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Chemical modification of proteins has emerged as a powerful tool to realize enormous applications, such as
development of novel biologics and functional studies of individual protein. We report a light-induced
lysine-selective native protein conjugation approach via indazolone formation, conferring reliable
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chemoselectivity, excellent efficiency, temporal control and biocompatibility under operationally simple

and mild conditions, in vitro and in living systems. This straightforward protocol demonstrates the
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Introduction

Chemical modification of proteins has emerged as a powerful
tool to realize enormous applications, such as development of
novel biological diagnostics, therapeutics, imaging tools,
protein-based nanotechnology in medicinal chemistry and
chemical biology, as well as interrogating structure and func-
tions of protein in basic biological research.'” Protein covalent
modification methods can be divided into native and non-
native protein labeling. Non-native protein labeling requires
prior metabolic, chemical, or genetic incorporation of an
exogenous tag, followed by biorthogonal, or enzymatic modifi-
cations.” However, these strategies are not suitable for investi-
gating the structure and function of integral natural proteins in
vitro, or in native setting. In addition, the performance of the
non-native protein labeling is greatly dependent on the incor-
porating efficiency and the stability of the exogenous func-
tionalities in complex mixtures.® In contrast, the native protein
labeling is time-saving, economical, easy to operate and suitable
for in vivo research.® Native protein labeling can be applied in
various fields, such as chemical biology, bioconjugation,
nanotechnology, development of diagnostics, therapeutic
imaging probes, and so on.” For example, residue-selective
labeling can be used to investigate endogenous protein struc-
ture, function and dynamics, in vitro and in living systems.*>*
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generality and accessibility for direct and rapid functionalization of diverse native proteins, which
suggests a new avenue of great importance to bioconjugation, medicinal chemistry and chemical biology.

Bioconjugations of native proteins enable antibody-conjugated
drugs (ADCs), PEGylated biologics,”® and protein-based
biosensors or biochips.” An accessible and general method for
native protein labeling is supposed to be mild (neutral pH,
ambient temperature, aqueous solution), chemoselective,
biocompatible and highly efficient with near-perfect conversion
even at low concentrations.>*®

Light-induced bioconjugation can be activated at specific
locations and times, with an adjustable light source (e.g. light
wavelength, intensity and exposure time), which generally has
the advantages of mild reaction conditions, simple operation,
especially, enabling temporal and spatial control of the
biomolecule  bioconjugations.”*”  Light-induced  bio-
conjugation has emerged as one of the most exciting and
rapidly developing areas of protein science."*** Indeed, the
light-induced chemoselective labeling of the natural amino acid
residues of proteins (Fig. 1a) could be realized with or without
the presence of a photocatalyst (or photoinitiator). Photo-
catalysts can generate reactive oxygen species (ROS) or catalyze
single electron transfer (SET) reactions in response to light
activation, so as to generate active radical intermediates to react
with the corresponding conjugating reagents.'®*>' Currently,
these reactions mainly include thiol-ene/yne click reaction (a
photoinitiator such as 2,2-dimethoxy-2-phenylacetophenone
(DPAP) or azobisisobutyronitrile (AIBN) is needed),"*?*' the
reaction of less reactive Michael acceptors and C-terminal
carboxylic acid (flavin as the photocatalyst),>* the reaction of
methyl acrylate and tryptophan (Ir[dF(CF;)ppy],(dtbbpy)" PF®~
as the photocatalyst)*® as well as the reaction of phenylenedi-
amine and tyrosine (Ru(bpy); as the photocatalyst).?***
However, these light-induced protein labeling approaches
require the addition of photocatalysts or photoinitiators, or
metal catalysts and ligands, and thus, were usually limited to in
vitro native protein labeling (Fig. 1a). On the other hand,
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a). Previous light-induced native protein labeling:

Conj il Photocatalysts/
reagents photoinitiators
Cysteine Alkenes or alkynes DPAP or AIBN
C-terminal Michael acceptors Flavin
Trytophan Methyl acrylate Ir[dF(CF3)ppyl,(dtbbpy)* PF&-
Tyrosine Phenylenediamine Ru(bpy)3
Cysteine NQMPs None

Carboxylic acids Diaryltetrazoles None

b). This work:
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Fig. 1 Schematic diagram of previous light-induced native protein
labeling approaches and this work. (a) Previous research reported the
light-induced labeling of different natural amino acid residues,
including cysteine, tryptophan, tyrosine, C-terminal and carboxylic
acid side chains (with glutamate or aspartate). (b) In this work, o-NBA
reacts with lysine of the proteins under light-activation via a protein
conjugation method in vitro and in living systems.

chemoselective conjugation without a photocatalyst or photo-
initiator has the potential for application in vivo, while it is
currently limited to certain categories and quantities, mainly
including the reaction of 3-(hydroxymethyl)-2-naphthol deriva-
tives (NQMPs) with cysteine*® and the reaction of diary-
Itetrazoles with carboxylic acids (Fig. 1a).””*® Surprisingly, one
essential feature is that the lysine residue is one of the most
prevalent amino acids in the proteome.> However, the light-
induced protein labeling approach developed based on the
lysine residue has been unexplored.**** Therefore, with the
consideration of the intrinsic advantages of light-induced
protein labeling as well as the abundance of the lysine
residue, it is highly desirable to expand the toolkit of light-
induced chemoselective native protein conjugation based on
the lysine residue, especially, without the photocatalyst or metal
catalysts, so that the labeling reaction becomes compatible with
the protein complexes or under biological environments, and
can be further applied in living systems.'**>**

Recently, our group reported the photochemical synthesis of
indazolone heterocycles from primary amines and o-nitrobenzyl
alcohol (0-NBA) analogs via the (addition/cyclization/
dehydration/tautomerization) mechanistic pathway with
moderate to good yields in buffer conditions,** as well as a novel
and biocompatible residue-selective  photo-crosslinking
approach to capture protein-protein interaction based indazo-
lone formation of 0-NBA-derived unnatural amino acid and the
proximal lysine residue in living cells.** Very recently, we have
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developed light-induced primary amines and o-nitrobenzyl
alcohol cyclization (PANAC) as a photoclick reaction under
operationally simple and mild conditions, enabling direct late-
stage diversification of pharmaceuticals and biorelevant small
molecules, and rapid functionalization of native biomolecules
in vitro and in living systems.*® Based on this progress, we
recognized that the light-induced indazolone formation might
be applied in native protein conjugation, and thus might evolve
as a general protein labeling approach for lysine residue with o-
NBA functionalities under light control, without any additional
photocatalysts or photoinitiators.** Herein, we focus on the
application of indazolone formation in lysine-selective labeling
of native proteins and report the full results of our studies of
native protein labeling in vitro and in living cells upon light-
activation, providing the protein conjugates with high selec-
tivity and excellent efficiency, under operationally simple and
mild conditions (Fig. 1b). This approach provides a general and
reliable chemical tool for native protein direct functionalization
and bioconjugation.

Results and discussion

In order to explore the optimal conditions for the conjugation of
0-NBA moiety with lysine, we used the reaction of 0-NBA amide
(1) with Cbz-Lys-OMe (2) as a model reaction (Table 1). Based on
our previous research and considering the biological compati-
bility, we chose 365 nm wavelength as the light source for the
reaction. We used a mixed reaction buffer of PBS/MeOH in

Table1 Optimization of reaction condition of o-NBA amide and Cbz-
Lys-OMe*

cooMe
H
I 385 H N NHCbz
A \(©\Toz + HZN%NHCbz o /\/Nﬁ/chK 3
o Buffer H
o-NBA amide

1

Cbz-Lys-OMe Indazolone formation
2 3

Irradiation time Incubation time

Entry pH (min) (min) Yields?
1 7.4 0 30 0

2 7.4 4 0 53%
3 7.4 7 0 75%
4 7.4 10 0 80%
5 7.4 4 30 90%
6 7.4 7 30 >98%
7 7.4 10 30 >98%
8 6.0 7 30 31%
9 8.0 7 30 >98%
10° 7.4 7 30 >98%
11° 7.4 7 30 85%

¢ Reaction conditions: 0-NBA amide (2 mM) and Cbz-Lys-OMe (0.5 mM)
in PBS/MeOH buffer, exposed to UV lamp with 365 nm at R.T. then
shaken at 25 °C. ? Reduced reaction concentration: 0-NBA amide (0.4
mM), Cbz-Lys-OMe (0.1 mM). ° Reduced reaction concentration and o-
NBA equivalent: 0-NBA amide (0.2 mM), Cbz-Lys-OMe (0.1 mM).
“ Yields were determined by ratio of peak area value of experiment to
that of internal standard product on reverse-phase HPLC, are reported
as an average of three independent trials.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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order to completely dissolve the 0-NBA compounds. The control
reaction without light-activation did not work, reflecting the
property of light-induced dependence (entry 1). The yield was
lower without incubation at 25 °C (entry 2-4), while the reac-
tions between the reactive intermediates aryl-nitroso and Cbz-
Lys-OMe at low concentration require further incubation for
dehydration and tautomerization providing higher yields (entry
5-7). Specifically, in PBS/MeOH solution and low reaction
concentration (0.5 mM) of 2, the light-induced indazolone
formation provides 98% yield after only 7 minutes of UV expo-
sure and 30 minutes of incubation at 25 °C (entry 6). The pH
value of buffer has a significant effect on the reaction. A weakly
alkaline environment (pH = 7.4/8.0) is beneficial for the reac-
tion, and a weakly acidic environment (pH = 6.0) greatly
reduces the yield (entry 6-9). Further reducing the concentra-
tion of the reaction (100 uM) still indicates high efficiency (entry
10), while reducing the equivalent of 0-NBA reactant 1 will lead
to lower yield (entry 11 vs. 10). Therefore, we chose the reaction
of 4 equivalents of 0-NBA at pH 7.4 with UV exposure for 7
minutes and further incubation for 30 minutes as the optimal
reaction condition.

Next, we verified the conjugation efficiency of the o-NBA
moiety labeling with peptides. We found that the reactivity of
the e-amino group of lysine is much higher than that of a-amino
group when the reactions were carried out in different pH
buffer, as well as at different concentrations of 0-NBA amide 1
(see ESI, Table 11). The mixture of 0-NBA amide and peptide
containing different amino acid side chains in PBS/MeOH (pH
= 7.4) was irradiated under 365 nm for 7 minutes at ambient
temperature and then was incubated at 25 °C for 30 minutes
(Fig. 2). From the analysis of UPLC-MS trace, the peak of the
starting peptide material disappeared, affording almost
complete conversion and the UPLC-MS analysis of the newly
generated product peak was consistent with the theoretical
molecular weight (see ESI, Fig. S1-S31). For three of these
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Fig. 2 Light-induced lysine-selective peptide labeling and cyclization.
Peptides and o-NBA amide in 10 mM PBS/MeOH (9 : 1, pH = 7.4) were
treated with 365 nm UV light for 10 min and incubated at 25 °C for

30 min, conversions were determined by reverse-phase HPLC as an
average of three independent trials.
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peptides (Fig. 2), no peaks corresponding to the by-product of
peptides appeared, except for the by-products from o-NBA
photogenerated aryl-nitroso intermediate (see ESI, Fig. S1-S37).
Thus, the reaction demonstrated reliable chemoselectivity of
the indazolone formation of 0-NBA amide 1 with the lysine
residue. The modified peptide products were further confirmed
by the high resolution mass spectrum (HRMS) analysis of the o-
NBA labeling products (see ESI, Fig. S1-S37).

By contrast, certain highly lysine-reactive electrophiles (e.g.,
aryl sulfonyl fluoride and activated ester) revealed promiscuous
labeling with other nucleophile (e.g., O,N-nucleophiles) peptide
modifications under complex 2937 Taken
together, these results indicate that the light-induced peptide
labeling of 0-NBA moiety with lysine residue proceeded with
high efficiency and excellent chemoselectivity, while being
orthogonal to other nucleophilic residues on unprotected
peptides (Fig. 2), offering a straightforward avenue of great
importance to functional peptide-conjugates and potential
medicinal agents.’**

Nanobodies are antibody-derived fragments with small
molecular size (~15 kDa) and offer many desirable character-
istics suitable for molecular imaging, biological diagnostics and
therapeutics due to the unique features of rapid targeting, ease
of production, high binding affinity and stability.**** To inves-
tigate the efficiency and generality of the light-induced inda-
zolone formation for lysine-selective native protein conjugation
in vitro, the epidermal growth factor receptor (EGFR) specific
nanobody (nanobody-EGFR),** human epidermal growth factor
receptor type 2 (HER2) specific nanobody (nanobody-HER2),**
and affibody** were obtained as model proteins. Our previous
study has shown that the o-nitroso-benzaldehyde intermediate
of 0-NBA is relatively stable for the PNNAC photoclick reaction
with long half-life (several hours),* which indicates the poten-
tial for general protein labeling without compromising the
conjugation efficiency, while certain photogenerated interme-
diates can be readily quenched in the reaction process. 0-NBA
alkyne was dissolved in methanol and exposed to 365 nm irra-
diation alone before adding to the reaction buffer (Fig. 3). The
model conjugation reactions were carried out under neutral
buffer conditions (PBS buffer, pH 7.4) and ambient tempera-
ture. 0-NBA alkyne (7) of different equivalents was added to the
protein buffer after irradiation at 365 nm for 7 minutes. The
mixture was then mildly incubated at 25 °C for 1 hour and
subjected to ESI-TOF MS analysis. The MS analysis of the affi-
body conjugates indicated almost quantitative conjugation with
almost complete consumption of the original protein when 2.5
equivalents of 0-NBA alkyne was only added (see ESI, Fig. S47).
However, the MS results of the conjugation for nanobody-EGFR
showed that about 15% of the protein materials were not
labeled when only 2.5 equivalents of 0-NBA alkyne was added
(Fig. 3c). Therefore, we attempted to increase the equivalence of
0-NBA alkyne to 5 equivalents to achieve complete protein
labeling. Surprisingly, 5 equivalents of 0-NBA alkyne could
achieve >94% conversion (Fig. 3d). MS results show that there
are multiple modified products (Fig. 3c and d), which implies
that the multiple lysine sites on nanobody-EGFR could undergo
lysine-selective labeling with o-NBA alkyne. Altogether, these

environments.
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Fig. 3 Light-induced nanobody-EGFR labeling with o-NBA alkyne. (a)
Scheme of light-induced nanobody-EGFR labeling with o-NBA alkyne.
(b) The molecular weight of unmodified nanobody as 14555.12 Da,
a peak measured at 14538.30 (nanobody-17) Da corresponds to
nanobody N-terminal glutamate to pyroglutamate conversion (—17
Da). (c) ESI-TOF spectrum of unmodified nanobody-EGFR and o-
NBA-alkyne (2.5 equivalent) modified nanobody-EGFR with quantita-
tive analysis by peak height of mass spectrometry. Unmod. refers to
unmodified protein. (d) ESI-TOF spectrum of unmodified nanobody-
EGFR and o-NBA-alkyne (5.0 equivalent) modified nanobody-EGFR
with quantitative analysis by peak height of mass spectrometry.

results indicate that the light-induced labeling of protein with o-
NBA alkyne and lysine residue on the proteins is highly efficient.
Therefore, our currently developed light-induced lysine-
selective conjugation suggests a new chemical strategy for the
development of protein-based drugs or therapeutic antibodies
with special functionalities.*>**

Based on the success of the lysine-specific bioconjugation for
nanobody-EGFR, we sought to explore whether our indazolone
formation strategy might be directly applied in native protein
labeling with a fluorescent dye (Fig. 4a). We synthesized the
fluorescent probe containing 0-NBA moiety and rhodamine B
group (Rho-0-NBA) for light-induced indazolone formation with
nanobody-HER2 (Fig. 4a). After conjugation of the lysine resi-
dues under the same mild reaction conditions as used in
nanobody-EGFR labeling, MS analysis of the nanobody-HER2
reaction mixture indicates almost quantitative bioconjugation
affording 97% conversion (Fig. 4b and d), when only 2.5
equivalents of Rho-0-NBA was used. The MS results show that
the nanobody-HER2 protein was mainly modified with one and
two Rho-0-NBA (Fig. 4d) in those reaction conditions. The direct
labelling of the fluorescent dye via light-induced indazolone
formation of lysine residues was also confirmed by SDS-PAGE
coomassie blue and fluorescent gel analysis (Fig. 4c).

Many ADCs under clinical evaluation are modified via lysine-
based conjugation strategies (e.g., FDA-approved Kadcyla and
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Fig. 4 Light-induced nanobody-HER?2 labeling with Rho-o-NBA. (a)
Scheme of light-induced nanobody-HER?2 labeling with Rho-o-NBA.
(b) ESI-TOF spectrum of unmodified nanobody-HER?2. (c) Nanobody-
HER2 labeling with Rho-o0-NBA was analyzed by SDS-PAGE stained
with fluorescence image (top) and Coomassie Blue (bottom). (d) ESI-
TOF spectrum of Rho-o-NBA (2.5 equivalent) modified nanobody-
HER2 with quantitative analysis by peak height of mass spectrometry.

Mylotarg),*” in spite of the potential of heterogeneous conju-
gates. Our light-induced indazolone information approach
demonstrated excellent yields of modifications for several
native proteins (up to 97% modified, Fig. 4d), while prevalent
lysine-based modifications (e.g., activated esters and imido
ester strategies) still provide unmodified protein, such as ~50%
unconjugated antibody in Mylotarg.** Clearly, our currently
developed light-induced lysine-selective bioconjugation of
native proteins via indazolone formation offers a rapid and
direct chemical-strategy for engineering novel protein conju-
gates. Taken together, the light-induced lysine-selective conju-
gation suggests a direct avenue for nanobody or antibody with
special functionalities, leading to development of biological
diagnostics, novel protein drugs, therapeutic antibodies, and
imaging probes.»>*

To verify that the 0-NBA alkyne conjugated native protein is
compatible with the widely used click reaction, copper(i)-cata-
lyzed alkyne-azide cycloaddition (CuAAC) reaction, we
employed subsequent CuAAC reaction to label the modified
ubiquitin (Ub) protein from the previous reaction of indazolone
formation (Fig. 5a). First, we labelled the Ub protein with o-NBA
alkyne. From the MS analysis of the labelled Ub protein, 5
equivalents of 0-NBA alkyne provided excellent conversion (up
to 95%), while 2.5 equivalents of 0-NBA alkyne showed lower
conversion for the identical light-induced conjugation (Fig. 5c
and d). Increasing the equivalent to 10 equivalents on Ub
conjugation displayed no significant improvement in the 0-NBA
alkyne labeling (see ESI, Fig. S51). Next, we tried to modify the
Ub protein via CuAAC click reaction in a sequential process.
After mixing with the 0-NBA alkyne, Ub protein was treated with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Light-induced ubiquitin labeling with o-NBA alkyne. (a) Scheme
of light-induced ubiquitin labeling with o-NBA alkyne. (b) Ubiquitin
labeling with o-NBA-alkyne was subjected to CuAAC with TAMRA-N3
and SDS-PAGE analysis stained with fluorescence image (top) and
Coomassie Blue (bottom). (c) The molecular weight of unmodified Ub
as 10166.17 Da (expected 10 166.57 Da), a peak measured at
10 034.96 (Ub-131) Da corresponds to Ub lacking the initiating Met
(expected 10 035.38 Da) ESI-TOF spectrum of o-NBA-alkyne (2.5
equivalent) modified ubiquitin with quantitative analysis by peak height
of mass spectrometry. (d) ESI-TOF spectrum of o-NBA-alkyne (5.0
equivalent) modified ubiquitin with quantitative analysis by peak height
of mass spectrometry.

or without 365 nm irradiation as the experimental group and
the control group, respectively. Then both the samples were
subjected to CuAAC click reaction with TAMRA-N; followed by
SDS-PAGE analysis (Fig. 5b). From the SDS-PAGE Coomassie
Blue and fluorescent gel analysis, a fluorescent band of the
ubiquitin protein demonstrated double protein labeling via
light-induced lysine labeling with 0-NBA alkyne, and subse-
quent CuAAC click reaction with TAMRA-Nj;, while there was no
fluorescent band found in the control experiment. These results
clearly indicated that the o-NBA labeling was light-dependent
and compatible with the subsequent CuAAC click reaction.
Therefore, our developed light-induced lysine-selective bio-
conjugation of native proteins via indazolone formation was
compatible for further modifications and has the potential for
subsequent functionalization and applications.>"*

To further explore the potential ability of the temporal
control in light-induced lysine-selective bioconjugation of
native proteins in living systems, we applied this temporally
controlled bioconjugation approach for designated and newly
synthesized protein. As proof of principle, we chose the lysine-
specific Ub labeling in living E. coli cells. Ub-His8 (C-terminal
Hisx8 tag) protein was overexpressed in E. coli. 0-NBA alkyne
was added to the media at the beginning of culturing, then the
E. coli cells were directly exposed to UV light-activation at
different time points to label the newly synthesized Ub protein,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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then the samples were subjected to subsequent CuAAC with
TAMRA-N; (Fig. 5a, and ESI Methodt). From the SDS-PAGE
analysis and western blot (Fig. 6a) of the protein labeling, the
newly synthesized Ub protein can be monitored by light-
induced lysine labeling with o-NBA-alkyne (Fig. 6b) at
different time points in live E. coli cells. Tandem MS analysis of
the newly synthesized and labeled Ub protein confirmed the
lysine-specific bioconjugation via indazolone formation (Fig. éc,
and see ESI, Fig. S6). The analysis of the Ub protein labeling
curve (Fig. 6b) suggested that the expression process has indeed
reached its maximum protein expression at 4 hours. Clearly,
these results demonstrated the success and efficiency of light-
induced lysine-selective labeling of the newly synthesized
protein in complex biological environments and in living cells
with temporal control. There are few examples of direct labeling
of endogenous proteins or native biomolecules, with only an
exception of light-induced thiol click reaction for cysteine
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Fig. 6 Light-induced labeling of newly synthesized ubiquitin proteinin
living E. coli cells in temporal control. (a) Time course of newly
synthesized ubiquitin protein induced with IPTG, SDS-PAGE gel
analysis of ubiquitin protein labeling with TAMRA (top panel), sample
analyzed by western blot using anti-His tag antibody (bottom panel).
(b) Quantifying of labeled newly synthesized ubiquitin protein from a,
by three independent experiments. (c) Tandem MS analysis of the
fragments of Ubiquitin—ONBA—-alkyne conjugate before CuAAC.
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residue of native proteins in vitro."'* Collectively, our light-
induced bioconjugation provides a complementary approach
to label native proteins in vitro and to probe biological processes
in living systems.®

Conclusions

We have demonstrated a light-induced indazolone formation
for lysine-specific and straightforward conjugations of unpro-
tected peptides and native proteins in vitro and in living
systems. This conjugation approach via lysine residues as direct
handles is very simple and practical under mild conditions,
providing peptide and protein conjugates with reliable chemo-
selectivity, excellent efficiency, good biocompatibility and
temporal control. In addition, the generality and accessibility
for diverse native protein conjugations with special function-
alities prove to be highly valuable in the development of novel
biological diagnostics, protein-based drugs, therapeutic anti-
bodies (e.g. ADCs) and imaging probes. Given these unique
advantages, the currently developed light-induced indazolone
formation of lysine residues on native proteins suggests a new
and rapid avenue of great importance to bioconjugations,
medicinal chemistry, protein science as well as chemical
biology.
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