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ABSTRACT: Radical reactions o er transformative potential in o
biological contexts but remain constrained by poor selectivity and O)KO
0 -target reactivity. We address these limitations through visible-  Benzophenone
light photocatalytic generation of diaryl ketyl radicals from
benzophenones. This strategy circumvents traditional UV ex-
citation pathways by suppressing triplet diradical formation which 10 OH_ sx10" s
drives nonspecific [2 + 2] cycloadditions and H atom abstraction %
in favor of bioorthogonal radical—radical coupling. Our platform  Radical coupling
enables precise live-cell protein labeling with minimal cytotoxicity,
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&
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Ketyl radical

Stabilized
Bioorthogonal

including in sensitive primary neuronal cultures, and achieves site-specific modification via genetically incorporated benzophenone-
based unnatural amino acids Bpa. The spatial selectivity of this approach exceeds conventional UV-based cross-linking methods,
facilitating site-to-site analysis of tertiary protein interactions in structurally defined complexes. We demonstrate these capabilities by
(1) quantifying dimerization interfaces of the Diels—Alderase Pyrl4 and (2) resolving Bcl-X, /Bid interactions critical for apoptotic
regulation. This photocatalysis-driven methodology establishes a robust alternative to cycloaddition-based bioorthogonal chemistry
for spatiotemporally controlled interrogation of dynamic biomolecular processes.

I INTRODUCTION

Radical reactions o er exceptional versatility in organic
synthesis," and may hold significant promise for biological
applications due to their single-electron mechanisms and
aqueous compatibility.” Advances in photoredox catalysis have
enabled mild,® selective radical generation under biocompat-
ible conditions,”>* driving innovations in posttranslational
mutagenesis and enzymatic synthesis.” However, the inherent
reactivity of radical intermediates often causes o -target
reactions in biological environments. Conventional strat-
egies including radical additions® employ highly reactive
species that nonspecifically modify native protein residues
(Figure 1A), limiting their utility in complex systems.’
Similarly, benzophenone photochemistry relies on direct UV
excitation to generate triplet diradicals for bioconjugation.® Yet
this approach lacks bioorthogonality due to indiscriminate [2 +
2] cycloadditions and H atom abstraction (HAT) with
endogenous biomolecules, invariably causing o -target mod-
ifications.

In contrast, radical—radical coupling leverages stabilized
radical species to minimize o -target reactivity,>° aligning
with bioorthogonal principles for precise biomolecular
engineering.”’ Here, we introduce a photocatalytic strategy
using visible light to generate stabilized diaryl ketyl radicals
from benzophenones. This mechanism bypasses triplet
diradical formation (Figure 1B), exploiting steric and
resonance e ects to extend radical lifetimes™* while avoiding
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traditional HAT/[2 + 2] side reactions. Critically, these ketyl
radicals'® undergo ultrafast homocoupling (k = 5.9 x 10" M~*
s™1) that outcompetes biomolecular quenching pathways,
enabling bioorthogonal protein modification and cross-linking
with minimal o -target reactivity (Figure 1C).**

B resuLts anD Discussion

Discovery of Bioorthogonal Ketyl Radical Coupling in
Aqueous Media. Translating diaryl ketyl radical—radical
coupling from organic solvents™* to bioorthogonal apglications
in cellular environments faces inherent challenge’® due to
radical quenching by biomolecules, pH variations, and ionic
strength.’® To establish an optimal system for biological
application, we systematically screened photocatalysts and
reductants under blue LED irradiation in aqueous bu er (pH
7.4). The Ru(bpy)sCl,/ascorbic acid (VcH) pair emerged as
optimal, achieving a 92% vyield of pinacol 2 from
benzophenone 1 (Figure 2A). While several Ru(ll) polypyridyl
complexes achieved high vyields, the performance of Ir(lIl)
photosensitizers was significantly lower (e.g., 17% yield after 10

Received: October 22, 2025
Revised:  November 11, 2025
Accepted: November 13, 2025

https://doi.org/10.1021/jacs.5¢18652
J. Am. Chem. Soc. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiawei+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kejia+Hao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shasha+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Qi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiaoling+Che"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Renxiao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaoyang+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaoyang+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yiyun+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.5c18652&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c18652?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c18652?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c18652?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c18652?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c18652?fig=tgr1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.5c18652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Journal of the American Chemical Society

Radical mediated bioconjugation

E
R® - O Addition / -J\
Highly reactive species

Nonspecific addition

[

Protein I

E A
/\ Bioorthogonal coupling
—> [

Modification

R®/ \R® Coupling

Stabilized radicals

Site-specific modification

Steric effect

pubs.acs.org/JACS
Stabilized nucleophilic diaryl ketyl radicals
Stability Visible light UV light
i

)

bk oo
Resonanoe Benzophenone

effect

HO OH Diradical

9O

Radical coupling

/'J@ \

Highly reactive

Stabilized
Bioorthogonal

Benzophenones for protein modification and cross-linking via photocatalytic coupling of diaryl ketyl radicals

pecific cro

o @ -@®-|@ -

Protein modification . Natural cell modlflcatlon

Ketyl radical

Homodimeric cross-linking . Heterodimeric cross- hnkmgu

Figure 1. Bioorthogonal protein labeling via photocatalytic ketyl radicals. (A) Conventional methods use highly reactive radicals causing
nonspecific modifications (top) versus our stabilized ketyl radicals enabling selective bioorthogonal coupling (bottom). (B) UV photoexcitation
generates reactive triplet diradicals that undergo uncontrolled H-abstraction/[2 + 2] cycloadditions (red). Visible-light photocatalysis produces
stabilized diaryl ketyl radicals via steric/resonance e ects, directing selective radical—radical coupling (blue). (C) Benzophenone-functionalized
proteins undergo site-specific labeling and cross-linking through photocatalytic ketyl radical homocoupling.

min, only rising to 89% after 10 h). This disparity is attributed
to an optimal reduction potential window catalysts with
excessively negative potentials (e.g.,  -Ir(ppy)s E, = —2.19
V) were ine ective and the superior aqueous compatibility of
Ru(ll) complexes, which sustained high e cacy in physio-
logical media unlike their Ir(I11) counterparts (Figure S1,
Table S1).

Reductant screening revealed VcH as uniquely e ective, a
property not fully explained by superior photocatalyst
quenching alone. Although VcH exhibited only a 1.7-fold
higher quenching constant than DIPEA for [Ru(bpy)s2*]*, the
benzophenone-VcH complex showed a 2.3-fold higher
quenching constant (Figure S2), indicating synergistic
preassociation.’” NMR titration confirmed this interaction
through chemical shift changes consistent with hydrogen
bonding, while DOSY NMR verified formation of a distinct
molecular complex (Figure S4—S5). This preactivation
mechanism dramatically lowers the reduction barrier of
benzophenone (Figure $3).*® Furthermore, UV—vis absorp-
tion studies excluded a potential EDA complex pathway, and
higher triplet ener%/ of benzophenone (69.1 kcal/mol)
compared to Ru(1)™ ruled out energy transfer mechanisms
(Figure S12). Thus, the Ru(bpy);Cl,/VcH pair is uniquely
e ective because it synergistically integrates optimal reducing
power and aqueous solubility (Ru catalyst) with substrate
preactivation that lowers the kinetic barrier (VcH).

The system exhibits exceptional functional group orthogon-
ality, tolerating amino acids, nucleosides, and carbohydrates
(Table S5). Benzophenone 1 and pinacol 2 display superior
stability to common bioorthogonal reagents (e.g., tetrazines 3/
cyclooctynes 42%), resisting glutathione, oxidative/acidic/
alkaline conditions (Figure S9, S10). Radical trapping with
4-cyanopyridine verified ketyl radical intermediacy by photo-
catalytic conditions (Figure 2B). Crucially, photocatalytic ketyl
radicals exhibit distinct reactivity from UV-excited benzophe-
none triplet diradicals. Three independent lines of evidence
rule out triplet-state involvement: (1) They showed no
consumption of amino acids or olefin triplet acceptors (e.g.,
vinyl ether or dThd), confirming the absence of nonspecific

reactions characteristic of triplet states (Flgure 2C, Flgure
$13).%* (2) The photocatalytic system resulted in minimal uric
acid and ADPA consumption (<5%), indicating no detectable
singlet oxygen (*O,) production and, by extension, no triplet-
energy transfer pathway (Figure S14—S15).* (3) Most
tellingly, while O, purging suppressed initial conversion
rates consistent with radical quenching prolonged irradi-
ation under O, still achieved standard yields. This oxygen
compatibility, demonstrating e cient ketyl radical regeneration
within the cycle, is inconsistent with the irreversible quenching
of a long-lived triplet state (Table S6). Collectively, these three
orthogonal lines of evidence definitively rule out the
involvement of a traditional benzophenone triplet diradical
mechanism, establishing the distinct nature of the photo-
catalytic ketyl radical pathway. This bioorthogonality,
combined with rapid kinetics and substrate stability, overcomes
the stability-reactivity trade-o inherent to cycloaddition-based
methods, establishing a versatile platform for aqueous
biomolecular engineering (Figures S16—S19).

Site-Specific Labeling of Proteins via Photocatalytic
Ketyl Radical Coupling. To demonstrate the applicability of
this reaction for protein labeling, we modified Bcl-X, with
SulfoNHS-BP 5 containing benzophenone groups.*> Addition-
ally, we have designed and synthesized a protein labeling
probe, Biotin-BP 6, comprising a biotin reporter group and a
benzophenone moiety (Figure 3A). Subsequently, we
incubated the modified Bcl-X, protein with a reaction mixture
containing Ru(bpy)sCl,, VcH, and Biotin-BP 6. Upon blue
light irradiation, Western blot analysis revealed e cient
labeling of the benzophenone-modified Bcl-X, with Biotin-
BP 6. In contrast, the unmodified Bcl-X, showed no labeling,
confirming the specificity of the reaction (Figure 3B). The LC-
MS results revealed that the photolabeling signal of Bcl-X_
originated specifically from lysine modifications and exactly
coincided with the benzophenone-labeled sites (Figure S20).
This demonstrates that the reaction is highly specific to the
preinstalled benzophenone handles. The observed selectivity
for a subset of lysine residues a pattern that is generalizable
across di erent proteins like BSA (Figure S21) is a
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Figure 2. Bioorthogonal ketyl radical coupling in aqueous media. (A) Screening of photocatalyst (10 M) and reductant (10 mM). Yields were
determined by HPLC quantification. Standard (std) conditions: 100 M benzophenone 1, 10 M Ru(bpy)sCl,, 10 mM VcH, 468 nm light
irradiation (4.5 mW/cm?) for 10 min in PBS pH 7.4/MeCN (1:1). (B) Radical trapping experiments. Benzophenone 1 (0.1 mmol), VcH (0.15
mmol), Ru(bpy);Cl, (0.002 mmol), and 4-cyanopyridine (0.3 mmol) in pH 7.4 bu ered PBS/MeCN (1:1) under 468 nm light irradiation (20
mW/cm?) for 12 h under a nitrogen atmosphere at room temperature. (C) Reactivity comparison: photocatalytic ketyl radicals versus UV-induced
triplet diradicals. Left: HRMS detection confirms the formation of signature [2 + 2] cycloaddition products from reactions between benzophenone
(1 mM) and dThd or vinyl ether (1 mM) under UV light (365 nm). Right: Quantitative comparison of alkene consumption. HPLC analysis shows
>95% of alkene substrates remain unreacted under photocatalytic conditions (468 nm) versus significant consumption under UV photoexcitation
(365 nm), demonstrating high selectivity. Reaction conditions: Photocatalysis: Benzophenone (1 mM), VcH (10 mM), Ru(bpy)sCl, (10 M) in
MeCN/PBS (pH 7.4, 1:1 v/v), 468 nm light (4.5 mW/cm?, 10 min). Photoexcitation: Benzophenone (1 mM) with alkene substrates in MeCN/

PBS, 365 nm UV light (0.2 mW/cm?, 10 min).

predictable outcome of the NHS-ester chemistry, which
modifies only solvent-accessible lysines as governed by the
protein’s tertiary structure.

We then modified the HeLa cell surface with benzophenone
groups using SulfoNHS-benzophenone 5, a cell-impermeable
NHS ester that reacts with lysines of membrane proteins.
Subsequently, cells were incubated with a reaction mixture
containing Biotin-BP 6, Ru(bpy);Cl,, and VcH. Following blue
light irradiation, confocal microscopy revealed e cient labeling
of benzophenone-modified HeLa cells, with a significant
increase in biotinylated signals localized at the cell surface
(Figure 3C). Control experiments confirmed the specificity of
the labeling. Flow cytometry analysis further supported these
findings, demonstrating selective labeling of benzophenone-
modified cells with Biotin-BP 6 (Figure 3C). To evaluate
biocompatibility, we conducted MTT cell viability assays in
HelLa and HEK293T cells following photocatalytic labeling.
No significant cytotoxicity was observed (Figure S23—S24),
confirming the excellent biocompatibility of our photocatalytic
method. Based on these experiments, the reaction demon-
strates high e ciency and significant potential for modifying
live-cell systems. We quantitatively addressed the potential
formation and impact of homodimers (e.g., of compound 6), a

concern for bioorthogonal e ciency. HPLC analysis of the
reaction supernatant from live cells revealed a homodimer
yield of 35% under standard photocatalytic conditions (Figure
S25A). This confirms that while homodimerization occurs, the
desired cross-coupling reaction with the target protein
e ectively outcompetes it. Crucially, the homodimer itself
does not interfere with the labeling strategy: it exhibits
excellent photostability (>95% remaining after 2 h irradiation)
and, when added exogenously, has a negligible impact (<2%)
on the target reaction yield (Figure S25B). Furthermore, the
homodimer shows no cytotoxicity (ICs; > 200 M) and
generates no background signal in cells, confirming its
biological inertness (Figure S25C). These results demonstrate
that homodimer formation is a manageable side reaction that
does not compromise the e ciency or interpretation of our
photocatalytic labeling.

The nervous system is a highly intricate network of neurons
connected by nanoscale synapses.”® Bioorthogonal chemistry-
mediated protein labeling has emerged as a valuable tool for
investigating the dynamic changes in neuron-specific recep-
tors.>* However, current bioorthogonal techniques often lack
the necessary spatiotemporal resolution to capture rapid
neuronal events. Light-induced reactions, such as photo-

https://doi.org/10.1021/jacs.5¢18652
J. Am. Chem. Soc. XXXX, XXX, XXX=XXX



Journal of the American Chemical Society pubs.acs.org/JACS

A Chemical structure for radical coupling

(0] o k
i
] N o Ph : OYNHH \/\i
O, N H | S (0)
- HN AN
NaOg,g__&N% rN k/N : ’_?é H O/\i‘
i
i = Biotin
SulfoNHS-(BP) 5 Biotin{BP) 6 Lo
B Purified protein: western blot analysis of protein biotinylation efffciency
SulfoNHS-BP - g 100
Qo 2
N SulfoNHS-BP 5 S om
Jé "(}(‘,/ BPMA* 6 Streptavidin — 'g 050
y% ; 0.25
VNH i@VCH CBB staining - S oo

Bel-X, Multi-labeled Bcl-X,-Pinacol 1) @) 1 @

C Live-cell membrane protein: biotinylation on cell membrane by confocal microscopy and flow cytometry

=
=

BP Bp

NH, SulfoNHS-BP
5 (200 pM)

BP w* 6 (200 pM)
—

Ru(bpy),Cl, (10 uM)
VcH (20 mM)

D [Ru] + VcH + Biotin-BP 6 + blue light

SulfoNHS-BP 5
O

[ClsuttonHs-8P 5 + [Ru] + VcH + Biotin-BP 6 + biue light|

L | ‘_'/I/J\'I T
Biotin 10? 10° 10 10°
D Primary neuronal cultures: orthogonal and biocompatible of photocatalytic labeling
ant-MAP-2 SA-TAMRA

. SulfoNHS-BF

3 \\ ..

‘\ 20

SulfoNHSBP5 0
R .
\@e}\ O\Q-" . \0527 4& R

& L
® N

Figure 3. Site-specific labeling of proteins via photocatalytic ketyl radical coupling. (A) Schematic illustration and chemical structures of the
benzophenone-based probes (e.g., Biotin-BP 6) used for photocatalytic radical—radical coupling. (B) Analysis of protein biotinylation e ciency.
Western blot analysis confirms successful photocatalytic biotinylation of Bcl-X_ protein. Comparison of reactions with and without the
benzophenone precursor (SulfoNHS-BP 5) demonstrates target-specific labeling. Reaction conditions: Bel-X, (10 M), SulfoNHS-BP 5 (100 M),
Ru(bpy)sCl, (10 M), VcH (20 mM), Biotin-BP 6 (100 M) in PBS (pH 7.4), irradiated with 468 nm light (8.2 mW/cm?, 10 min). (C) Live-cell
membrane labeling. Confocal microscopy and flow cytometry analysis of HelLa cells show e cient cell-surface biotinylation dependent on
photocatalytic labeling. Procedure: Cells were incubated with SulfoNHS-BP 5 (200 M, 37 °C, 30 min), followed by treatment with Ru(bpy),Cl,
(10 M), VcH (20 mM), and Biotin-BP 6 (200 M) in PBS and irradiation with 468 nm light (14.4 mW/cm?, 15 min, RT). Cells were then fixed
and stained with streptavidin-TAMRA (imaging) or streptavidin-Cy5 (flow cytometry). Scale bar: 50 m. (D) Orthogonality and biocompatibility
of photocatalytic labeling in primary neurons. Left: Schematic of the labeling strategy. Middle: Confocal microscopy shows specific biotinylation
(red) colocalized with neuronal markers (green), demonstrating precise targeting. Right: Quantitative MTT assay reveals high cell viability (>84%)
under standard conditions.
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Figure 4. Photocatalytic benzophenone coupling for site-specific protein modification by genetic code engineering with unnatural amino acid Bpa.
(A) Comparison of photocatalytic site-specific protein labeling and UV-induced nonspecific labeling. Proteins (Bcl-X,-136Bpa/WT Bcl-X,) were
incubated and irradiated under two conditions: Photocatalytic group: 468 nm light (4.5 mW/cm?, 10 min) with the addition of 100 M Biotin-BP
VcH (20 mM) and Ru(bpy);Cl, (10 M); UV photoexcitation group: 365 nm UV light (0.2 mW/cm?, 10 min) directly with the addition of 100
M Biotin-BP. (B) Benzophenone modified with various imaging and enrichment moieties using in-gel fluorescence and Western blot separately.
Reaction conditions: 10 M Bcl-X;-136Bpa, 10 M Ru(bpy),Cl,, 20 mM VcH, and 100 M moieties 7—12 in PBS (pH 7.4) irradiated with 468
nm blue light (8.2 mW/cm?) at room temperature for 10 min. (C) Photocatalytic labeling demonstrates specific membrane targeting versus UV-
induced nonspecific background. Top: Schematic of the labeling strategy: EGFR-EGFP-expressing 293T cells were treated with the nanobody
7D12—76Bpa and subsequently labeled with Biotin-BP 6 under uniform illumination. Middle: Photocatalytic labeling (468 nm) shows specific
colocalization of EGFP (green, target) and SA-TAMRA (red, label) signals after fixation and staining, demonstrating precise membrane targeting.
Bottom: Photolytic labeling (365 nm) results in widespread nonspecific background labeling without target colocalization, highlighting the superior
specificity of the photocatalytic approach.

E https://doi.org/10.1021/jacs.5¢18652
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Figure 5. Photocatalytic benzophenone coupling to explore protein—protein interactions at atomic-level precision. (A) Schematic illustration of
protein—protein cross-linking. Reaction conditions: 10 M genetically encoded protein with Bpa, 10 M Ru(bpy);Cl,, 20 mM VcH, 468 nm light
irradiation in PBS bu er (pH 7.4) for 10 min. (B) Homodimeric cross-linking of Pyrl4—138Bpa. (C) Heterodimeric cross-linking of Trx-62Bpa
and PAPS-191Bpa. (D) Heterodimeric cross-linking of Bcl-X -126Bpa and Bid-83Bpa. (E) Proximity cross-linking of Bid-83Bpa Bcl-X,-126Bpa/
171Bpa. (F) Binding free energy of Bcl-X_ and Bid by molecular dynamics simulation. (G) p of Bcl-X_-126Bpa and Bid-83Bpa by bio-layer

interferometry (BLI).

catalytic radical coupling, o er a promising solution. To
rigorously evaluate the bioorthogonality and biocompatibility
of our photocatalytic labeling in sensitive neuronal environ-
ments, we introduced benzophenone groups into primary
neurons using SulfoNHS-BP 5, followed by brief blue LED
irradiation to induce ketyl radical coupling with Biotin-BP 6
(Figure 3D). Confocal microscopy revealed specific labeling,
characterized by a significant increase in biotinylated signals
that robustly colocalized with MAP-2, a key marker of
neuronal integrity. This precise spatial overlap demonstrates
the method’s high selectivity within complex cellular
architecture. The labeling process maintained excellent

biocompatibility, as quantitatively confirmed by MTT assays
showing 84% =+ 2% cell viability under standard photocatalytic
conditions. Control experiments omitting individual compo-
nents ([Ru], VcH, or Biotin-BP 6) confirmed negligible
toxicity, and viability remained high across a range of
irradiation times and catalyst concentrations, underscoring
the method’s robustness (Figure $26).° While tissue debris
and NHS ester-mediated disruptions can introduce minor
background, our photocatalytic method maintains exceptional
specificity and biocompatibility. These results establish its
utility as a true bioorthogonal labeling strategy, even in the
most sensitive primary neuronal systems.
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Photocatalytic Benzophenone Coupling for Site-
Specific Protein Modification by Genetic Code Engi-
neering with Unnatural Amino Acid Bpa. Site-specific
protein modification is crucial for enhancing the homogeneity
of protein products.”® To achieve site-specific modification, we
genetically incorporated a benzophenone moiety (Bpa) into
the solvent-exposed residue N136 of Bcl-X, using genetic code
expansion techniques (Figure 4A).?” Upon incubation with a
small molecule probe Biotin-BP 6 under blue light irradiation,
we observed e cient and light-dependent labeling of Bcl-X,-
N136Bpa. Control experiments confirmed the specificity of the
reaction, as no labeling occurred in the absence of light or the
benzophenone group. LC-MS/MS analysis confirmed the site-
specific incorporation of Bpa at residue N136 of Bcl-X,
demonstrating the precision of the genetic code expansion
strategy. Moreover, through photocatalytic ketyl radical
reactions, only Bpa at this single site was selectively converted
to the pinacol-conjugated biotin, while the biotin modification
at other sites was not detected. Remarkably, the method
achieved single site-selective labeling of Bcl-X -N136Bpa even
in complex mixtures containing other proteins and cell lysates,
highlighting its high e ciency and excellent orthogonality
(Figure S27A—F). Unlike traditional UV-activated diradical
mechanisms that enable nonspecific photo-cross-linking, our
visible-light-induced diaryl ketyl radical catalysis achieves
precise site-specific labeling on Bcl-Bpa. This specificity
matches labeling accuracy observed on wild-type Bcl-X,
(Figure 4A, S28).

The photocatalytic ketyl radical coupling reaction is
compatible with various imaging groups, such as coumarin,
fluorescein, and TAMRA, enabling diverse site-specific imaging
applications. The reaction’s versatility is further demonstrated
by its compatibility with various enrichment handles, including
alkyne, dibenzoazacyclooctyne (DBCO), and desthiobiotin,
which can be used for a nity purification and other
downstream enrichment applications (Figure 4B).”® The
reaction e ciently proceeds at low temperatures (4 °C),
making it suitable for temperature-sensitive proteins and
reducing the risk of protein denaturation (Figure S27G).
Additionally, we successfully applied this Bpa labeling strategy
to other protein classes, including fluorescent protein
(mCherry) with 9Bpa and nanobody 7D12 with 76Bpa, both
of which were site-specifically labeled at solvent-exposed
surfaces (Figure S29). These experiments have illustrated the
reaction’s excellent compatibility with di erent reporter
groups, reaction conditions, and protein types.

To demonstrate the applicability of this site-specific radical
coupling strategy for live cell modification, we employed the
nanobody 7D12, a high-a nity EGFR binder.?® This nano-
body was genetically engineered to incorporate a benzophe-
none moiety (Bpa) at residue K76, a site distant from its
EGFR-binding domain, using genetic code expansion
techniques (Figure $30).*° HEK293T cells expressing EGFR-
EGFP were treated with the modified nanobody 7D12—76Bpa,
enabling specific binding to EGFR. Subsequent photocatalytic
coupling with Biotin-BP 6 e ciently labeled the modified
nanobody on live-cell membrane, as confirmed by confocal
microscopy (Figure 4C). Control experiments with wild-type
7D12 demonstrated the specificity of the reaction, with
minimal background fluorescence. Overlay images and line
profile analysis confirmed the colocalization of the labeling
signal with EGFR-EGFP expression, indicating site-specific
modification of the 7D12 nanobody on live-cell membranes

(Figure $31—532).% Unlike UV-induced controls that showed
nonspecific labeling, our mild photocatalytic labeling demon-
strated superior spatial specificity by minimizing o -target
signal (Figure 4C).

Photocatalytic Benzophenone Coupling to Explore
Protein—Protein Interactions at Atomic-Level Precision.
Protein cross-linking is essential for studying protein—protein
interactions. Among these, cross-linking at particular amino
acid residues with site-specificity enables precise analysis of
protein complex structures.® Traditional protein cross-linking
methods often rely on natural amino acids like cysteines, which
can form unstable cystine cross-links (Figure 5A). While
incorporating unnatural amino acids (UAAs) bearing bio-
orthogonal handles can enable irreversible linkages to probe
protein—protein interactions, the requirement for two di erent
sets of UAAs can increase experimental complexity.*®> Our
ketyl radical—radical coupling approach, using a single set of
UAAs, o ers a simpler and more e cient method for site-
specific and stable protein cross-linking.?’

To validate our approach, we selected Pyrl4, a homodimeric
protein that catalyzes the Diels—Alder reaction.®* We
strategically incorporated Bpa at position 138 of Pyrl4, a
residue located within the protein—protein interface but not
essential for its function (PDB entry 5BTU). The modified
Pyrl4 complex was subjected to standard photocatalytic
conditions for 10 min. SDS-PAGE analysis revealed the
formation of a higher molecular weight band corresponding to
the cross-linked Pyrl4—138Bpa dimer, while the wild-type
protein remained monomeric (Figure 5B). Control experi-
ments confirmed that protein cross-linking was dependent on
the presence of both the photocatalyst and light irradiation.
LC-MS/MS analysis unequivocally demonstrated site-specific
protein cross-linking, a direct consequence of the chemical
transformation of benzophenone to pinacol through ketyl
radical—radical coupling (Figure S33).

To expand the utility of our method, we investigated its
potential for studying heteromeric protein—protein interac-
tions. We selected Trx/PAPS and Bcl-X,/Bid, two well-
characterized protein complexes involved in redox homeostasis
and apoptosis, respectively (PDB entries 208V and 4QVE).
We strategically incorporated Bpa at interface residues Q62
on Trx, Y191 on PAPS, V126 on Bcl-X,, and 183 on Bid to
facilitate site-specific cross-linking upon photocatalytic activa-
tion. Electrophoresis confirmed the formation of covalent Trx-
PAPS and covalent Bcl-X -Bid complexes, respectively.
Control experiments underscored the specificity and e ciency
of the reaction, highlighting its potential to elucidate complex
protein—protein interactions at atomic-level precision. Tandem
mass spectrometry confirmed the formation of a pinacol
linkage between the Bpa residues, supporting the proposed
cross-linking mechanism via ketyl radical coupling (Figure 5B-
D, Figure S34). These experiments demonstrate the successful
site-specific cross-linking of heteromeric protein—protein pairs
using photocatalytic ketyl radical coupling. To ensure the site-
specificity of our cross-linking strategy relying on proximity for
e cient cross-linking,** we performed control experiments. By
introducing Bpa at a distant site on Bcl-X_ (Al171) or
disrupting the protein—protein interaction through heat
treatment (Figure 5E, Figure S35A), we demonstrated that
cross-linking was inhibited. Additionally, crossover experi-
ments between noninteracting proteins (Pyrl4—138Bpa and
Bid-83Bpa) unequivocally confirmed the critical role of
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Figure 6. Orthogonal analysis of the ketyl radical coupling with cycloaddition reactions. Bcl-X,-136Bpa (10 M), GST-TCO (10 M), and Oval-
DBCO (10 M) reacted with Biotin-BP 6 (100 M), Biotin-tetrazine 13 (100 M), and Biotin-azide 14 (100 M) under standard photocatalytic
conditions (10 M Ru(bpy)Cl,, 20 mM VcH, 468 nm light irradiation for 10 min). The results were analyzed by Western blots.

proximity, further validating the specificity of our photo-
catalytic ketyl radical coupling approach (Figure S35B).

A concern regarding the potential steric hindrance
introduced by the bulky benzophenone moiety arose. To
ensure that Bpa incorporation did not disrupt protein
structure, function, or protein—protein interactions, we
performed molecular dynamics simulations and biophysical
experiments. Our simulations revealed that incorporating Bpa
at residue 136 of Bcl-X, had a minimal impact on the protein’s
helical structure, bound conformation, and binding a nity to
the Bid peptide compared to the wild-type complex (Figure
5F, Figure S35C—D).** Bio-Layer Interferometry (BLI)
further confirmed the robust binding a nity between Bcl-X-
126Bpa and Bid-83Bpa, with a dissociation constant ( p) of
177 M (Figure 5G). These results demonstrate that our
photocatalytic ketyl radical coupling strategy enables precise
protein modification while preserving native protein structure
and function, highlighting its atomic-level precision.

Orthogonal Analysis of the Ketyl Radical Coupling
with Cycloaddition Reactions. A significant feature of this
new bioorthogonal reaction is its excellent compatibility with
commonly used bioorthogonal manifolds. Leveraging its
unique radical mechanism, we hypothesized that photocatalytic
ketyl radical coupling could be combined with other widely
used bioorthogonal techniques like strain-promoted alkyne—
azide cycloaddition (SPAAC) and inverse-electron-demand
Diels—Alder (IEDDA) reactions for multiplex labeling.*® To
demonstrate this, we modified glutathione S-transferase (GST)
and ovalbumin (Oval) with di erent bioorthogonal tags: trans-
cyclooctene (TCO) for GST and dibenzoazacyclooctyne
(DBCO) for ovalbumin, using NHS ester chemistry (Figure
6). Next, we incubated a mixture of these proteins (10 M
each): GST-TCO, Oval-DBCO, and Bcl-X;-136Bpa, with a
probe mixture (100 M each): Biotin-BP 6, Biotin-tetrazine
13, and Biotin-azide 14 under photocatalytic conditions.

Western blot analysis revealed e cient labeling of all three
proteins with their corresponding biotinylated probes (lane 3).
This result demonstrates the orthogonal nature of the three
reactions, as they proceed independently under the specified
conditions. Control experiments, omitting either biotin-azide
14 or biotin-tetrazine 13, confirmed the orthogonality of the
reactions, with no background coupling observed for Oval or

GST proteins, respectively (lanes 1 and 2). These findings
demonstrate the orthogonal reactivity of photocatalytic radical
coupling with SPAAC and IEDDA reactions. This orthogon-
ality enables the seamless integration of these reactions,
opening new possibilities for versatile and multiplexed protein
applications.

B concuusions

In conclusion, we have developed a novel bioorthogonal
strategy for protein modification and cross-linking based on
the photocatalytic coupling of stabilized diaryl ketyl radicals.
Unlike traditional methods employing light-induced excitation
of benzophenones to generate highly reactive triplet diradicals,
our approach utilizes visible light photocatalysis to generate
stabilized ketyl radicals, enabling selective modification and
cross-linking in complex biological environments. By leverag-
ing the unique balance of stability and reactivity inherent to
these stabilized ketyl radicals, we have demonstrated their
e cacy for modifying proteins in live cells, including sensitive
primary neurons, and for probing protein—protein interactions,
providing atomic-level insights into systems such as Pyrl4 and
the Bcl-X,/Bid complex. This photocatalytic ketyl radical
coupling strategy provides a valuable tool for investigating
biological processes with high spatiotemporal control and
enhanced selectivity compared to existing benzophenone-
based methods. We anticipate that this method will find broad
applications in chemical biology, drug discovery, and
potentially protein modifications.
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