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E-mail: frenette.mathieu@uqam.ca
bExploratory Science Center, Merck & Co., I

induprolabs.com; rob@induprolabs.com

† Electronic supplementary informa
https://doi.org/10.1039/d3sc00638g

‡ Current address: InduPro, Cambridge, M

Cite this: Chem. Sci., 2023, 14, 7327

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 3rd February 2023
Accepted 17th May 2023

DOI: 10.1039/d3sc00638g

rsc.li/chemical-science

© 2023 The Author(s). Published by
ity-labelling of protein tyrosines
via flavin-dependent photoredox catalysis with
mechanistic evidence for a radical–radical
recombination pathway†

Taylor O. Hope,a Tamara Reyes-Robles,b Keun Ah Ryu,b Steven Mauries,a

Nicole Removski,a Jacinthe Maisonneuve,a Rob C. Oslund, ‡*b

Olugbeminiyi O. Fadeyi‡*b and Mathieu Frenette *a

Flavin-based photocatalysts such as riboflavin tetraacetate (RFT) serve as a robust platform for light-

mediated protein labelling via phenoxy radical-mediated tyrosine–biotin phenol coupling on live cells.

To gain insight into this coupling reaction, we conducted detailed mechanistic analysis for RFT-

photomediated activation of phenols for tyrosine labelling. Contrary to previously proposed mechanisms,

we find that the initial covalent binding step between the tag and tyrosine is not radical addition, but

rather radical–radical recombination. The proposed mechanism may also explain the mecha-nism of

other reported tyrosine-tagging approaches. Competitive kinetics experiments show that phenoxyl

radicals are generated with several reactive intermediates in the proposed mechanism—primarily with

the excited riboflavin-photocatalyst or singlet oxygen—and these multiple pathways for phenoxyl radical

generation from phenols increase the likelihood of radical–radical recombination.
Introduction

Technologies that identify interacting proteins are crucial to
understand fundamental biological processes and to enable
new drug target discoveries. Visible light photocatalysis has
emerged as an attractive platform for this purpose to achieve
selective chemical transformations on and within biological
materials with spatiotemporal control.1–11 A key feature is that
visible light selectively excites a photocatalyst; the excited pho-
tocatalyst then activates chemical tags for covalent protein
labelling. Tag molecules are usually activated to become reac-
tive intermediates with short lifetimes, such as radicals,10,11

carbenes,8 or nitrenes,9 to limit the labelling radius within
a complex biological environment. Importantly, a single pho-
tocatalyst can activate multiple tags resulting in substantial
signal amplication for labelling with bioorthogonal handles
such as biotin, azides, alkynes, or uorophores for downstream
protein analysis.1,12
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A major trend in proximity protein tagging is to exploit the
reactivity of tyrosine at a protein's surface. Notably, peroxidase-
enabled tyrosine labelling has been developed for proling
protein environments in numerous cellular contexts.13 In this
system initiated by exogenous hydrogen peroxide, a phenol-
containing tag is oxidized to phenoxyl radicals by heme-
containing peroxidases resulting in the labelling of nearby
proteins. Recently, we reported the use of a avin-derived
cofactor, riboavin tetraacetate (RFT), as a photocatalyst for
the generation of phenoxyl radical intermediates for tyrosine-
based protein labelling (Fig. 1A).4 Blue-light activated RFT was
shown to achieve proximity labelling of proteins, live cells, and
cell–cell contact regions (Fig. 1B). Similar to other reported
tyrosine tagging methods, radical addition onto a neutral tyro-
sine is traditionally proposed as a key step in the
mechanism.10,11,14–16 However, to date, no direct evidence has
been reported for this mechanism. Here, we examine the
proposed radical addition mechanism and a competing
radical–radical recombination pathway (Fig. 1C).
Results and discussion

Prior to exploring the mechanistic basis of RFT-mediated
phenol–phenol coupling, we developed a novel proteomic
workow to evaluate the effect of targeted activation of RFT in
a localized microenvironment. Having previously demonstrated
by ow cytometry and confocal imaging that we can achieve
Chem. Sci., 2023, 14, 7327–7333 | 7327
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Fig. 1 (A) Flavin-based photocatalytic tyrosine-tagging by phenol containing tags. (B) Biological applications of RFT-mediated photocatalysis in
protein and cellular environments. (C) Competing mechanistic proposals for the labelling of tyrosine by phenoxyl radicals: radical addition to
tyrosine versus radical recombination.
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RFT-mediated protein labelling on live cells,4 this proteomic
workow focused on the evaluation of targeted versus untar-
geted activation of RFT localized to the cell surface (Fig. 2A). In
these experiments, RFT was conjugated to a secondary antibody
that can bind to a primary antibody recognizing cell surface
proteins. We selected PTPRC (CD45), a T cell marker highly
expressed on the cell surface,17 as our target.

Accordingly, targeted delivery of RFT to PTPRC via the
primary/secondary antibody system, followed by irradiation
with blue light in the presence of biotin tyramide led to detec-
tion of PTPRC among the highest enriched proteins (Fig. 2B).
Known PTPRC interactors such as the PTPRC associated protein
(PTPRCAP), CD2, and LCK were also highly co-enriched with
PTPRC (Fig. 2B and S1†). In contrast, untargeted delivery of free
RFT catalysts to live cells (Fig. 2A) followed by irradiation with
blue light in the presence of biotin tyramide failed to enrich
PTPRC (Fig. 2B). Since the peroxidase enzyme similarly lever-
ages biotin tyramide to achieve protein labelling,13we compared
our RFT protein system to peroxidase-based labelling of CD45
on live cells followed by mass spectrometry based proteomic
analysis. We observed a nearly three-fold increase in total
7328 | Chem. Sci., 2023, 14, 7327–7333
protein enrichment using peroxidase-based labelling compared
to RFT (Fig. 2C and S2†) suggesting a much larger effective
labelling radius achieved by the enzyme-based method.
Collectively these results highlight the ability of targeted acti-
vation of RFT to achieve localized phenoxyl radical tagging
within complex cellular systems.

Likewise, tyrosine radical addition onto a neutral aromatic
system has been proposed (Fig. 1C).10,14 In both cases, prohib-
itively large activation energies are calculated for these
proposed mechanisms (Tables S12 and S15†). A major contri-
bution of this study is to bring convincing evidence against
radical addition to tyrosine; the thermodynamic cost of this
radical addition step is prohibitively unfavorable (Fig. 3A,
DGDFT > 34 kcal mol−1, Table S10†). The recombination of
phenoxyl radicals, however, is much more probable (Fig. 3B,
DGDFT = −1 to +3 kcal mol−1, Table S9†). The slight endergonic
recombination is a testament to phenoxyl radical stability—of
course, the initial recombination product will rapidly tauto-
merize to regenerate aromaticity for a largely favorable end-
product (DGDFT = −36 kcal mol−1, Table S9†). Photocatalysis
oen employs metal-based complexes due to their long-lived
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Schematic depicting targeted and untargeted labelling of CD45 (PTPRC) on the surface of Jurkat cells. Cells are labeled with an anti-
CD45 primary antibody/secondary antibody RFT photocatalyst conjugate (targeted) or with free RFT photocatalyst (untargeted) followed by cell
lysis, protein enrichment and digestion, and LC-MS/MS-based proteomic analysis. (B) Left, volcano plot of statistical significance vs. fold-
enrichment for CD45-targeted vs. isotype-targeted biotinylation on Jurkat cells using an anti-CD45 primary antibody/secondary antibody RFT
conjugate with 10 minutes of visible light activation in the presence of biotin tyramide. Significantly enriched proteins (p-value < 0.05 and log2 FC
> 1.5) are indicated in light blue and CD45 (PTPRC) is labeled in green (n = 3 experiments). Right, volcano plot of statistical significance vs. fold-
enrichment of free RFT photocatalyst and biotin tyramide vs. biotin tyramide only on Jurkat cells after 10 minutes of visible light activation. CD45
(PTPRC) is labeled in green (n = 3 experiments). (C) Left, schematic depicting CD45 targeted labelling between RFT and peroxidase (HRP)-based
methods. Circles reflect a Venn diagram of the significantly enriched proteins from targeted labelling with HRP (purple circle, (C) right panel) or
RFT (light blue circle, Fig. S2†). Right, volcano plot of statistical significance vs. fold-enrichment for CD45-targeted vs. isotype-targeted bio-
tinylation on Jurkat cells using an anti-CD45 primary antibody/secondary antibody peroxidase conjugate (HRP) or isotype/secondary antibody
peroxidase conjugate with 1 minute of labelling in the presence of biotin tyramide and hydrogen peroxide. Significantly enriched proteins (p-
value < 0.05 and log2 FC > 1.5) are indicated in purple and CD45 (PTPRC) is labeled in green (n = 3 experiments).
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excited state lifetimes and tunable redox potentials,18–20

however, more bio-compatible photocatalysts such as RFT are
desirable in protein labelling.21 We explored RFT photochem-
istry and found several pathways by which phenoxyl radicals,
from tags and tyrosine, could be generated. The multiple
pathways that generate phenoxyl radicals support evidence of
radical–radical recombination as a likely mechanism in these
systems.

The photocatalytic cycle begins with blue light absorption by
RFT followed by formation of a triplet excited state, 3[RFT]*. We
© 2023 The Author(s). Published by the Royal Society of Chemistry
observed 3[RFT]* to display a relatively long excited state life-
time of 12 ms in deoxygenated solution, as determined by
following its characteristic absorption at 700 nm in laser-ash
photolysis experiments (Fig. 4A).

Due to their oxidizing nature, avin-based triplet excited
states can initiate radical chemistry.22 In our system, phenol-
containing tags or tyrosines in a protein will be rapidly
oxidized by 3[RFT]* to generate phenoxyl radicals. The rate
constant (kq) for this bimolecular process was determined by
Stern–Volmer kinetics (Fig. 4B), which shows the oxidation of
Chem. Sci., 2023, 14, 7327–7333 | 7329
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Fig. 3 (A) The addition of a phenoxyl radical tag to tyrosine is highly unfavorable (Table S10†). (B) Radical–radical recombination of phenoxyl
radicals is more favorable, and rearromatization leads to a strong covalent bond (Table S9†). The relative rate constants were estimated according
to Eyring's equation (see ESI† for details).

Fig. 4 (A) Transient absorption of RFT (0.06 mM) in deoxygenated
acetonitrile : water (1 : 1) following 355 nm laser excitation. (B) Stern–
Volmer quenching of 3[RFT]* with 2,6-dimethoxyphenol (grey), biotin
tyramide (orange), Ac–Tyr–NHMe (yellow) and BSA (blue). (C) Tran-
sient absorption of phenoxyl radicals from biotin tyramide and fit to
second order decay kinetics (see ESI and Fig. S17† for details).

Fig. 5 (A) Reactions observed by laser-flash photolysis. (B) Transient
absorption of RFT (0.06 mM) and biotin tyramide (0.3 mM) in the
absence of oxygen after a 355 nm laser pulse. (C) Transient absorption
of the same RFT (0.06mM) and biotin tyramide (0.3 mM) solution open
to air. (D) TD-DFT predicted absorption spectra of ground state RFT

3

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 9

/1
8/

20
23

 2
:3

0:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
phenols with 3[RFT]* to be fast in measured examples (108 to
109 M−1 s−1) (Table S2†). When generated in laser ash
photolysis experiments, phenoxyl radicals display a typical 2nd

order decay as shown in Fig. 4C since they undergo a radical–
radical recombination as their main decay pathway.

In the absence of oxygen, 3[RFT]* will quickly be reduced by
phenols, either from a tag or tyrosine group (Fig. 5A, Table S5†).
The transient absorption of 3[RFT]* at 700 nm rapidly decays in
the presence of phenols to form a relatively stable intermediate
with an absorption centered at 600 nm (Fig. 5B). We identify
this peak as the semi reduced form, H-RFTc, with supporting
evidence provided by TD-DFT predicted spectra (Fig. 5D). Semi-
7330 | Chem. Sci., 2023, 14, 7327–7333
reduced avins with similar chemical structures absorb in the
same region.22 Both transient absorption peaks associated with
3[RFT]* and H-RFTc are strongly attenuated by the introduction
of oxygen (Fig. 5C).
(blue), [RFT]* (black), H-RFTc (orange) and H2-RFT (dashed grey).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Proposed photocatalytic reaction mechanism for the
generation of phenoxyl radicals from tyrosine-containing protein and
phenol-containing tag molecules. (B) Phenoxyl radical are persistent
radicals, and as such will recombine followed by rearomatization, as
the preferred mechanism for phenol–phenol coupling. DGDFT, shown
in kcal mol−1, were calculated using B3LYP-D3BJ/6-311+G(2d,2p)//
CPCM(H2O) with various phenols (see ESI† for details).
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We applied this photocatalytic coupling method on nucleo-
philic phenol substrates and tyrosine containing peptides
where we observed tyrosine–phenol cross-coupling in moderate
yields (Fig. S3 and Table S4†). During the optimization of our
synthetic method, we found oxygen to be crucially important in
maximizing the conversion efficiency (Table S4†). While the
synthetic and protein labelling conditions differ in phenol type
and concentration, this observation led us to investigative the
role oxygen plays in the overall reaction mechanism.

Flavins are well-known singlet oxygen (1O2) sensitizers22 and
1O2 can oxidize phenols to phenoxyl radicals.24–27 Using
competitive kinetics with the probe 9,10-diphenylanthracene
(DPA),23 we measured the rate constant for the reaction of 1O2

with electron rich phenols and a tyrosine analog to be∼107 M−1

s−1 (Fig. S24†). The H-abstraction from phenols by 1O2 is
calculated to be favorable with a DGDFT from −12.3 to
−18.0 kcal mol−1 (Table S7†).

Oxygen also plays a role in the photocatalytic turnover of
RFT. Following excitation, 3[RFT]* will react with phenols to
form phenoxyl radicals andH-RFTc. Two pathways to regenerate
RFT from H-RFTc are considered. As oen proposed in the
literature for avins, H-RFTc can be further reduced to H2-
RFT,11,22,28 however, we calculate this reduction to be signi-
cantly unfavorable in our system. Phenoxyl radical generation
from the reaction between phenols and H-RFTc gave DGDFT

values in the range of +19.4 to +25.2 kcal mol−1 (Table S6†). A
second pathway to regenerate RFT from H-RFTc bypasses the
need to generate H2-RFT. In the proposed mechanism (Fig. 6A),
oxygen will directly oxidize H-RFTc back to RFT with the
formation of HOOc. This pathway has amore favorable DGDFT of
+4.99 kcal mol−1 than the full reduction (DGDFT >
+17 kcal mol−1).

The detection of H2O2 as a by-product has been used as
evidence for the catalytic cycle to involve H2-RFT.16 Indeed, the
reduction of H2-RFT, in a presumably multistep process, could
favorably generate H2O2 in the presence of oxygen (DGDFT =

−23.4 kcal mol−1). However, H2O2 can also be generated in
pathways that do not include H2-RFT. The reaction of 1O2 with
phenols will generate HOOc as could the reaction of 3O2 with H-
RFTc. Both H-abstraction by HOOc and recombination of two
HOOc can explain the presence of H2O2.

Finally, as proposed in Fig. 6B the phenoxyl radicals will
recombine and favourably tautomerize (DGDFT = −1 to
+3 kcal mol−1 and ∼−36 kcal mol−1, for each step respectively.
See Table S9†).

Traditionally, the need for two radicals to recombine in
a synthetically useful transformation is rare—the concentration
of transient radicals is oen too low to explain high yielding
reactions. In this case, however, the persistence of phenoxyl
radicals is well-documented—several antioxidants are based on
phenoxyl radical's lack of side-reactions.29 In biological systems,
phenoxyl radicals are relatively persistent due to their low
reactivity with oxygen and their inability to perform H-
abstraction with most biomolecules—their estimated lifetime
is ∼0.1 ms in cell media.8

The proposed mechanism described herein helps explain
the success of phenoxyl radical labelling methods. Radical–
© 2023 The Author(s). Published by the Royal Society of Chemistry
radical recombination follows bimolecular kinetics, and the
efficiency of this process will dramatically decrease as the
distance increases away from the photochemical source of
phenoxyl radicals. Another important factor in the success of
this protein tagging method is the strength of the bonds
formed. Radical–radical recombination becomes more
predominant with increasing radical persistence; however, the
recombination of persistent radicals can lead to weak and
reversible bonds as is the case for certain carbon-centered
radicals.30 The recombination of phenoxyl radical is followed
by tautomeric aromatization leading to bond strengthening.
Altogether, these mechanistic insights will be an important
consideration as different tag motifs are considered in photo-
chemical protein tagging. Furthermore, the radical–radical
Chem. Sci., 2023, 14, 7327–7333 | 7331
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recombination mechanism described here might be a potential
pathway that occurs in the case of peroxidase-based labelling
systems.31,32

Conclusion

We envision that the insights gained from our mechanistic
analysis will lead to improved catalytic performance of these
avin-based systems and further encourage the development of
new and effective light-mediated labelling strategies in the eld
of chemical biology.
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