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Abstract: Over the last two decades, the development of chemical
biology and the need for more defined protein conjugates have
fostered active research on new bioconjugation techniques. In
particular, a wide range of biorthogonal click strategies have been
reported to functionalize the phenol side chain of tyrosines (Y). Y
occur at medium frequency and are partially buried at the protein
surface, offering interesting opportunities for site-selective labelling of
the most reactive residues. Y-targeting has proved effective for
designing a wide range of important biomolecules including antibody-
drug conjugates, fluorescent or radioactive protein probes,
glycovaccines, protein aggregates and PEG-conjugates. Innovative
methods have also been reported for site-specific labelling with
ligand-directed anchors and for specific affinity capture of proteins.
This review will present and discuss these promising alternatives to
the conventional labelling of the nucleophilic lysine and cysteine
residues.

1. Introduction

Site-specific chemical modification of proteins is becoming
increasingly important in research and industry for monitoring
cellular events or designing protein therapeutics. An extreme level
of specificity can be achieved by genetic code expansion
techniques where the translational machinery is reprogrammed
with unnatural amino acids bearing a biorthogonal handle.'
Such genetic engineering must, however, be carried out in a
specialized laboratory and the chemical post-translational
modification of native protein is still a highly complementary
approach, although its effectiveness is continually improving.
Historically, the chemical modifications of proteins nearly
exclusively focused on the abundant lysine (Lys) and relatively
rare cysteine® (Cys) residues, while other amino acids (AAs)
where much less exploited.®

Classical and recently improved bioconjugation methods include
reductive aminations, and amide, urea and thiourea formation
with solvent-exposed Lys residues, while Cys anchors are
generally functionalized by alkylations,”® metal assisted
arylation,®'° disulfide exchange, or addition to a maleimide
Michael acceptor. These different methods generally provide a
high level of chemoselectivity for one type of AA. For therapeutic
applications, a higher level of control may be required, as single-
site protein modification is preferable to avoid a heterogeneous
mixture of protein conjugates that would potentially show different
pharmacodynamic profiles and therapeutic indices. The goal is
more easily reached when the highly nucleophilic Cys, with low
abundance, is targeted, but promising protocols have also been
recently developed for the kinetically-controlled labelling of the
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most reactive Lys residues.'-"* Indeed, Lys reactivity is strongly
affected by the neighbouring AAs with regard to their accessibility
and pKa value."®

The growing interest in chemical biology and high demand for new
bioconjugates has driven the development of new conjugation
methods for selective anchoring on other AAs. Promising
methods have been actively developed for the selective
bioconjugation of less nucleophilic AAs such as arginine,'®
tryptophan,'” and methionine,'®'® with a specific focus on tyrosine
(Y). Y is a versatile AA due to the presence of the phenolic moiety.
The aromatic side chain is hydrophobic and mainly involved in -
stacking interactions or cation-Tr interactions. However, due to the
presence of the hydroxyl group, it can also be involved in
hydrogen bonding, and due to its redox potential, can form tyrosyl
radicals enabling electron transfers.?%2!' Y occurs at medium
frequency on the protein surface and the amphiphilic phenol ring
is generally partially or fully buried in the protein surface. Y on
proteins therefore have varying levels of accessibility and
reactivity, which could be exploited for site-selective modification.
Furthermore, Y is neutral over a wide range of pH and its
modification does not alter the overall charge of the protein. Y
residues experience highly diverse biological modifications such
as nitration, oxidation, cross-linking, AMPylation, halogenation or
glycosylation, which are involved in important physiological
processes or triggered by certain inflammatory or
neurodegenerative diseases.?? Thus, the specific chemical
labelling of Y may also offer a unique opportunity to deepen our
understanding of the relevance of these post-translational
modifications. The aim of this article is to review the promising
chemical methods for Y labelling published over the last 15 years
(Figure 1) and their implementation. Recently published labelling
methods on non-natural Y analogues (such as aryl halides),?® or
highly reactive ortho-quinone, were deliberately omitted.?+2°

2. Cross-linking via catalytic tyrosine mono-
electronic oxidation

Aggregative processes leading to multiprotein complexes
mediate a host of binding events and catalytic processes. The
formation of covalently cross-linked protein is also largely
exploited in the development of biomimetic materials such as
hydrogels, in the food industry for enhanced storage or improved
organoleptic properties, and in textile manufacturing for the
treatment of protein fibres. The formation of protein-protein
covalent bonds can be performed chemically using a bifunctional
cross-linker such as glutaraldehyde, or with an enzyme turning
surface-exposed amino acids into reactive species.?® Y is an AA
of choice for protein cross-linking because oxidoreductases such
as peroxidases?” or laccases?® catalyse electron abstraction from
the phenol ring, leading to a reactive radical that dimerizes with a
tyrosyl radical from a second protein (Figure 1). If the two
enzymes have broad substrate selectivities, allowing protein
multimerization on a wide range of targets, the cross-linking
process may fail with polypeptides bearing Y with low accessibility.
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Figure 1. Enzymatically-promoted Y cross-linking.

Conversely, if several Y are surface-exposed, a complex cross-
linked mixture may be formed. A better control of protein
polymerization can be achieved by the genetic incorporation of
peptide tags containing a Y residue. Kamiya and co-workers
genetically introduced a GGGGY or GGYYY tag at the C-
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terminus of the model protein Escherichia coli alkaline
phosphatase (BAP). The Y in tags are much more available than
Y trapped in a folded protein. After horseradish peroxidase
(HRP)-promoted oxidation of phenolic moiety, tyrosyl radicals
react to form linear or branched cross-linked proteins, with
different levels of polymerization (Figure 2). The authors showed
that the catalytic activity of these polymers is not affected by the
radical polymerization. Site-specificity was demonstrated
because peroxidase (HRP)-mediated Y cross-linking was shown
to occur exclusively with the tagged BAP. Wild-type BAP, or BAP
after tag removal by enzymatic digestion, showed no reactivity.?
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Figure 2. Y cross-linking reaction promoted by HRP in genetically modified alkaline p!

hosphatase BAP. Y displayed on the penta-peptide tag (GGGGY) are oxidized

into tyrosyl radicals which cross-couple to yield different polymeric arrengements of BAP.

Protein cross-linking was also successfully achieved using a
photogenerated oxidant.*® The photolysis of a ruthenium(Il)
tris-bipyridyldication  [Ru(ll)bpys]>* in the presence of
ammonium sulfate results in the production of Ru(lll), a strong
one-electron oxidant, and of the sulfate radical, proposed to be
good hydrogen abstracting agents. These products lead to Y
dimerization following the proposed mechanism presented in
Figure 3.

The formation of protein multimers was observed after rapid
(<1s) flash light irradiation. Long-wavelength light irradiation is
particularly convenient as few biomolecules absorb light
outside of the UV region. Notably, photoinduced protein cross-
linking was also successfully mediated with palladium
porphyrins though a similar mechanism.3!
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Figure 3. Y cross-linking reaction using a ruthenium photo-catalyst system.



Chemical Y oxidation was also shown to be a convenient
method to functionalize peptides, proteins or viral capsids.®?33
Nakamura and co-workers demonstrated the interest of using
such a photocatalyst for the selective labelling of a protein of
interest (carbonic anhydrase, CA) in cell lysate.®* A
benzensulfonamide ligand of CA was covalently attached to a
[Ru(Ibpys]?* derivative and incubated in a lysate of
erythrocytes (Figure 4). After light irradiation and tyrosyl radical
formation, the proteins were labelled with a biotin-
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functionalized tyrosyl radical-trapping agent (N, N-dimethyl-1,4-
phenylenediamine). A high level of labelling selectivity was
observed on SDS-PAGE with a unique band at 29 kDa
corresponding to CA, confirming the affinity-guided activation
of Y. In a subsequent report, the photocatalyst-proximity
dependence of the reactive substrate was studied and the
concept was extended to another class of Y-reactive species
(urazoles).®®
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Figure 4. Specific carbonic anhydrase (CA) labeling through affinity-guided activation of Y. Irradiation of the CA-ligand complex generates a tyrosyl radical reacting

with a biotine-labelled radical-trapping agent.

3. Three component Mannich-type Y
conjugation

The three-component Mannich-type reaction was recognized
in the early 1950s as a tool for protein modification and cross-
linking.®  Aminomethylol  derivatives  obtained  after
formaldehyde addition to proteins amino groups (lysine) were
shown to induce peptides and proteins cross-linking after
coupling with a variety of AAs such as asparagine, glutamine,
tryptophan, and Y. The reaction mechanism starts by imine
condensation of a primary aromatic amine with formaldehyde.
Then, the phenol ring is deprotonated (Betti reaction) to
undergo an electrophilic aromatic substitution with the iminium
ion.
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Figure 5: Mechanism of the three component Mannich-type Y conjugation

Francis’ research group developed this non-specific Mannich-
type reaction for selective Y labelling.%” Electron-rich anilines
combined with formaldehyde were shown to form imines that
selectively react with accessible Y under mild conditions and
relatively low pH (6.5). The authors efficiently labelled
chymotrypsinogen A, lysosyme, RNase and myoglobin using
an aniline bearing a fluorescent chromophore and a set of
aldehydes (Figure 6). The chemoselectivity for a specific Y of
chymotrypsinogen (Y 146) was demonstrated by tryptic
digestion and MALDI-MS experiments.

chymotrypsinogen A

Figure 6. Modification of chymotrypsinogen A by a Mannich type reaction

In a second paper, the group extended the substrate scope of
the reaction to short peptide sequences.3® Anilines containing
peptides at either the C- or N-termini were designed by solid
phase synthetic routes. The local Y environment was shown to



significantly impact the level of reactivity and the eGFP protein,
which had several surface-exposed Y, demonstrated much
higher levels of reactivity compared with myoglobin.

4. Y-conjugation via sulfur fluoride
exchange chemistry (SuFEX)

SuFEx has become an increasingly popular click chemistry
method since the potential of sulfur(VI) fluorides was
reintroduced by Sharpless and co-workers in 2014.3940 SUFEx
occurs when the fluoride atom is displaced from the sulfur by
O- or N- nucleophiles to form stable conjugates. This sulfuryl
chemistry can be sluggish with electrophiles such as
arylsulfonyl fluorides (Ar-SO2-F) and arylfluorosulfate (ArO-
SO,-F) that are kinetically stable to hydrolysis and resistant to
oxidation and reduction. This specific reactivity pattern has
been successfully exploited in chemical biology and medicinal
chemistry for click protein labelling,*'* after reaction with the
side chain of nucleophilic AAs. Although SuFEx may be
performed on a potentially wide range of AAs, chemoselectivity
can only be achieved by fine-tuning the experimental
procedure or in a context-specific environment.*

Recently, Kim and co-workers showed that Y model
nucleophile p-cresol reacted with arylfluorosulfate in DMSO in
the presence of the specific base tetramethylguanidine.*® In the
same conditions, n-butylamine, propanethiol, methanol, N-
propylguanidine and 3-methylindole, as representative models
of the nucleophilic AAs Lys, Cys, Ser, Arg andTrp, respectively,
failed to provide the expected product. Based on these results,
the authors hypothesized that Y can chemoselectively
participate in a SUFEXx reaction. A cell penetrating peptide (TAT
47-57) possessing one Y at the N-terminus was labelled with a
rhodamine dye connected to the arylsulfonate anchor. After
incubation of the conjugate with HelLa, an efficient cell
permeation was observed by confocal laser scanning
microscopy. The procedure also proved effective for the
PEGylation of recombinant human erythropoietin (Figure 7).
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Figure 7. SuFEx reaction with a fluorosulfate derivative to graft PEG
molecules on proteins.

SuFEXx is also a relevant strategy for the design of covalent
inhibitors. Arylfluorosulfates are less reactive than the better-
known aryl-sulfonyl fluorides and are therefore more suited for
site-specific conjugation with Y. The former are virtually stable
to nucleophilic substitution, except if a protein-binding site
provides the means to activate the reactivity. This was
exemplified by Kelly and co-workers who discovered that
members of the intracellular lipid binding protein (iLBP) family,
delivering ligands to nuclear hormone receptors, are
selectively labelled by biphenylic fluorosulfates both in vitro
and in vivo.*® Such simple hydrophobic probes covalently
modify cellular retinoic acid binding protein 2 (CRABP2) with
low background labelling of the human proteome. Crystal
structure of the CRABP2-conjugate and binding site
mutagenesis provide hints about the ligand binding and
fluorosulfate activation. The conserved Y 134 residue in the
fatty acid binding site was shown to be bound to the sulfur atom.
The specific reactivity of the Y 134 phenol could be explained
by its low pKa~7.6, perturbated by two proximal Arg residues.
Thus, it seemed that both the non-covalent binding-equilibrium
of the probe with CRABP?2 increasing the local concentration,
and the presence of Arg residues lowering the pKa value
contributed to the chemoselective Y 134 modification.
Deliberate targeting of a specific Y residue from a protein
binding site by SuFEx may also be expected. Jones and co-
workers designed covalent inhibitors of the mRNA-decapping
scavenger enzyme DcpS.#* Based on the already reported X-
ray structures of DcpS bound to diaminoquinazoline (DAQ)
ligands, the authors designed DAQ containing aryl sulfonyl
fluoride anchors, ortho- (SF-01) meta-(SF-m1) or para- (SF-p1)
substituted (Figure 8).4” X-ray crystallographic structures
confirmed the expected reactivity of the three isomers towards
the proximal Y 113 and Y 143. As expected, SF-01 and SF-m1
reacted with Y 113, whereas SF-p1 reacted with Y 143.
These studies illustrate the precise level of selectivity that can
be achieved by SuFEx when the experimental conditions are
fine-tuned, despite the reactivity of sulfur(VI) fluorides for a
broad range of nucleophiles.

SF-01 +Y113
N\YNHZ
=N
O NH,
é
Ortho= (SF-01)
Para= (SF-p1)
SF-p1+Y143

Figure 8. Ortho- (SF-01) and para- (SF-p1) isomers of diaminoquinazoline
inhibitors of a mMRNA-decapping scavenger enzyme (DcpS) were shown to
specifically react with Y113 and Y143 buried in the binding site, respectively.
Adapted with permission from ACS Chem. Biol. 2015, 10, 1094-1098,
copyright 2015, American Chemical Society.



5. Transition metal complexes for Y
conjugation

Some transition metal catalysts possess sufficient functional
group tolerance to perform chemoselective reactions in
aqueous buffers. Iridium catalysts were shown to promote
reductive alkylation of aldehydes on protein lysine residues
and N-terminii.*® A selective method for the modification of Trp
residue using rhodium carbenoid species was also reported by
Francis and co-workers.*® The same research group
developed Tr-allylpalladium complexes for Y conjugation
(Figure 9).%°

Y-alkylation with r-allylpalladium complexes
ky ylp p NS
Pd(OAC),+TPPTS . Py
W\/OAC b} K\/—\\ Y Residues | =
LPd* =
Buffer (pH™~9) "
b

Figure 9 mr-allylpalladium complexes for Y bioconjugation.

Rhodamine-labelled allylic acetate exposed to palladium
acetate and triphenylphosphine tris-sulfonate (TPPTS) at pH
8.5-9 successfully derivatized the accessible Y of
chymotrypsinogen A, H-Ras, bacteriophage MS2 and a-
chymotrypsin. This procedure was also implemented for
grafting a novel polarity-sensitive probe on Y108 of bovine
Cu/Zn superoxide dismutase.5' The probe efficiently recorded
the local polarity change around the Y108 domain during acid
or heat denaturation of the protein. This approach might
provide a general way to measure local environment changes
in'Y proximity.

A particularly attractive feature of the r-allylpalladium
complexes method is the possibility to switch the allylic acetate
for a more hydrophilic leaving group.%® The relevance of this
“solubility switching” strategy was demonstrated by the design
of synthetic lipoproteins obtained from a hydrophobic C17
chain solubilized in a 95:5 H,O:DMSO mixture, thanks to a
hydrophilic taurine carbamate moiety (Figure 10). Thus, a
highly hydrophobic moiety can be solubilized thanks to the
hydrophilic carrier, which improves access to the artificial
lipoprotein.

Solubility-switching technique

PA(OAC),+TPPTS
Phosphate buffer

&~
Chymotrypsinogen A

Figure 10 T-allylpalladium complexes to graft lipophilic molecules on
proteins. Palladium-cleavable taurine enhanced the water solubility of a C15
lipid allowing chymotrypsinogen A modification.

Transition metals not only catalyse Y conjugation but may also
be directly involved in the formation of stable complexes with
Y. A first evidence of a chemoselective formation of a m5-Y
complex was provided by rhodium on G-protein coupled
receptor (GPCRs) peptides.®? In this study, [Cp*Rh(H,0) 3]
(OTf), reacted with the small peptides enkephalin, neurotensin
and octreotide complexes to form Cp*Rh-Y peptides in water,
at room temperature and pH 5-6. This labelling technique,
using preformed reactive complexes, was only explored with
unfunctionalized Rh ligands. Ball and co-workers significantly
extended the scope of organometallic Y labelling when they
reported a coupling method using a simple Rh salt (RhCl3) and
aryl boronic acids incorporating an affinity handle or a
fluorescent dye (Figure 11).5% The in situ formation of a m%-Y
complex was shown to be effective on a wide range of peptides
and proteins and to be stable towards a variety of biologically
relevant reagents excepted with the nucleophilic redox
mediators dithiothreitol (DTT) and H,O,. The dose-dependent
complex degradation may actually offer interesting
opportunities for a controlled released of the arylboronate
substituent.
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Figure 11 Formation of rhodium complexes to anchor fluorophores on
proteins. Bar graph representing fluorescence detection for modification of
selected proteins with NBD-functionalized boronate. Adapted with
permission from Angew. Chem. Int. Ed. 2018, 57, 2827-2830, copyright
2018, Wiley.

6. diazonium coupling reaction

The multimodal reactivity of aryldiazonium salts can be
exploited to modify a wide range of amino acids,> including Y.
Aryldiazonium  salts, generally prepared from the
corresponding anilines by action of a nitrite in a strong acid
medium, can establish an azo linkage with the phenol side ring
of Y by an electrophilic aromatic substitution (Figure 12). This
diazo-coupling reaction is significantly more efficient between
aryldiazonium cations with electron withdrawing substituents,



and an electron-rich aromatic partner-like phenolic ring, under
basic or neutral conditions. Non-activated aryldiazonium
species may also react with phenol residues, but a higher pH
is required to form the more reactive phenolate species.

Diazo-coupling reaction
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Figure12 Mechanism of the diazo-coupling reaction

The potential of Y modification by diazonium coupling was
shown by the modification of the interior surface of the viral
capsids of bacteriophage MS2.%% This first example used a
rather laborious procedure, in four steps, to graft Y under mild
conditions. This strategy was significantly simplified by the
same authors for the surface modification of tobacco mosaic
virus (TMV).% Y 139 from the capsid was selectively
functionalized using diazonium salts from p-
aminoacetophenone. The ketone introduced at the protein
surface was used as a functional handle to introduce
alkoxyamines bearing PEGs or a biotin moiety (Figure 13).

Figure 13 Surface modification of the Tobacco Mosaic Virus. Y139 was
modified by diazo-coupling reaction then functionalized through oxime bond
formation.

This two-step procedure was efficiently applied for the
conjugation of broadly neutralizing antibodies to the HIV-1 drug
aplaviroc,%” the design of magnetic resonance agents from
capsid shells,* or the labelling of luciferase truncated variants
for bioluminescence based detection applications.?® These
successful Y modifications were achieved with arydiazonium
reagents bearing a formyl group for oxime ligation, which also
proved essential for the stability of the diazonium ion. Although
direct peptide and protein ligation with aryldiazonium salts
bearing PEGs, radionuclide complexes, or grafted on
polymethacrylate polymers has been reported,®®¢' examples

remains scarce and one-step Y coupling by the diazo
procedure seems to be limited to a restricted number of
conjugates. Indeed, a major limitation of diazo coupling is the
general instability of diazonium reagents that are prepared in
situ just prior to use and in strongly acidic conditions while the
protein coupling is performed at mildly basic pH. The Barbas’
research group showed that formylbenzene diazonium
hexafluorophosphate (FBDP), a bench stable crystalline solid
prepared on a multigram scale, was an efficient staple for
peptide, protein, antibody and HelLa cell surface labelling.®? A
stable diazonium analogue, but with an alkyne group instead
of an aldehyde was also successfully obtained from
commercial 4-ethynylaniline (Figure 14).8% After diazo coupling,
a fluorescent dye and mPEGs armed with an azido-group
could be grafted by copper-catalysed azide-alkyne cyclization
(CuAAC) at model proteins or the TMV surface. Combining
diazo-coupling with CUAAC may extend the potential of the
two-step Y targeting due to the highly biorthogonal alkyne-
azide coupling.®*
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Figure14. Y modification with alkynyl-armed bench stables diazonium salts

Another possible way to counteract the instability of diazonium
salts is to use of a chemical function masking the
aryldiazonium cations. Jewett and co-workers showed that
triazabutadiene scaffolds can be prepared by reacting
functionalized aryl azides with N-heterocyclic carbenes (Figure
14). This chemical moiety can generate aryldiazonium salt
after protonation in a pH-dependant manner.5%66 This strategy
proved effective for BSA conjugation in acidic buffer (pH 4).
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Figure 15 Masking strategy for aryldiazonium salt.



As previously discussed, electron-withdrawing groups in para
position improve diazonium salt electrophily and reactivity.
However, lowering the reactivity of aryldiazonium salts would
be profitable for controlled site-specific Y conjugations. Fridkin
and Gilon described the possibility of forming cyclic azo-
bridged peptides (derived from RGD, GnRH, Tuftsin, VIP and
SV40 NLS) by an intramolecular azo-coupling reaction
between a Y and a phenylalanine residue (amino-Phe). They
showed that diazophenylalanine derivatives (diazo-Phe) have
a moderate reactivity with Y due to the electron donating effect
of the CH, group in the para position of the diazo group.®”

Xia and co-workers also studied the proximity-induced
cyclization of a synthetic peptide with a hairpin structure
confining an N-terminal Y and C terminal amino-Phe in close
spatial proximity (Figure 16). ® Mass spectroscopy analysis
and UV-vis spectroscopy confirmed the formation of the
expected cyclic peptide after converting amino-Phe to diazo-
Phe. When the two reactive groups diazo-Phe and Y were
mixed in solution at micromolar concentration, no azo coupling
occurred, confirming the proximity-driven reaction observed on
the peptide.

C =< «-)\(CO’H Peptide C {*;2\;? \\Iz\l
cychzatlon Wt

1) TFA, NaNO;
4 ! 2) Buffer (pH=7.4) \f //~0H

AcHN
OH

Figure 16 Proximity-driven cyclization: Schematic description of a diazo-
coupling reaction forming a macrocyclic azo-bridged peptide.

This method was also exploited by the authors for the
intermolecular covalent labelling of an SH3 protein with a
diazonium derivative of the polyproline peptide APTMPPPPP,
displaying a micromolar affinity for Abl-SH3. Single mutants
Abl-SH3Y"A and AbI-SH3Y%%A and the corresponding double
mutant showed low and no reactivity with the peptide ligand
respectively. These results suggest a ligand-directed reactivity
for Y7 and Y52 in closer binding-site proximity compared with
Y30 (Figure 17).8

Ligand-induced
site selectivity

_N
AcAPTMPPPPP =
Peptide ligand

Figure 17 Proximity-driven intermolecular covalent labelling of an SH3
protein with a diazonium ligand peptide.

Beside Y, Xia’s research group also discovered that diazo-Phe
species react with the imidazole of histidine (His).®® His
coupling observed therein, and double modifications of Y or His
peptide residues observed with a nitroazobenzene tag,®
suggest a rather low specificity of the reaction between the two
AAs, which may limit the broad applicability of the reaction for
site-specific coupling. Wuest and co-workers also studied the
chemoselectivity of the diazo-coupling reaction by reacting
radiometal-diazo-Phe species with an equimolar mixture of L-
tyrosine and L-histidine. Radio-HPLC analysis, confirmed a
better diazo-coupling with Y at Ph 9, while a preferential
coupling to His was observed at neutral pH (pH=7).8'. The
genetic incorporation of more reactive handles than Y or His
towards diazo-coupling has been shown to efficiently
circumvent these selectivity issues. The electron-rich 2-naphtol
analogue of Y (NpOH) was genetically incorporated into
proteins in E. coli by Tsao and co-workers (Figure 18).7° This
more reactive group was selectively targeted with diazotized
anilines bearing an electron donating group for site-specific
PEGylation. Combining the presence of a more reactive NpOH
group on protein with deactivated diazo -species proved a
particularly efficient way to improve site-selective targeting.
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Figure 18. Selective diazo-coupling reaction for genetically introduced 2-
naphtol analogue of Y.

Genetically encoded 5-hydroxyindoles (5-HTP) were also
shown to exhibit high reactivity toward aromatic diazonium ions,
as demonstrated by the group of Chatterjee.”" In a model
reaction, 4-nitrobenzendiazonium was found to react 4500-fold
faster with 5-HTP relative to Y (k, = 63000 vs 14.2 M's™). This
large shift in reactivity does not guarantee a complete inertness
of the diazo -species and analogues of the less reactive 4-
carbobenzendiazonium (kz = 193 M's”" with 5-HTP) were
selected to label the engineered protein models of the study.

7. Reactions with triazolinediones

The preparation and reactivity of triazolinediones was recently
reviewed by Du Prez and co-workers,”? and will not be covered
here.

Cyclic diazodicarboxamides are among the most promising
and exemplary Y anchors. These silent urazoles are readily
activated to highly reactive triazolinediones (TAD) with
oxidizers such as NBS or dibromo-dimethylhydantoin.
Although TAD grafting to Y is generally described in literature
as an ene-like reaction, an SeAr mechanism (Figure 19) seems
more plausible and is in adequation with the activation effects



observed after addition of bases and with recently published
quantum chemical approaches.”
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Figure 19. Plausible mechanisms for triazolinedione (TAD) addition to Y.

The versatility of cyclic diazodicarboxamides for Y -
bioconjugation was first reported ten years ago by the research
Barbas’ research group at the Scripps research institute.”
Since  then, published examples of successful
phenyltriazolinedione (PTAD) conjugations have flourished,
not only in the field of chemical biology but also in material
chemistry. Original applications in the latter field include i)
tailoring of electrode surfaces,” ii) formation of bottlebrush
polymers,® iii) improvement of polymer tensile strength by bis-
TAD reticulation, iv) design of dynamic polymer systems where
reversible PTAD adducts are able to translick,”” and v) the
design of shape-memory polyurethane networks using
thermoreversible PTAD chemistry.”® Although of high interest
and relevant for development in material sciences, this section
will only discuss representative examples of PTAD for
bioconjugations.

In their initial report,”* Barbas and co-workers showed that
PTAD could selectively label the N-acyl methyl amide of Y
among mixtures of other amino acid amides in phosphate
buffer/acetonitrile, opening an interesting perspective for
protein labelling. The newly formed C-N bond between p-cresol,
as a model phenol, and PTAD was stable in strongly acidic and
basic conditions (10% HCI or 10% NaOH in MeOH) for 24H at
room temperature or high temperature (120°C) for 1H. This
suggests that the PTAD linkage is more robust than classical
thiol-maleimide conjugate, as latter observed by the authors in
human blood plasma (Figure 20).7°

Thus, the PTAD conjugate remained stable for more than 7
days while thiol-maleimide completely degraded after one hour.
Interestingly, BSA labelling with a PTAD-functionalized
rhodamine dye was effective over a wide range of pH (2-10)
with 54% labelling at pH=2 and up to 98% vyields at pH 10.
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Figure 20. Stability of PTAD and thiol-maleimide conjugate in human
plasma. Reprinted with permission from Bioconjugate Chem. 2013, 24, 520-
530, Copyright 2013, American Chemical Society.

The authors also demonstrated the compatibility of the
bioconjugation method on peptides and model proteins such
as chymotrypsinogen A or myoglobin and on the therapeutic
antibody Herceptin (Figure 21).7* After urazole oxidation of a
conjugated RGD peptide in organic media, the reactive PTAD
derivative was added to a PBS solution of Herceptin antibody.
The antibody conjugate was studied by ELISA and shown to
conserve its ability to bind to the growth factor receptor 2 ErbB-
2 while the RGD tag allowed av33 integrin binding.
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Figure 21. PTAD anchors to functionalize Herceptin antibody with cyclic
RGD

The PTAD anchor also proved efficient for the design of well-
defined glycoconjugate vaccines. Berti and co-workers in
Novartis developed a two-step approach for the design of a
vaccine against Candida albicans.®® The protein carrier, a non-
toxic mutant diphtheria toxin (CRM1g7) was first armed with an
alkyne group by the Y coupling. The carbohydrate antigen, a
synthetic hexameric B-(1,3)-glucan bearing an azido-group,
was subsequently grafted by CuAAC onto CRMyjg;. The
resulting glycoconjugate was shown to elicit specific IgG titres



in an immunization study in mice. This two-step method was,
however, ineffective for grafting polysaccharides of higher
molecular weight as later shown by Adamo and co-workers.!
This goal was achieved using the strain-promoted azide-alkyne
cyclization (SPAAC) instead of the conventional CuAAc. This
modified two-step conjugation enabled the conjugation of a
complex and negatively charged streptococcal polysaccharide
to CRMyg;. The glycoconjugate proved effective in protecting
new-born mice against Streptococcus agalactiae infections
following vaccination of the mothers.8?

Although very promising for a wide range of applications, Y-
bioconjugation with PTAD shows inherent limitations and more
research is needed to extend its potential scope. PTAD are
unstable in physiological conditions and have to be prepared
immediately before use by chemical oxidation of a
phenylurazole precursor. The use of a chemical oxidant to form
the reactive PTAD intermediate may not be compatible with
substrates with low oxidation potentials. Depending on the Y
accessibility and reagent stoichiometry, two molecules of
PTAD may be grafted to a single Y phenol ring (Figure 22).
PTAD derivatives were also shown to be stable in acetonitrile
but a rapidly accelerated decomposition was observed after
water addition.?® In water mixtures, an isocyanate
decomposition product of the PTAD may be formed, resulting
in the unwanted formation of thiourea bonds on the lysine
amino groups of the targeted peptides or proteins. To avoid this
side-reaction, PTAD coupling should be performed in Tris
buffer (containing a primary amine group) or in a mixture of
buffers with Tris to scavenge the isocyanate side-
product.”®8%8  This procedure was however not always
efficient at suppressing the unspecific labelling of amino -
groups on more challenging targets.?*
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Figure 22. Possible unwanted reactions during PTAD anchoring

Nakamura and co-workers showed that Y-bioconjugation with
luminol derivatives was more selective than PTAD due to the
absence of lysine modification.®* Luminol is used in forensic

investigations, wherein traces of blood (hemin) in the presence
of hydrogen peroxide (H.O;) catalyses luminol oxidation
leading to the chemiluminescence reaction. This oxidation
protocol was adapted with N-methylluminol derivatives for Y-
coupling. BSA, streptavidin and CA were efficiently labeled
using 10uM hemin and 1 mM H,O-, Lysine coupling was never
observed, but cysteine residues were shown to be partially
oxidized on angiotensin Il variants, and double modifications
were observed at the most accessible Y residue of BSA. The
oxidation procedure using excess H.O, may also partially
damage the protein structures as suggested by anti-tubulin
antibody which showed slightly decreased antigen selectivity
after modification.

In a subsequent paper, the authors described a drastically
improved procedure using horseradish peroxidase (HRP)
instead of hemin.?5 HRP showed excellent catalytic activity,
and almost total conversion of angiotensin Il into the expected
Y-clicked adduct was observed at only 0.1% mol HRP while
10% mol hemin was required for a similar conversion yield
(Figure 23). Importantly, and in contrast to hemin, side
reactions such as Y cross-coupling involving an oxidative
radical process or cysteine oxidation were not observed when
HRP was used on model substrates or BSA. Thus N-luminol
derivatives are promising precursors of Y chemical anchors.
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Figure 23. Angiotensin Il (sequence DRVIHPF)-luminol adduct is obtained
by in situ oxidative activation of luminol anchors. Authors observed a higher
catalytic activity using HRP protein.

As excess of chemical oxidant may be problematic with
sensitive protein targets and substrates, we recently explored
the possibility to activate Y anchors electrochemically (Figure
24).8¢ Instead of using a chemical oxidant, the reactive PTAD
anchors were generated on demand and in situ from the
corresponding Ph-Ur species by applying an electrochemical
activation potential of 0.36V. At this value, the electroactive
amino-acids from proteins (L_Tyr, L-Phe, L-Trp or L-Hist) were
inert and unique Y- labeling was observed on model peptides
and proteins such as oxytocin, angiotensin 2, BSA or
epratuzumab. Although the reactions were conducted in pure
PBS buffer without Tris scavenger, we never observed lysine
modifications as a side reaction.
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Figure 24. Electrochemically-promoted tyrosine click reaction (e-Y-click). After chemoselective electroxidation of dormant Ph-Ur species at the surface of a carbon
electrode, the protein of interest is labelled in situ and in high conversion yield.



Furthermore, enzyme activity was conserved after applying the
e-Y-click labelling protocol, as shown on the glucose oxidase
bearing the redox active coenzyme FAD buried in the active
centre. The conserved activity may be explained by a lower
diffusion coefficient of proteins at the electrode surface due to
higher molecular weight. The e-Y-click protocol is a traceless
procedure for activating Y anchors at electrode surfaces
without damaging the protein structures or activity.

Recently, a second report of Y electrochemical bioconjugation
was published by Lei and co-workers. The authors
demonstrated the selective incorporation of a phenothiazine
motif on Y of polypeptides, insulin and myoglobin.®” This
second published example confirms the interesting potential of
electrochemistry for protein bioconjugations.

8. Summary and Outlook

Y -bioconjugation for native protein labelling has focus a
specific interest in academic research over the last two
decades. This has yielded a broad range of new Y-labelling
strategies developed by different research groups highlighted
in the present research review. All these strategies are of
specific interest but also have inherent limitations. In
consequence, they should be selected with care depending on
the main purpose of the research. Proteins with solvent-
exposed Y can easily be covalently aggregated by the
formation of Y radicals with oxidoreductase enzymes or light
harvesting ruthenium complexes. This method is, however,
less suited for anchoring a chemical pharmacophore or probes
onto the protein. Such coupling may be successfully achieved
by electrophilic aromatic substitutions  with  small
arenediazonium salts or ene-like addition with PTAD
derivatives, as shown by the numerous successful examples
published on proteins or viral capsides. These two strategies
have recently been technically improved with the development
of bench-stable arenediazonium salts, N-methylluminol
derivatives  limiting PTAD  cross-reactivity, or soft
electrochemical instead of chemical Ph-Ur activation. For site-
specific Y modifications, such as binding site labelling with a
functionalized ligand, the reactivity of the chemical anchors
selected should actually be lowered. This allows key-lock
interaction to dramatically enhance the concentration of the
anchor in the local environment of the targeted proteins.
Normally broad coupling reactions such as SuFEx may
become very selective for a specific Y by ligand-directed and
reactivity-lowered Y-click.

To conclude, Y-click chemistry emerges as a particularly
promising approach for designing medically relevant
bioconjugates such as antibody-drug conjugates or
glycovaccines, or new biological tools for drug-target
identification or protein binding site tagging. We foresee that
future success in developing more efficient protocols will
further expand the scope of Y-click bioconjugations.
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