1 in DMSO and in aqueous
driven by a proximity effect mediated by ligand binding buffer was measured by HPLC. The half-life of 1 was determined
(Fig. 2a). In order to compare with the reaction rate of LDNASA to be 3.7 h in neutral buffer at 37 °C. 63% of 1 remained intact
chemistry, we prepared the same LDNASA probe that was re- after 48 h in DMSO at 37 °C, while no detectable degradation of
ported to afford the highest rate constant in affinity-labeling 1 was observed in DMSO at —20 °C for more than 10 months
reagents and measured the kinetics for labeling of the (Fig. S21). Therefore, the BTA probe is stable enough for
FKBP12 protein (Fig. S11).** Under the same conditions, the labeling reactions. Reaction of 1 with FKBP12 led to conjugation
observed half-time of the labeling reaction by LDNASA was of one or two biotin groups to the protein (Fig. S31). A peptide
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Fig. 3 (a) SDS-PAGE and western blotting analysis of FKBP12 labeling with 1 or LDNASA (2.5-10 uM) for 5 min in Hela cell lysates supplemented
with 2 uM recombinant FKBP12. (b) Hela cells labeled with 1 were subjected to immunoprecipitation using streptavidin beads. Endogenous
FKBP12 was visualized using an antibody against FKBP12. Data are representative of three independent experiments. (c) SDS-PAGE and in-gel
fluorescence analysis of the labeling of 5 uM GRAMD1A (StART domain) with 10 uM 2. CBB: Coomassie brilliant blue staining. (d) Kinetics of the
labeling reaction shown in (c). The solid line shows the fitting to an equation for determining the rate constant of second-order reaction (ESI¥).
Error bars represent standard deviation of three independent experiments.
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mapping analysis was carried out to determine the labeling
site(s) on FKBP12. After reaction with 1, FKBP12 was digested
with trypsin and subjected to LC-MS/MS analysis (ESIt). The
results showed that Lys52 (ca. 11 A away from SLF) is the major
labeling site and Lys35 (ca. 17 A away from SLF) is the minor
labeling site (Fig. 2c and S47). Both sites are in the vicinity of the
SLF-binding site on FKBP12 (Fig. 2¢). The results showed that
the BTA probe undergoes nucleophilic attack by the g-amino
group of lysine side chains to attach a biotin group to the
protein with concomitant release of the ligand.

To examine the feasibility of using BTA chemistry in bio-
logical contexts, we labeled FKBP12 with 1 in cell lysates. HeLa
cell lysate (total protein concentration of 1.5 mg mL™ ') was
mixed with recombinant FKBP12 (2 uM) and 1 (up to 10 uM) at
37 °C. The labeling reaction was completely abolished by SLF
(Fig. 3a). Non-specific labelling was not observed with up to 10
UM 1 at reaction times of up to 2 h (Fig. S5t). To demonstrate
labeling of endogenous FKBP12 in live cells, we incubated HeLa
cells with 1 pM 1 and subjected the labeled cell lysates to
immunoprecipitation using streptavidin beads. We observed
specific pull-down of endogenous FKBP12, which was abolished
by SLF (Fig. 3b). These results suggest that BTA chemistry is
biorthogonal and can be used for selective labeling of endoge-
nous proteins in biological contexts.

Prompted by the results of 1, we used BTA chemistry to label
a new protein. Autophagy is an evolutionarily conserved intra-
cellular degradation system through which -cytoplasmic
constituents are sequestered in double-membrane autophago-
somes and delivered to lysosomes for clearance. Recently, we
reported novel autophagy inhibitors, autogramins, and identi-
fied their cellular target GRAMD1A, a cholesterol-transfer
protein localizing at the endoplasmic (ER)
membrane contact sites. Autogramins compete with cholesterol
binding to the StART domain of GRAMD1A, thereby inhibiting

reticulum
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its cholesterol transfer activity that is required for autophago-
some biogenesis.””** GRAMD1A also plays an important role in
cholesterol homeostasis at ER-plasma membrane contact
sites.*** We prepared compound 2 containing autogramin-2,
the BTA moiety and azide as a biorthogonal handle (Fig. 1d).
Recombinant StART domain of GRAMD1A protein was reacted
with 2. Reaction of 2 with GRAMD1A led to conjugation of
a single azide group to the protein (Fig. S61). The labeling was
detected by incorporation of the DBCO-TAMRA fluorescent dye
into the protein via strain-promoted azide-alkyne cycloaddition
as well as by the shift of mobility of the labeled protein in SDS-
PAGE (Fig. 3c). Reaction of 5 uyM GRAMDI1A with 10 puM
compound 2 proceeded rapidly in aqueous solution with a half-
time of 28 s. The second-order reaction rate constant of BTA
probe 2 was determined to be (2.7 & 0.4) x 10> M~ s (Fig. 3d,
ESIT). A peptide mapping analysis using LC-MS/MS showed that
Lys158 (ca. 11.6 A away from autogramin-2) is the major
labeling site (Fig. S77), suggesting that the BTA probe undergoes
nucleophilic attack by the e-amino group of lysine side chain in
the vicinity of the ligand-binding site to attach an azide group to
the protein with concomitant release of the ligand.

To demonstrate the application of BTA chemistry to labeling
and imaging of endogenous proteins in live cells, we prepared
compound 3 that consists of arylsulfonamide as a ligand for
carbonic anhydrases (CAs), BTA and fluorescein as a fluorescent
reporter. Carbonic anhydrases are a family of enzymes that
catalyze the interconversion between carbon dioxide and
carbonic acid. CA and its inhibitor arylsulfonamides have been
serving as an important model for studies of protein-ligand
interaction.”* The cell-surface transmembrane CAs (CA9 and
CA12) are overexpressed in many tumors and appear to be
regulated by microenvironmental hypoxia. They contribute to
the tumor microenvironmental acidity and tumor malignant
phenotype, making them a valuable diagnostic and prognostic

a) c) 3(1 M) + d)
S¢IM EZA (10 i) INPUT FITC IP
Time (min): 0 15 30 45 60 0 15 30 45 60 3 - f
. + o+ +
70 EZA: - - + I &
= Fss
g canz (W ENEREREES L55
: s can|/BBE -
i Las
25
b 5
< 70
>
2 Lss L85
2 FITC . FITC " -
E las L35
(9]
2
8 F2s
§ ACHn | s o — e — — = =
I

Fig.4 Labeling of endogenous CA12 using 3. (a) Representative confocal fluorescent images of MCF7 cells treated with 3 in the absence and the
presence of EZA. Nuclei were counterstained with Hoechst 33342. Scale bars, 10 um. (b) Quantification of fluorescein fluorescence intensity
from (a). Data were shown as mean + sd from three biologically independent experiments. Data points represent individual cells pooled from the
three independent experiments (n > 100 cells). Significance was determined from biological replicates using a one-way ANOVA with Tukey's
multiple comparisons tests. **p = 0.0014, ***p = 0.0009. (c) Western blot analysis of MCF7 cells treated with 3 in the absence and the presence
of EZA. (d) MCF7 cells labeled with 3 were subjected to immunoprecipitation using the anti-FITC antibody. CA12 and the fluorescein-labeled
protein were visualized using antibodies against CA12 and FITC, respectively. Data are representative of three independent experiments.
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biomarker for cancer.”*** CA12 is overexpressed in breast
cancer cells and is transcriptionally regulated by estrogen
receptor o (ERa).>* To label the cell surface membrane protein,
probe 3 was prepared with a fluorescein dye containing
carboxylic acid to make it less cell-permeable. Confocal
microscopy showed that probe 3 quickly labels the plasma
membrane of the breast cancer cell line MCF-7. The labeling
was abolished by the inhibitor of CAs, ethoxzolamide (EZA)
(Fig. 4a and b). To confirm the specificity of the labeling, MCF-7
cells labeled with 3 were lysed and subjected to denaturing SDS-
PAGE. Selective covalent labeling of CA12 was confirmed by
western blot and immunoprecipitation (Fig. 4c and d). The
observed multiple bands of CA12 correlate with its glycosylation
in cells.** Immunoprecipitation using the anti-fluorescein iso-
thiocyanate (FITC) antibody led to specific pull-down of CA12,
which was abolished by EZA (Fig. 4d). These results demon-
strated that BTA chemistry can be used to selectively label
endogenous proteins in live cells.

In summary, we have developed BTA chemistry, which shows
high selectivity, bioorthogonality and rapid reaction kinetics for
labeling of endogenous proteins. The reaction rate of BTA
chemistry was faster than LDNASA chemistry, and was compa-
rable to the fastest biorthogonal reactions. The modular design
of BTA probes makes it facile to label various cytosolic and
membrane proteins with different tags. We envision that BTA
chemistry could be an invaluable tool for labeling of native/
endogenous proteins, target identification and development
of covalent inhibitors.
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