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Photocatalytic biomolecular labelling is gaining attention as a
foundational technique for analyzing biological phenomena. How-
ever, photocatalytic reactions compatible with physiological con-
ditions remain limited. Here, we present a photocatalytic reaction
of diaryltetrazoles to generate nitrile imines, which readily couple
with carboxylic acids in aqueous environments. This reaction is
applied for photocatalyst-dependent labelling of proteins and cells.

Detecting and tracking biomolecular interactions are essential for a
deep understanding of biological phenomena,’ leading to the
development of numerous biological and chemical techniques.
Proximity labelling is a robust method that enables profiling phy-
siological interactions with high spatial and temporal precision.?
This technique facilitates the selective labelling of biomolecules near
a target of interest within the cellular milieu. Enzyme-catalysed
labelling platforms, such as BioIlD* and APEX® have recently been
established. However, these require genetic engineering or specific
surface glycans to introduce cell-tagging enzymes. Photocatalytic
biomolecular labelling has also garnered attention for proximity
labelling owing to its simplicity and versatility.® Photocatalysts can
be placed at a desired position on the cell; then, light irradiation
triggers the production of reactive intermediates that covalently
modify proximal molecules with a label, e.g:, biotin tag or fluorescent
dye, thereby enabling monitoring and enrichment of the target
molecules or cells. In this method, the lifetime and reactivity of
the reactive intermediate are crucial for controlling labelling radius
or efficiency. Several photocatalytic reactions that enable labelling
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under physiological conditions have been developed using singlet
oxygen,* carbenes® or phenoxy radicals® as reactive intermediates.
However, there are limitations in terms of labelling efficiency and
the functional groups in biomolecules that can be labelled. Thus,
further exploration of reaction types is required to facilitate the
analysis of various targets in cells and tissues. To develop a photo-
catalytic reaction enabling protein and cell labelling under physio-
logical condition, we focused on biomolecular labelling using
photolysis of diaryltetrazole.

Diaryltetrazoles can be excited to triplet states under UV irradia-
tion and then converted to nitrile imines via N, elimination (Fig. 1).”
Nitrile imines are highly reactive species that mainly react with
alkenes to afford pyrazoline cycloadducts or with carboxylic acids to
form hydrazide via 1,5-acyl shift.® Because carboxylic acid moieties
are abundant in biomolecules, this type of reaction has been
applicable to various photoaffinity-based labelling methods, e.g.,
drug target identification and proteome-wide profiling.” However,
despite the utility of nitrile imines, photocatalytic production of
nitrile imine has not been explored. We speculated that tetrazoles
could be excited via energy transfer from an excited photocatalyst,"
rather than UV irradiation, and could serve as an efficient
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Fig. 1 Mechanism of hydrazide formation from a photoexcited tetrazole
and a carboxylic acid.
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photocatalytic labelling agent for biomolecules (Fig. 1 and Fig. S1,
ESIT). Herein, we have developed a visible light-mediated photo-
catalytic coupling reaction between tetrazoles and carboxylic acids
and applied it for protein and cell labelling.

First, we sought tetrazole derivatives that could be converted
to nitrile imines in the presence of a photocatalyst under visible-
light irradiation. Various 2,5-disubstituted tetrazoles were inves-
tigated in the reaction with 3-phenylpropionic acid and Ir[dF-
(CF3)ppylo(dtbpy)PFs in H,O/MeCN (1:1) (Table 1). Tetrazole 1a,
which is known to photodegrade under UV irradiation,* did not
give the desired hydrazide. Methoxy benzene-containing tetrazole
1b afforded the desired carboxylic acid adduct in 37% yield.*
Notably, the desired adduct was not detected without photocata-
lyst. In general, energy transfer occurs when the triplet excitation
energy of the acceptor is sufficiently lower than that of the
photocatalyst, i.e., the energy donor." Blasco et al. showed that
extending the conjugation system of the substituent at the 2-
position of the tetrazole lowers the triplet excitation energy."'
Thus, we synthesized tetrazoles 1c-g with extended conjugation
systems (Schemes S1-S3, ESIt), and investigated their reactivity.
Tetrazoles 1c and 1d with 1-naphthyl and 5-isoquinolinyl groups
at the 2-positions gave the desired carboxylic acid adducts 3c and
3d in 70% and 73% yields, respectively. Density functional theory
calculations indicated that the triplet excitation energies of 1c
and 1d were nearly 10 kcal mol ™" lower than those of 1a and 1b
(Table 1). Only trace amounts of hydrazide were detected when 1c
and 1d were irradiated with LEDs in the absence of a photo-
catalyst. An 8-quinolinyl group at the 2-position (1e) or a carba-
moyl group at the 5-position (1f) had a negative effect on the
photocatalytic reaction. Introducing 1-naphthyl group at the
5-position (1g) resulted in low conversion to the desired adduct,

Table 1 Exploration of tetrazoles that photodegrade in the presence of
photocatalyst under blue LED irradiation

Ar 0 Ir[dF(CF3)ppyl,(dtbpy)PFg O Ar

N 2 2 mol% .
N N s WOH ( ) 2 H/N\EO/Q
R”s N H,O/MeCN (1:1)
blue LED irradiation
1(10 mM) 2 (100 mM) it 6h 3
tetrazole R Ar yield tetrazole yield
[Er (kcal/mol))? (%)P:¢ 1 [ET (kcal/mol))? (%)P-©

1a ©/\ v@ le ©/ trace
(62.84) )

Me |
1b 37 1f HaN
(58.51) (ND) “) ﬁ % ¢a.26
o O & |
(51.96) trace ) (52 47 trace

1d (jA ;
(51.95) ‘face )i

“ Er (triplet excitation energy) was calculated by DFT calculations.
SMD(MeCN)-(U)B3LYP-D3/def2-TZVPP//SMD(MeCN)-(U)B3LYP-D3/def2-
SVP. ” Isolated yields. ¢ Results in the absence of photocatalyst are
shown in parentheses.
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likely due to the poor solubility of 1g. These results indicated that
tetrazoles with a 1-naphthyl or 5-isoquinolinyl group at the
2-position and a phenyl group at the 5-position were optimal
for photocatalyst-dependent nitrile imine formation. Addition-
ally, a comparison of photocatalysts revealed that Ir[dF(CF;)ppyl,-
(dtbpy)PFs (Ex = 60.1 kecal mol ') was well suited for tetrazole
excitation (Er of 1d = 51.95 kcal mol ") (Table S1, ESI). From a
mechanistic perspective, the UV-Vis spectra showed that 1b and
1d absorbed only below 340 nm, indicating that the direct
photolysis of tetrazoles is unlikely (Fig. S2, ESI}). Stern-Volmer
experiments demonstrated that the tetrazole quenched the lumi-
nescence of the photocatalyst (Fig. S3, ESIt). The reactions
proceeded efficiently when using tetrazoles with sufficiently low
triplet excitation energies compared to the Ir catalyst (Table 1 and
Fig. S2, ESIt). These results suggested that the generation of
nitrile imine takes place via energy transfer to tetrazoles.

Using the optimized conditions for photocatalytic modification
in aqueous solvents, we examined the scope of carboxylic acid
substrates that react with photocatalytically-generated nitrile imines
(Fig. 2) to assess suitability for protein or cell labelling. The reaction
with a medium-length saturated fatty acid gave hydrazide 5a in 73%
yield. The sterically-bulky pivalic acid led to a low yield of the
carboxylic acid adduct 5b. Coupling with aromatic p-toluic acid gave
the desired compound 5c¢ in moderate yield, whereas the yields were
much lower when 4-methoxy benzoic acid (5d) or nicotinic acid (5e)
was used. Next, we investigated the photoreaction with proteinogenic
amino acid derivatives to potentially expand the application scope to
protein labelling. The glutamic acid and aspartic acid derivatives
with unprotected side-chain carboxyl groups gave the desired com-
pounds 5f and 5g, respectively, in moderate to good yields. In
contrast, when B-alanine was used as a substrate, only a small
amount of the desired adduct (5h) was detected. These results
suggest structural limitations for carboxylic acids in this coupling
reaction. Nevertheless, photocatalytically-generated nitrile imines
can readily react with the side chains of proteinogenic acidic amino
acids, such as glutamic acid and aspartic acid, thus highlighting the
potential of this reaction for protein labelling applications.

To evaluate the applicability of this reaction to protein
labelling, we tested whether tetrazoles could efficiently undergo
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Fig. 2 Scope of carboxylic acids.
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photolysis and react with carboxylic acids even under diluted
conditions. The reaction of 100 puM tetrazole and 10 mM
carboxylic acid was nearly complete within 30 min, yielding
the desired adduct 3d (Fig. S4, ESIT). Still, the reaction did not
proceed in the absence of photocatalyst (Fig. S4, ESIt). More-
over, this reaction tolerated many proteinogenic amino acids
(except tryptophan or tyrosine; Table S2, ESIt)."

We then attempted to protein modification. Chymotrypsino-
gen A (25 kDa; Fig. 3a and Fig. S5, ESIt), which contains 14
acidic amino acids, underwent photocatalytic labelling with
biotin-linked tetrazole 6 (Scheme S4, ESIt), and the labelling
efficiency was assessed using western blot analysis (Fig. 3b and
Fig. S6, S7, ESIT). The reaction proceeded efficiently with a
photocatalyst but was limited in its absence (Fig. 3b and Fig. S8,
ESIT). Further MS analysis of the tryptic digests showed that the
peptide containing Asp153 was modified with the oxidized
biotin tag 6 (Fig. 3c). Next, we attempted to label proteins with
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Fig. 3 Photocatalytic labelling of chymotrypsinogen A. (a) Outline of
photocatalytic labelling with tetrazole 6. (b) Western blot analysis of
biotinylation and Coomassie brilliant blue (CBB)-staining for detection
of total protein. (c) The MS/MS spectrum of the labelled peptides identified
from the tryptic digests of labelled chymotrypsinogen A.
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Fig. 4 Photocatalytic labelling of GST (0.28 mg mL™3), aldolase (1.0 mg mL™)
and BSA (1.0 mg mL™Y.

varying molecular weights and numbers of acidic amino acids.
Upon LED irradiation in the presence of a photocatalyst and
tetrazole 6, various proteins [GST, aldolase, BSA (Fig. 4 and
Fig. S9 and 10, ESIt), ovalbumin, catalase (Fig. S9, ESIt)] were
biotin-labelled. Total GST including biotinylated proteins
decreased from 5 to 15 min, and the cause is under investiga-
tion. MS analysis of labeled GST, aldolase, and BSA detected
peptides containing Asp or Glu residues modified with the
biotin tag 6 (Fig. S11 and S12, ESIt). Since Asp and Glu residues
are widely present on various protein surfaces, this method
enables the labelling of a broad range of proteins.

Next, we investigated the feasibility of this reaction for cell
labelling. Cells treated with antibody-photocatalyst conjugates were
irradiated with blue LED in the presence of biotin-linked tetrazole 6,
and the amount of biotin present on the cell surface was quantified
by flow cytometry (Fig. S13, ESIt). Anti-CD30 antibody-photocatalyst
conjugate (anti-CD30/PC+) and anti-TNFR2 antibody-photocatalyst
conjugate (anti-TNFR2/PC+) were prepared (Fig. S14, ESIT) and used
to label CD30-expressing Ramos-Blue (RB.CD30) cells and TNFR2-
expressing RB (RB.TNFR2) cells. The RB.CD30 cells treated with
anti-CD30/PC+ exhibited a substantial enhancement in biotin label-
ling relative to anti-TNFR2/PC+ treatment (Fig. 5a and Fig. S15a,
ESIT). Similarly, RB.INFR2 cells treated with anti-TNFR2/PC+
resulted in a significant increase in biotin labelling compared with
anti-CD30 antibody treatment (Fig. 5b and Fig. S15b, ESIt). In
contrast, labelling reactions using antibodies conjugated with PEG
linkers instead of photocatalysts (anti-CD30/PC— and anti-TNFR2/
PC—) led to limited cell labelling (Fig. 5a,b and Fig. S15, ESIT). These
observations imply that cell labelling occurs in an antigen- and
photocatalyst-dependent manner. Western blot analysis of CD30-
targeted cell labelling on RB.CD30 cells was also consistent with
antigen- and photocatalyst-dependent protein biotinylation
(Fig. S16, ESIT)."?

Finally, we examined the cell labelling reaction using a cell
line that overexpresses MHC class-I related protein 1 (MR1),
which is an antigen-presenting molecule. Cell surface expres-
sion levels of MR1 are altered in a ligand-dependent manner,
e.g., Ac-6-FP. In the absence of ligands, MR1 exists mainly in
unliganded forms stabilized by chaperones in the ER. With
few exceptions, MR1 usually changes its conformation upon
ligand capture and translocates to the cell surface, where the
MR1-ligand complexes accumulate.'* MRI1-expressing HeLa
(HeLa.MR1) cells treated with Ac-6-FP as the MR1 ligand were

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Photocatalytic cell labelling. (a) Labelling of RB.CD30 cells with
biotin-tetrazole 6 and anti-CD30/PC+, anti-TNFR2/PC+ or anti-CD30/
PC—. (b) Labelling of RB.TNFR2 cells with 6 and anti-TNFR2/PC+, anti-
CD30/PC+ or anti-TNFR2/PC—. (c) Labelling of HeLa.MR1 cells with 6 and
anti-MR1 antibody, and anti-IgG/PC+ or anti-IgG/PC—. The graphs show
the mean + SD of triplicate measurements. Statistical analysis was per-
formed using one-way ANOVA and Tukey multiple comparison test.
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

incubated with anti-MR1 antibody and the corresponding secondary
antibody (anti-IgG)-photocatalyst conjugate and then irradiated with
blue LED in the presence of biotin-linked tetrazole 6. As shown in
Fig. 5¢ and Fig. S17 (ESIt), both photocatalyst and Ac-6-FP addition
increased the quantity of biotin tags on the cell surface. This
labelling reaction proceeded in a light irradiation time-dependent
manner only in the presence of photocatalyst (Fig. S18, ESIf). In
contrast, the photoreaction did not occur under isotype control as a
primary antibody (Fig. S19, ESIt). Notably, similar outcomes were
observed with HEK293 cells expressing MR1 (Fig. S20, ESIT). Overall,
these results indicated that the photocatalytic reaction of tetrazole
would be applicable for surface labelling of various cells expressing
different antigens.

In this study, we found that tetrazoles with 1-naphthyl or 5-
isoquinolinyl groups at the 2-position can be photocatalytically
converted to nitrile imines, which can then react with carboxylic
acids to form hydrazides in aqueous solution. This reaction was
successfully applied to label various proteins and cells in an
antigen- and photocatalyst-dependent manner. We are currently
exploring the application of this method for proximity labelling.
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