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The current bioconjugation toolbox overwhelmingly comprises strategies that modify lysine and cysteine
residues within proteins and peptides. Herein, leveraged Frémy's salt (potassium
nitrosodisulfonate) to create an approach to bioconjugation predicated on the oxidation of tyrosine
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residues and the subsequent strain-promoted oxidation-controlled quinone ligation between the
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Over the last three decades, protein- and peptide-based bi-
oconjugates have become indispensable tools in both the
laboratory and the clinic. Their utility, especially within
oncology, is predicated on combining the exquisite affinity and
selectivity of biomolecules for molecular targets of disease and
the unique properties of small molecules. For example, anti-
body-drug conjugates (ADCs)—as their name suggests—are
unions of immunoglobulins (e.g. trastuzumab) and toxins (e.g.
deruxtecan) that are widely employed for the targeted therapy of
cancer."” In addition, many diagnostic and therapeutic radio-
pharmaceuticals are combinations of radiometal chelators and
receptor-specific peptides; to wit, the recently FDA-approved
Lutathera™ features DOTA attached to a somatostatin
receptor-targeting peptide.®* Beyond these high-profile exam-
ples, a myriad of bioconjugates (especially antibodies attached
to fluorophores) are used as molecular tools in the laboratory.

The process by which these molecular tools are created is
called ‘bioconjugation’. Traditionally, the attachment of
cargoes to biomolecules has been achieved via the stochastic
modification of lysine (K) residues with amine-reactive syn-
thons like N-hydroxysuccinimidyl (NHS) esters or
thiocyanates. However, these strategies sacrifice control over
the molecular location of the reaction if biomolecules have
more than one lysine. As a result, stochastic bioconjugation can
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resultant 1,2-quinones and trans-cyclooctene-bearing cargoes.

yield heterogeneous and poorly-defined conjugates with—if the
modification occurs within a critical domain—impaired in vitro
and in vivo performance.*

To circumvent this problem, investigators have increasingly
turned to site-selective and site-specific approaches to bi-
oconjugation.” A wide variety of these strategies have been
developed, including variants based on click chemistry, che-
moenzymatic transformations, and the manipulation of glycans
chains.® However, the most popular (and most facile) methods
are based on the attachment of cargoes to the sulfhydryl groups
of cysteine residues—often the reduced interchain disulfides of
immunoglobulins—using thiol-reactive moieties like mal-
eimides or phenyloxadiazolyl methylsulfones.”

The primacy of lysine and cysteine residues in bi-
oconjugation can pose a problem if the biomolecule does not
contain either residue or, alternatively, if the residues in ques-
tion lie in particularly important structural or functional
domains. Consequently, there has been significant interest in
the development of bioconjugation strategies that selectively
target other amino acids.® Along these lines, tyrosine (Y) is
a particularly promising target due to its low abundance on the
surface of proteins and the reactivity conferred by its phenol
group‘Q—IZ

Several tyrosine-directed approaches to bioconjugation have
been created, each with its own set of advantages and
disadvantages.”*** In 2004, for example, Joshi, et al. leveraged
a three-component Mannich-type reaction between tyrosine's
phenol group, an aldehyde, and a cargo-bearing aniline as
a versatile and cost-effective route to tyrosine-based protein
modification.'® However, the inadvertent modification of tryp-
tophan residues during this reaction can reduce the specificity
of this approach to bioconjugation.’” In 2014, Ban et al. devel-
oped a strategy predicated upon the reaction of oxidation-
activated cyclic diazocarboxyamides like 4-phenyl-3H-1,2,4-tri-
azoline-3,5(4H)-diones (PTADs) with tyrosine.”® Like the
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Mannich-type strategy developed a decade earlier, this method
has been employed to synthesize a variety of bioconjugates;
however, the PTADs can decompose into isocyanates, resulting
in side-reactions with primary amines. Just this year, the Fran-
cis group at the University of California Berkeley has developed
a three-step chemoenzymatic approach based on the tyrosinase-
mediated oxidation of tyrosines to 1,2-quinones, the modifica-
tion of these quinones with dithiothreitol to introduce thiol
moieties, and the subsequent modification of these sulfhydryl
groups with maleimide-bearing probes.” This innovative
approach creatively facilitates the modification of tyrosine
residues with thiol-reactive probes, but its use of an enzyme (i.e.
tyrosinase) could create problems in the context of clinical
production.

We have previously developed an approach to the site-
specific modification of antibodies based on (i) the deglycosy-
lation of the immunoglobulin with PNGaseF; (ii) the oxidation
of a quartet of exposed tyrosine residues (i.e. Y296 and Y300 on
each heavy chain) with mushroom tyrosinase; and (iii) the
strain-promoted oxidation-controlled quinone (SPOCQ) ligation
between the resultant quinones and TCO-bearing cargoes.”®
This strategy proved highly effective, yielding homogeneous,
well-defined, and  stable  %°Zr-DFO-labeled  radio-
immunoconjugates with excellent in vivo performance in
a murine model of colorectal carcinoma. However, this
method's use of two different enzymes is problematic on two
levels. First, the enzymatic incubations are lengthy (6 and 18 h,
respectively). And second, the incorporation of enzymes into the
GMP clinical production of probes can be very challenging.

In light of these challenges, we have worked to develop an
approach to tyrosine-directed bioconjugation that eschews the
enzymatic oxidation of the amino acids (Scheme 1). To this end,
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we have turned to Frémy's salt (potassium nitrosodisulfonate,
discovered by the eponymous Frenchman in 1845), a long-lived
radical that has been used in a variety of applications and was
shown to oxidize aromatic hydroxyls into quinones in 1971 by
Zimmer, et al.**** Furthermore, it is inexpensive, commercially
available, water soluble, and easier to remove from reaction
solutions than its enzymatic counterparts. A similar approach
has been explored in the past, but the investigation in question
used a different dienophile (i.e. bicyclononyne), did not include
any comparative studies to traditional lysine-mediated bi-
oconjugation, and did not include any in vivo evaluation
experiments."®

To validate this approach to bioconjugation, we chose
a model system based on the oyf; integrin-binding ¢(RGDyK)
peptide. Imaging agents based on this peptide are very well
characterized both in vitro and in vivo, and—even more
importantly—the peptide contains both tyrosine and lysine
residues outside of its RGD binding motif, allowing us to
directly compare this nascent method to bioconjugation to
traditional, K-mediated techniques.?

The first step in the development of this system was vali-
dating the ability of Frémy's salt to oxidize the peptide's tyrosine
to a 1,2-quinone. To this end, Frémy's salt (1.7 mg; 6.3 pmol)
was added to a solution of the peptide in PBS buffer (6 mM), and
the absorbance of the solution at 280 and 380 nm was moni-
tored over the course of 60 min (Fig. 1). Critically, time-
dependent changes in absorbance at 280 and 380 nm were
observed, a well-established hallmark of the conversion of
a phenol to a 1,2-quinone.***”

The SPOCQ ligation is predicated on the reaction of 1,2-
quinones with dienophiles such as trans-cyclooctene (TCO).>*°
For this investigation, we turned to TCO-bearing variants of two

— 4 NH HN
TCO-fluorophore

0 0

HO

Fluorophore-"c(RGDyK)

SO3H

NH

MB680R

Scheme 1 The synthesis of fluorophore-modified peptides via the oxidation of a tyrosine residue with Frémy's salt and the subsequent SPOCQ

ligation between the resultant 1,2-quinone and a TCO-bearing cargo.
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Fig. 1 UV-vis absorbance spectra of c(RGDyK) collected for 60
minutes after the addition of Frémy's salt. Inset: the absorbance at
380 nm over the same period.

rhodamine-based fluorophores: the green-light emitting
AlexaFluor™ 488 (AF488) and the near-infrared emitting
MB680R. With respect to the former, a TCO-bearing analogue of
AF488 was purchased from VectorLabs (Newark, California).
With respect to the latter, MB68OR-NHS (5 mg; 6 pmol) was
dissolved in DMF (600 pL) and then combined with TCO-NH,
HCI (3.1 mg; 12 pmol) and DIPEA (3 mg; 24 pmol). The resultant
solution was then stirred at RT for 60 min, during which the
progress of the reaction was monitored via RP-HPLC. Upon
completion, the reaction was purified via preparative RP-HPLC,
yielding the completed fluorophore—TCO-MB680R—in >99%
purity and a yield of 64-75% (Fig. S1).

With the TCO-bearing fluorophores in hand, we proceeded
to the bioconjugation reaction itself. Here, each TCO-
fluorophore (2 mg; 2.1-2.6 pmol) was combined with
¢(RGDyK) (1.5 eq.) and Frémy's salt (4 eq.) in 700 pL of a 50%
acetonitrile/tris buffer solution (pH 8) and stirred on ice for 1 h.
The final conjugates—AF488-"c(RGDyK) and MB680R-"c(RG-
DyK)—were purified via preparative RP-HPLC and isolated in
60-70% yield, and the identity of AF488-Yc(RGDyK) (m/z [M +
2H'*" = 703.0) and MB680R-¢(RGDyK) (m/z [M + 2H']*" =
792.5) was then confirmed via ESI-MS (Fig. S2 and S3). High-
resolution mass spectrometry was performed for each
compound: AF488-Yc(RGDyK) (expected = 1404.487; actual =
1404.494) and MB680R-"c(RGDyK) (expected = 1583.622; actual
= 1583.625) (Fig. S4 and S5).

In parallel, we also synthesized AF488- and MB680R-bearing
variants of c¢(RGDyK) via traditional lysine-directed bi-
oconjugation to facilitate comparisons between the two
methods. In this case, NHS-bearing variants of each fluoro-
phore (2.5 mg; 3.0-4.0 pmol) were combined with ¢(RGDyK) (1.5
eq.) and DIPEA (4 eq.) in 300 pL of DMF and stirred at RT for 1 h.
In line with the preparation of the first pair, the final conju-
gates—AF488-“¢(RGDyK) and MB680R-“c(RGDyK)—were puri-
fied via preparative RP-HPLC and isolated in 60-90% yield, and
their identity was confirmed via ESI-MS (Fig. S6 and S7). High-
resolution mass spectrometry was also performed for each
compound: AF488-“c(RGDyK) (expected = 1136.309; actual =
1136.312) and MB680R-“c(RGDyK) (expected = 1343.474; actual
= 1343.481) (Fig. S8 and S9). Each K- or Y-linked bioconjugate

© 2026 The Author(s). Published by the Royal Society of Chemistry
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was incubated in phosphate-buffered saline (pH 7.4) at 37 °C for
7 days, and the integrity of the probes was assessed daily via
analytical HPLC. All four conjugates remained >96% pure over
the course of the experiment (Fig. S10).

To better understand the relative fluorescence of our probes,
5 uM solutions of each conjugate were added to a clear-bottom
96-well plate (100 pL per well; n = 7) and analyzed with
a microplate fluorescence detector. The relative fluorescence of
AF488-Yc(RGDyK) (1.1 x 10° £ 1.6 x 10’ RFU) was about 5%
greater than that of AF488-Xc(RGDyK) (9.9 x 10% + 1.6 x 107
RFU) using excitation and emission wavelengths of 494 and
517 nm, respectively. Moving on to the other pair, the fluores-
cence of MB680R-"c(RGDyK) (6.9 x 107 & 4.3 x 10° RFU) was
nearly 25% more intense than that of MB680R-“c(RGDyK) (5.5
x 107 4+ 3.1 x 10° RFU) using excitation and emission wave-
lengths of 685 and 709 nm, respectively. The origin of this
phenomenon almost certainly lies in the established ability of
tyrosine residues—which are present in the K-linked variants
but not the Y-linked probes—to quench the fluorescence of
rhodamine-based fluorophores.***

The literature clearly illustrates that the RGD motif of this
family of peptides is responsible for their affinity for oyf;
integrin and that neither modifying nor replacing the Y- or K-
residues of ¢(RGDyK) significantly interferes with binding.****
However, we nonetheless performed in vitro experiments with
ayP; integrin-expressing cells in order to ensure that the
modification of the tyrosine residue did not substantially
impede the peptide's ability to bind its target. For this assay, we
employed the AF488-labeled peptides, as the visible light
emission from this fluorophore is compatible with our confocal
laser scanning microscope (CLSM). U-87 MG human glioblas-
toma cells were seeded on microscope slides, stained with both
DAPI (35 uM) and either AF488-c(RGDyK) or AF488-*c¢(RGDyK)
(10 uM), fixed with formalin, mounted with a fluorescence-
preserving mounting medium, and imaged with a CLSM
using identical acquisition settings (see SI Methods for details).
Importantly, both conjugates clearly bind to the oyf; integrin-
expressing cells, with the signal from AF488-"c(RGDyK) notice-
ably more intense than that from AF488-“c(RGDyK) at similar
cellular densities (Fig. 2).

The final step in the investigation was the comparative
evaluation of the in vivo behaviour of the K- and Y-linked
imaging agents. For these experiments, we turned to the
MB680R-bearing probes, as the NIR emission from this
fluorophore better penetrates tissue and lies farther from the
wavelength of any natural (or feed-related) autofluorescence.
Athymic mice bearing subcutaneous U-87 MG xenografts were
injected with either MB680R-"¢(RGDyK) or MB680R-“c(RGDyK)
[18-21 pg (13 nmol) in 100 pL of sterile PBS] via the lateral tail
vein. In vivo images were then acquired 1, 4, and 24 h after the
administration of the probes using a PerkinElmer IVIS Spec-
trum (Fig. 3A and S11). Immediately after the final timepoint,
the animals were euthanized, the xenografts and selected
organs were collected and arrayed, and an additional ex vivo
NIRF image was acquired (Fig. 3B and $12). By 24 h p.i., both
MB680R-"c(RGDyK) or MB680R-“c(RGDyK) localize in the
tumour and clearly delineate it from surrounding healthy

RSC Adv, 2026, 16, 4299-4304 | 4301
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Fig. 2 CLSM of U-87 MG cells stained with AF488-"c(RGDyK) or
AF488-Xc(RGDyK) (green) and DAPI (blue).

tissue. Interestingly, there are two intriguing differences
between the performance of the probes: in both the 24 h p.i. in
vivo and ex vivo images, MB680R-'c(RGDyK) produces higher
signal in both the tumour and the kidneys (Fig. 3C). These data
suggest that while this tyrosine-based approach to bi-
oconjugation does not impede the ability of the imaging agent
to delineate target tissue, it can alter the pharmacokinetic
profile of the probe compared to an analogue created using
lysine-mediated bioconjugation. The differences in the in vivo
behaviour of MB680R-Yc(RGDyK) may be related to the elimi-
nation of the tyrosine's hydrogen-bonding capability, the pres-
ence of the bicyclic ring system, the presence of a free amine,
or—most likely of all—a combination of these factors.

Before we conclude, we would be remiss if we did not
address what appears to be a significant limitation of this
strategy: the strength of the oxidant. During the investigation,
we found that Frémy's salt is incompatible with several
common near-infrared fluorophores. Indeed, both IRSO0CW
and Cy5.5 quickly decomposed—as evidenced by a rapid change
in colour—upon exposure to the salt (Fig. S13). In light of this
phenomenon, we decided to explore the reactivity of Frémy's
salt with several amino acids that are prone to oxidation,
specifically phenylalanine, tryptophan, cysteine, and methio-
nine. HPLC chromatograms of the former pair before and after
incubation with Frémy's salt reveal that both are largely inert to
the oxidant (Fig. S14 and S15). Cysteine and methionine lack
chromophores, so AF488 conjugates of each—AF488-Cys and
AF488-Met—were prepared to facilitate visualization via chro-
matography (Fig. S16 and S17). Subsequent HPLC analysis
before and after treatment with Frémy's salt suggests that both
amino acids are not readily oxidized by potassium nitroso-
disulfonate but that some decomposition can be observed
(Fig. S18 and S19). While these experiments did not uncover
significant reactivity between these residues and Frémy's salt,
the oxidant may still be too strong to use with more complex
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Fig. 3 (A) In vivo NIRF images acquired 1, 4, and 24 h after the

administration of MB680R-Yc(RGDyK) and MB680R-Xc(RGDyK) to
athymic nude mice bearing subcutaneous U-87 MG xenografts (right
shoulder); (B) ex vivo NIRF images of selected organs acquired
immediately after the final imaging time point (T = tumour; H =
heart; L = liver; S = spleen; K = kidneys); (C) quantitative comparison of
the tumour and kidney signal of the two imaging agents.

biomolecules like immunoglobulins. To wit, size-exclusion
HPLC of a full-length IgG; (ie. 5B1) treated with the salt
revealed that higher concentrations of oxidant prompted the
formation of a peak indicative of the aggregation of the
biomolecule (Fig. S20). Clearly, while this method of tyrosine-
targeted bioconjugation is effective, both the cargo and the
vector with which it is used must be chosen carefully.

In conclusion, we have effectively demonstrated that Frémy's
salt can be harnessed as part of a tyrosine-specific bi-
oconjugation strategy predicated on the SPOCQ ligation. We
have successfully used this approach to synthesize two highly
stable ayf; integrin-targeting fluorescence imaging agents:

© 2026 The Author(s). Published by the Royal Society of Chemistry
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AF488-Yc(RGDyK) and MB680R-"c(RGDyK). Furthermore, we
have demonstrated that these probes exhibit comparable (if not
superior) in vitro and in vivo performance compared to analo-
gous agents synthesized via traditional lysine-directed methods.
Critically, however, we have also observed that Frémy's salt is
such a strong oxidant that it can destroy certain fluorophores
and damage certain biomolecules, suggesting that this
method—while useful—may have limited scope as presently
constituted. Efforts are underway to identify more mild chem-
ical oxidants capable of converting tyrosines to 1,2-quinones,
thereby enabling a gentler variation of this strategy.
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