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Abstract: We have developed a novel visible light-catalyzed
bioconjugation reaction, PhotoCLIC, that enables chemoselective
attachment of diverse aromatic amine reagents onto a site-specifically
installed 5-hydroxytryptophan residue (5HTP) on full-length proteins
of varied complexity. The reaction uses catalytic amounts of
methylene blue and blue/red light-emitting diodes (455/650nm) for
rapid site-specific protein bioconjugation. Characterization of the
PhotoCLIC product reveals a unique structure formed likely through a
singlet oxygen-dependent modification of SHTP. PhotoCLIC has a
wide substrate scope and its compatibility with strain-promoted azide-
alkyne click reaction, enables site-specific dual-labeling of a target
protein.

Visible light-enabled photoredox catalysis has experienced
a renaissance in the last decade, spawning countless innovative
strategies to unlock novel reactivities.!"! Photoredox catalysis has
been leveraged to develop novel bioconjugation strategies
targeting specific canonical amino acid residues, as well as the
termini of peptides and proteins.”l However, there are several
challenges limiting their practical utility in protein bioconjugation.
These include incomplete conversion of full-length folded proteins,
an intrinsic lack of control over site and stoichiometry of protein
labeling, and off-target reactivity. Development of an efficient and
chemoselective photoredox catalyzed reaction that can generate
functional site-specific protein conjugates under mild conditions
will be a valuable addition in the bioconjugation toolbox.?!

To develop such a strategy that is unconstrained by site
restrictions, we sought to take advantage of the noncanonical
amino acid (ncAA) mutagenesis technology.®! We hypothesized
that targeting a chemically unique ncAA will provide a logical path
for developing a chemoselective photoredox-catalyzed
conjugation reaction. We recently engineered the ECTrpRS/tRNA
pair to genetically encode 5HTP in both prokaryotes and
eukaryotes.?®! This aromatic ncAA is significantly more electron-
rich than its canonical counterparts, which renders it with strong
m-nucleophilicity, as well as highly susceptibility to oxidation. We
have previously leveraged these unique chemical features to
develop two different chemoselective strategies to label SHTP: A
rapid azo-coupling reaction (CRACR),®®! and an oxidative cross-

coupling reaction.l’l We thought that the same features may also
enable the development of a chemoselective photoredox-
catalyzed bioconjugation reaction targeting SHTP (Figure S1).

To explore this possibility, we expressed the superfolder
green fluorescent protein incorporating the SHTP residue at the
surface-exposed 151 site (sSfGFP-151-5HTP; Figure S2),% and
used it to screen numerous reaction conditions. Whole-protein
mass-spectrometry was used to monitor protein labeling. As a
control for each reaction, we also tested the wild-type (WT) sfGFP
protein in parallel, which contain a tyrosine residue at site 151,
instead of 5HTP (Figure S3). Reaction conditions that led to the
selective modification of sfGFP-151-5HTP, but not the nearly
identical WT-sfGFP, were pursued further for optimization.

From these experiments (Figure S4), we found that sfGFP-
151-5HTP (10 pM; MW: 27636 Da) efficiently forms a stable
conjugate with 4-aminophenylacetic acid (1, 4 mM), when
irradiated with blue light (455 nm, 7 W), in the presence of
catalytic amounts of methylene blue (Figure 1A, optimized
conditions and Figure S5). The labeled product showed a mass
of 27799 Da, consistent with the addition of 1 (+151 Da)
accompanied by further oxidation (+12 Da). Under identical
conditions, the WT-sfGFP did not form a similar adduct with 1,
indicating chemoselectivity (Figure 1B, Figure S6). The site-
specificity of PhotoCLIC protein labeling was further substantiated
by subjecting the conjugation product of sfGFP-151-5HTP and 1
to tryptic digestion followed by sensitive HPLC-coupled MS-MS
analysis (Figure S7). The PhotoCLIC reaction strictly requires
light and oxygen (Entry 2-3, Figure 1A). The optimized reaction
conditions show little to none off-target protein oxidation (cf.
Figure S8-S9). The conjugation reaction can be stopped and
restarted by turning the light off and back on, respectively (Figure
S10). Performing the reaction in separate but parallel reaction
vessels enabled protein labelling on milligram scale (~1.1 mg
sfGFP-151-5HTP) with >95% conversion.
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Figure 1. (A) Optimized PhotoCLIC conditions and necessary elements of the optimization (Entries 1-9). 2conversion to product (%) assessed by whole-protein MS

analysis. PReaction time was 45 min. °Product MS shows off-target oxidation, “Product MS shows pronounced off-target oxidation. (B) ESI-MS of sftGFP-151-5HTP

labeled with 1 under the optimized PhotoCLIC conditions; no labeling was observed for the wild-type sfGFP control under identical conditions. (C) LC-MS analysis

of the PhotoCLIC reaction modeled at the small-molecule level; chemical derivatization studies of 3 shown in (D). 3 may exist in different tautomeric forms; Azss
represents absorbance at 254 nm. (E) Plausible mechanism for the formation of 3; MB: methylene blue

To elucidate the structure of the PhotoCLIC product, we
modelled this reaction using 5-hydroxyindoleacetic acid (5HIAA;
2) and 1. (Figure 1C). Liquid chromatography-coupled MS (LC-
MS) of the reaction mixture revealed a product mass of 354 Da,
corroborating the observations with sfGFP-151-5HTP PhotoCLIC
reaction. We used a combination of NMR spectroscopy, MS and
chemical derivatization (Figure 1D) to deduce the structure of this
adduct 3 (Figure S11). Mechanistically, the formation of the
product 3 can be explained through a possible endoperoxide
intermediate (Figure 1E and Figure S12); similar endoperoxide
species have been implicated in several reactions involving
electron rich aromatic groups and oxygen under photochemical
conditions.?l ©- Analogous photocatalytic reactions involving
singlet oxygen have also been used for proximity-dependent
interactome profiling.?! I Although methylene blue is known to
cause nonspecific protein oxidation through light-dependent

production of reactive oxygen species,['! our optimized reaction
conditions minimized such off-target oxidation.

A number of different primary aniline derivatives (4-9, Figure
2) were found to conjugate efficiently to sfGFP-151-5HTP under
the optimized PhotoCLIC condition to generate clean
monolabeled products (Figure 2, Figure S13). As expected, these
aniline derivatives failed to label WT-sfGFP under identical
conditions (Figure S14). We also expressed four additional
proteins harboring a 5HTP residue at a surface-exposed site:
myoglobin, nanoluciferase, anti-HER2-nanobody,'"! and a full-
length humanized antibody Trustuzumab with 5HTP at 198
residue of heavy chain (HC). Treatment with the biotin-aniline 9
under PhotoCLIC conditions resulted in efficient single-labeling of
each protein (Figure 3), but not the corresponding wild-type
proteins (Figure S15). Anti-biotin Western blot analysis was used
to further confirm specific labeling of the HC of Trastuzumab-HC-
198-5HTP (Figure S16).



Figure 2. PhotoCLIC labeling of sfGFP-151-5HTP with different aniline
derivatives (4-9); under the identical conditions WT-sfGFP showed no labelling
with 4-9 (Figure S12); MB: methylene blue

Next we explored the use of PhotoCLIC for the preparation
of fluorescently labeled affinity reagents, such antibodies and
nanobodies, which are useful for diverse applications.?®! The anti-
HER2-nanobody-69-5HTP (Figure 4A-B) as well as sfGFP-151-
5HTP (Figure S17) were found to cleanly conjugate with aromatic
amine containing fluorescein reagents, as shown by MS analysis
and SDS-PAGE followed by fluorescence imaging (Figure S17-
S18). Corresponding reaction with the wild-type nanobody
showed no labeling (Figure 4A-B and Figure S18). This
fluorescently labeled nanobody stained the HER2-overexpressing
SK-BR-3 cell line, as evidenced by fluorescence-activated cell-
sorting (FACS) (Figure 4C), confirming that the conjugate
remained functional.
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Figure 3. (A) PhotoCLIC enables hydoxyindole-selective biotinylation (using 9)
of different proteins of interest (POI): (B) anti-HER2-nanobody-69-5HTP, (C)
myoglobin-99-5HTP, (D) nanoluciferase-2-5HTP and (E) full
Trustuzumab having HC-198-5HTP. Corresponding wild type proteins (lacking

length

5HTP) showed no labelling under otherwise identical conditions (Figure S13).
For unlabeled and labeled Trustuzumab, LC-MS was done after reductive
separation of HC and LC followed by PNGase F digestion to remove the glycan
PTM on N297 of HC.



Figure 4. (A) Fluorophore labeling of anti-Her2 nanobody using PhotoCLIC. MS
analysis demonstrates selective labeling of anti-Her2-nanobody-69-5HTP with
5-aminofluorescein, while the corresponding wild-type protein remains
unreacted upon identical treatment. (B) SDS-PAGE followed by fluorescence
imaging shows PhotoCLIC-mediated fluorophore labeling of anti-Her2-
nanobody-69-5HTP, but not the corresponding wild-type protein under identical
conditions. (C) FACS analysis demonstrating successful staining of SK-BR-3

cells by fluorophore-labeled anti-Her2-nanobody.

Precise labeling of a protein with multiple distinct cargo at
predefined sites is an emerging technology with countless
potential applications.[' This technology relies on access to
conjugation chemistries that are mutually compatible. We
surmised that PhotoCLIC could be compatible with the strain-
promoted azide-alkyne cycloaddition reaction (SPAAC),!"3 one of
the most popular bioorthogonal conjugation reactions for site-
specifically labeling proteins. To test this notion, we generated a
sfGFP reporter protein, where site 3 and 151 harbors two distinct
ncAAs, S5HTP and AzK, respectively (sfGFP-3-5HTP-151-
AzK).l'?l Treatment of sfGFP-3-5HTP-151-AzK first with BCN
alcohol, then PhotoCLIC reaction with 1 led to efficient formation
of cleanly dual-labeled protein (Figure 5, Figure S19).

In conclusion, we have developed a novel visible light-
promoted method to site-specifically label proteins at 5HTP
residues. It represents a rare example an oxidative bioconjugation
reaction enabaling site-specific labeling of proteins of diverse
complexity using long-wavelength light. "l 5SHTP can be readily
introduced into a chosen site of any recombinant protein using the
nonsense suppression technology, both in prokaryotic and
eukaryotic host cells. Using similar technology, it has been
possible to express therapeutically relevant proteins in
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Figure 5. An sfGFP with site-3 mutated to SHTP and site 151 mutated to AzK
(sfGFP-3-HTP-151-AzK) was recombinantly expressed in E. coli using our dual
nonsense suppression technology. Sequential double modification of the
resulting protein, first using SPAAC followed by PhotoCLIC, demonstrated by
whole-protein MS analysis.

commercial scale (grams/L).'S Both 5HTP and primary anilines
are drastically less expensive relative to other common click
chemistry reagents. Furthermore, SHTP can be biosynthetically
generated in the cell, completely obviating the need of exogenous
supply.l'® Although a few other photo-induced bioconjugation
reactions have been reported for similarly labeling a genetically
encoded ncAA with chemoselectivity, these typically require
irradiation in the UV region (<400 nm).l'"" In contrast, PhotoCLIC
is the first example of a visible light promoted (up to 650 nm)
chemoselective modification of a site-specifically incorporated
ncAA. Taken together, PhotoCLIC offers a novel chemoselective
conjugation strategy which would find numerous applications from
biotechnology to material science.

Acknowledgements

This work was supported by NIH grants R35GM136437 to A.C.
and R35GM134964 to E.W. and NSF grant 2128185 to A.C. We
thank Dr. T. Jayasundera (Director, NMR facilities, B.C.) for
assistance.

Notes

A patent application has been submitted on the PhotoCLIC
strategy for bioconjugation. A.C. is a cofounder and advisor at
BrickBio, Inc.



Keywords: photoredox catalysis * bioconjugation « protein
labeling * chemoselectivity

[1] a) R. Cannalire, S. Pelliccia, L. Sancineto, E. Novellino, G. C. Tron, M.
Giustiniano, Chem. Soc. Rev. 2021, 50, 766-897; b) N. A. Romero, D. A.
Nicewicz, Chem. Rev. 2016, 116, 10075-10166; c) M. H. Shaw, J. Twilton, D.
W. C. MacMillan, J. Org. Chem. 2016, 81, 6898-6926.

[2] a) S. Bloom, C. Liu, D. K. Kélmel, J. X. Qiao,Y. Zhang, M. A. Poss, W. R.
Ewing, D. W. C. MacMillan, Nat. Chem. 2018, 10, 205-211; b) C. Bottecchia, T.
Noél, Chem. Eur. J. 2019, 25, 26-42; c) X. Chen, F. Ye, X. Luo, X. Liu, J. Zhao,
S. Wang, Q. Zhou, G. Chen, P. Wang, J. Am. Chem. Soc. 2019, 141, 18230-
18237; d) M. Garreau, F. Le Vaillant, J. Waser, Angew. Chem. Int. ed. 2019, 58,
8182-8186; e) B. Josephson, C. Fehl, P. G. Isenegger, S. Nadal, T. H. Wright,
A. W. J. Poh, B. J. Bower, A. M. Giltrap, L. Chen, C. Batchelor-McAuley, G.
Roper, O. Arisa, J. B. |. Sap, A. Kawamura, A. J. Baldwin, S. Mohammed, R. G.
Compton, V. Gouverneur, B. G. Davis, Nature 2020, 585, 530-537; f) J. Kim, B.
X. Li, R. Y. Huang, J. X. Qiao, W. R. Ewing, D. W. C. MacMillan, J. Am. Chem.
Soc. 2020, 142, 21260-21266; g) T. A. King, J. Mandrup Kandemir, S. J. Walsh,
D. R. Spring, Chem. Soc. Rev. 2021, 50, 39-57; h) B. X. Li, D. K. Kim, S. Bloom,
R. Y. Huang, J. X. Qiao, W. R. Ewing, D. G. Oblinsky, G. D. Scholes, D. W. C.
MacMillan, Nat. Chem. 2021, 13, 902-908; i) K. Nakane, S. Sato, T. Niwa, M.
Tsushima, S. Tomoshige, H. Taguchi, M. Ishikawa, H. Nakamura, J. Am. Chem.
Soc. 2021, 143, 7726-7731; j) K. Singh, C. J. Fennell, E. A. Coutsias, R. Latifi,
S. Hartson, J. D. Weaver, Chem 2018, 4, 124-137; k) S. J. Tower, W. J. Hetcher,
T. E. Myers, N. J. Kuehl, M. T. Taylor, J. Am. Chem. Soc. 2020, 142, 9112-
9118;1) Y. Yu, L. K. Zhang, A. V. Buevich, G. Li, H. Tang, P. Vachal, S. L. Colletti,
Z. C. Shi, J. Am. Chem. Soc. 2018, 140, 6797-6800.

[3] @) J. N. deGruyter, L. R. Malins, P. S. Baran, Biochemistry 2017, 56, 3863-
3873; b) E. A. Hoyt, P. M. S. D. Cal, B. L. Oliveira, G. J. L. Bernardes, Nat. Rev.
Chem. 2019, 3, 147-171; c) Q. Y. Hu, F. Berti, R. Adamo, Chem. Soc. Rev.
2016, 45, 1691-719; d) C. S. McKay, M. G. Finn, Chem. Biol. 2014, 21, 1075-
101; e) R. D. Row, J. A. Prescher, Acc. Chem. Res. 2018, 51, 1073-1081; (f) S.
L. Scinto, D. A. Bilodeau, R. Hincapie, W. Lee, S. S. Nguyen, M. Xu, C. W. am
Ende, M. G. Finn, K. Lang, Q. Lin, J. P. Pezacki, J. A. Prescher, M. S. Robillard,
J. M. Fox, Nat. Rev. Methods Primers 2021, 1, 30; g) J. A. Shadish, C.A.
DeForest, Matter 2020, 2, 50-77; h) E. M. Sletten, C. R. Bertozzi, Angew. Chem.
Int. Ed. 2009, 48, 6974-6998; i) C. Spicer, B. G. Davis, Nat. Commun. 2014, 5,
5740-5754; j) N. Stephanopoulos, M. B. Francis, Nat. Chem. Biol. 2011, 7, 876-
884.

[4] a) J. W. Chin, Nature 2017, 550, 53; b) C. H. Kim, J. Y. Axup, P. G. Schultz,
Curr. Opin. Chem. Biol. 2013, 17, 412-419; c) K. Lang, J. W. Chin, ACS Chem.
Biol. 2014, 9, 16-20; d) D. D. Young, P. G. Schultz, ACS Chem. Biol. 2018, 13,
854-870; e) J. S. ltalia, Y. Zheng, R. E. Kelemen, S. B. Erickson, P. S. Addy, A.
Chatterjee, Biochem. Soc. Trans. 2017, 45, 555-562.

[5] a) E. D. Ficaretta, C. J. J. Wrobel, S. J. S. Roy, S. B. Erickson, J. S. Italia, A.
Chatterjee, J. Mol. Biol. 2022, 434, 167304-167315; b) J. S. Italia, P. S. Addy,
C. J. Wrobel, L. A. Crawford, M. J. Lajoie, Y. Zheng, A. Chatterjee, Nat. Chem.
Biol. 2017, 13, 446-450.

[6] @) P. S. Addy, S. B. Erickson, J. S. ltalia, A. Chatterjee, J. Am. Chem. Soc.
2017, 139, 11670-11673; b) P. S. Addy, Y. Zheng, J. S. ltalia, A. Chatterjee,
ChemBioChem 2019, 20, 1659-1663; c) P. S. Addy, S. B. Erickson, J. S. ltalia,
A. Chatterjee, Methods Mol. Biol. 2019, 2033, 239-251.

[71 P. S. Addy, J. S. ltalia, A. Chatterjee, ChemBioChem 2018, 19, 1375-1378.

[8] a) M. Bauch, W. Fudickar, T. Linker, Molecules 2021, 26, 804; b) Y. Kondo,
J. Imai, H. Inoue, J. Chem. Soc., Perkin Transactions 1 1980, 911-918; c) M.
Liu, Z. Zhang, J. Cheetham, D. Ren, Z. S. Zhou, Anal. Chem. 2014, 86, 4940-
4948; d) G. R. Martinez, J. L. Ravanat, J. Cadet, S. Miyamoto, M. H. Medeiros,

WILEY-VCH

P. Di Mascio, J. Am. Chem. Soc. 2004, 126, 3056-3057; €) M. Matsumoto, M.
Yamada, N. Watanabe, Chem. Commun. 2005, 483-485; f) Y. Tamura, M. Akita,
H. Kiyokawa, L. C. Chen, H. Ishibashi, Tetrahedron Lett. 1978, 19, 1751-1752.
[9] a) M. Mdiller, F. Grabnitz, N. Barandun, Y. Shen, F. Wendt, S. N. Steiner, Y.
Severin, S. U. Vetterli, M. Mondal, J. R. Prudent, R. Hofmann, M. van Oostrum,
R. C. Sarott, A. I. Nesvizhskii, E. M. Carreira, J. W. Bode, B. Snijder, J. A.
Robinson, M. J. Loessner, A. Oxenius, B. Wollscheid, Nat. Commun. 2021, 12,
7036; b) H. Liu, H. Luo, Q. Xue, S.Qin, S. Qiu, S. Liu, J. Lin, J. P. Li, P. R. Chen,
J. Am. Chem. Soc. 2022, 144, 5517-5526; ¢) H. Luo, W. Tang, H. Liu, X. Zeng,
W. S. C. Ngai, R. Gao, H. Li, R. Li, H. Zheng, J. Guo, F. Qin, G. Wang, K. Li, X.
Fan, P. Zou, P.R. Chen, Angew.Chem.Int. Ed.2022, 61, €202202008.

[10] C. Wang, H. Zhang, T. Zhang, X. Zou, H. Wang, J. Rosenberger, R. E.
Vannam, W. S.Trout, J. B. Grimm, L. D. Lavis, C. Thorpe, X. Jia, Z. Li, J. M. Fox
J. Am. Chem. Soc. 2021, 143, 10793-10803.

[11] M. A. Gray, R. N. Tao, S. M. DePorter, D. A. Spiegel, B. R. McNaughton,
ChemBioChem 2016, 17, 155-158.

[12] a) A. Chatterjee, S. B. Sun, J. L. Furman, H. Xiao, P. G. Schultz,
Biochemistry 2013, 52, 1828-1837; b) J. S. ltalia, P. S. Addy, S. B. Erickson, J.
C. Peeler, E. Weerapana, A. Chatterjee, J. Am. Chem. Soc. 2019, 141, 6204-
6212; c) A. Sachdeva, K. Wang, T. Elliott, J. W. Chin, J. Am. Chem. Soc. 2014,
136, 7785-7788; d) K. Wang, A. Sachdeva, D. J. Cox, N. M. Wilf, K. Lang, S.
Wallace, R. A. Mehl, J. W. Chin, Nat. Chem. 2014, 6, 393-403; e) H. Xiao, A.
Chatterjee, S. H. Choi, K. M. Bajjuri, S. C. Sinha, P. G. Schultz, Angew. Chem.
Int. Ed. 2013, 52, 14080-14083; f) Y. Zheng, P. S. Addy, R. Mukherjee, A.
Chatterjee, Chem. Sci. 2017, 8, 7211-7217; g) Y. Zheng, R. Mukherjee, M. A.
Chin, P. Igo, M. J. Gilgenast, A. Chatterjee, Biochemistry 2018, 57, 441-445.
[13] J. C. Jewett, C. R. Bertozzi, Chem. Soc. Rev. 2010, 39, 1272-1279.

[14] a) A. M. Marmelstein, M. J. Lobba, C. S. Mogilevsky, J. C. Maza, D. D.
Brauer, M. B. Francis, J. Am. Chem. Soc. 2020, 142, 5078-5086; b) M. J. Lobba,
C. Fellmann, A. M. Marmelstein, J. C. Maza, E. N. Kissman, S. A. Robinson, B.
T. Staahl, C. Urnes, R. J. Lew, C. S. Mogilevsky, J. A. Doudna, M. B. Francis,
ACS Cent. Sci. 2020, 6, 1564-1571;c) P. G. Isenegger, B. G. Davis, J. Am.
Chem. Soc. 2019, 141,8005-8013; d) A. M. Elsohly, M. B. Francis, Acc. Chem.
Res. 2015, 48, 1971-1978.

[15] F. Tian, Y. Lu, A. Manibusan, A. Sellers, H. Tran, Y. Sun, T. Phuong, R.
Barnett, B. Hehli, F. Song, M. J. DeGuzman, S. Ensari, J. K. Pinkstaff, L. M.
Sullivan, S. L. Biroc, H. Cho, P. G. Schultz, J. DiJoseph, M. Dougher, D. Ma, R.
Dushin, M. Leal, L. Tchistiakova, E. Feyfant, H. P. Gerber, P. Sapra, Proc. Natl.
Acad. Sci. USA 2014, 111, 1766-1771.

[16] Y. Chen, J. Tang, L. Wang, Z. Tian, A. Cardenas, X. Fang, A. Chatterjee,
H. Xiao, Chem 2020, 6, 2717-2727.

[17] a) G. S. Kumar, Q. Lin, Chem. Rev. 2021, 121, 6991-7031; b) S. V.
Mayer, A. Murnauer, M. K. von Wrisberg, M. L. Jokisch, K. Lang, Angew. Chem.
- Int. Ed. 2019, 58, 15876-15882.



Entry for the Table of Contents

NH;

Oxygen

Methylene
blue

Text for Table of Contents:

A novel visible light-catalyzed bioconjugation reaction,
PhotoCLIC, has been developed for chemoselective attachment
of aromatic amines onto a 5-hydroxytryptophan (5HTP) residue
site-specifically preinstalled in a full-length protein using genetic
code expansion technology. PhotoCLIC has a wide substrate
scope and is compatible with the strain-promoted azide-alkyne
cycloaddition to enable site-specific dual-labeling of target

proteins

Institute and/or researcher Twitter usernames: @AChemSynBio,

@ChemistryBC

»
'“"

WILEY-VCH



