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Introduction

Strategies for the selective modification of peptides and pro-
teins!'! are crucial for the design of protein-based therapies and
for furthering our understanding of protein structure and func-
tion. The ability to form predictable and stable covalent linkages
between complex biomolecules and target functional groups
drives development in bioconjugation chemistry and the
exploration of promising new classes of therapeutics including
antibody—drug conjugates'®! and stapled peptides.”! Although
nature is readily able to modify complex peptides and proteins
using highly specific enzyme-catalyzed transformations, termed
post-translational modifications (PTMs),¥ duplicating the
mild reaction conditions (physiological pH, aqueous media, and
ambient temperature) and the exquisite chemo- and regio-
selectivity of enzymatic transformations in the laboratory is an
on-going challenge.”’

The majority of classical methods for bioconjugation rely on
the modification of select proteinogenic amino acid residues,
generally exploiting the native nucleophilicity of lysine (Lys),
tyrosine (Tyr), and cysteine (Cys) side chain functionalities.[ !
Unnatural amino acids, incorporated using chemical synthesis or
biological expression, have enabled the introduction of strategic
non-native functional handles (e.g. azides, alkenes, alkynes,
ketones, aryl halides) into peptide and protein precursors, allow-
ing bioorthgonal and site-selective modifications..”! Many mod-
ern bioconjugation methods have exploited these functional
handles through the application of transition metal catalysis,[lb]
as in the venerable Cu'-catalyzed azide-alkyne cycloaddition
(CuAAC) or ‘click’ reaction® or metal-mediated olefin cross-
metathesis.'” Despite these prominent examples, transition metal-
mediated reactions are still underutilized as a means of modifying
complex biomolecules, particularly native substrates bearing no
bioorthogonal handles. This is in part due to the stringent demands
for protein modification (physiological pH, aqueous media, low
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substrate concentrations, and ambient temperatures), which are
often perceived to be incompatible with most organometallic
reagents and reaction protocols.

Early successes in the selective transition metal-promoted
functionalization of native peptides and proteins include
the reductive amination of Lys residues,!'%! application of
pi-allylpalladium complexes for Tyr modification,!'!) and pio-
neering work on the use of rhodium carbenoids for the selective
modification of tryptophan (Trp).l"* Contributions to the
general area of metal-mediated protein modifications have been
thoroughly and exquisitely reviewed.!">'*%! This concise review
will focus instead on a burgeoning trend in bioconjugation
towards the development of metal-mediated strategies for
the chemoselective arylation of native amino acids within
peptides and proteins (Fig. 1). Such metal-promoted arylations
offer several attractive features for protein bioconjugation.
This review will highlight the functional advantages of these
emerging technologies by outlining the most recent advances
(published in 2015 and 2016) in transition metal-mediated
arylations for the modification of native proteins. As such,
promising metal-free arylation strategies for bioconjugation
and stapling using SyAr chemistry!'*! and metal-mediated aryla-
tion strategies employing non-proteinogenic or protected amino
acids are not included in this focussed overview. A highlight of
new strategies for side chain arylation (Fig. 1a) and directed
backbone arylation (Fig. 1b) will provide a snapshot of the
emerging interest and practical utility of metal-mediated aryla-
tions for bioconjugation.

Advantages of Metal-Mediated Arylation

To understand the current trend towards metal-mediated aryla-
tion as a tool for covalent protein modification, it is prudent to
evaluate the strategic advantages offered by the aryl motif as
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a functionalizable unit for bioconjugation. First, the introduction
of an aryl bridge onto native proteins diversifies the realm of
‘linker space’ currently accessible using conventional bio-
conjugation methods, which often utilize alkylation or acylation
chemistry. Altering the spacing and rigidity of the linker unit has
important implications for the physicochemical properties and
in vivo efficacy of bioconjugates, including stapled peptides.!
Second, the ability to introduce diverse aryl ring substituents
facilitates the modulation of bioconjugate properties such
as stability and solubility. Finally, the introduction of aryl motifs
using transition metal complexes offers additional strategic
advantages. Careful optimization of the metal, ligand, and
reaction additives offers vast potential for tunable functional
group selectivity and mild reaction conditions. These features
are crucial for the effective modification of native peptides and
proteins, which are rich in functionality and in which chemo-
and regioselectivity are not provided by the introduction of a
non-native, bioorthgonal handle. The following sections will
therefore emphasize the crucial role of the metal and ligand
complex in achieving highly selective metal-mediated side
chain and backbone arylation reactions.

Side Chain Arylation

The rapid and selective metal-promoted arylation of Cys side
chains within unprotected peptides and proteins was first
reported in 2015 by Buchwald, Pentelute, and coworkers
through the preparation of bench-stable aryl palladium(i)
complexes (Fig. 2) capable of highly efficient aryl transfer to
cysteine residues.!'>! The organopalladium species were readily
formed by oxidative addition of an aryl halide or triflate and the
judicious choice of a ligand (2-dicyclohexylphosphino-2',6'-
diisopropoxybiphenyl, RuPhos), which provided a stable yet
reactive palladium species that could effectively facilitate
C-S reductive elimination to afford diverse S-aryl cysteine

* chemoselective
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(a) Side chain arylation of cysteine (Cys) and selenocysteine (Sec). (b) Histidine (His)-directed backbone
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derivatives at room temperature in aqueous media (pH 5.5-8.5)
and at high dilution (low micromolar concentrations). Although
pi-allylpalladium complexes have been previously employed
for the modification of Tyr residues,''! the arylpalladium
species employed by Buchwald and coworkerst'™ are less
electrophilic, which facilitates their selectivity for cysteine. With
a model peptide, quantitative conversion to the Cys-labelled
products was achieved with a variety of different arylpalladium
reagents, including fluorescent tags, bioconjugation linkers,
affinity labels, and therapeutics. The method was also extended
to the modification of Cys residues within proteins and was
successfully employed in the preparation of an antibody—drug
conjugate linking the cancer drug vandetanib (using arylpalla-
dium reagent 1, Fig. 2) to trastuzumab, a cysteine-containing
monoclonal antibody targeting the breast cancer protein HER2.
By employing a reagent with two electrophilic palladium cen-
tres (e.g. 2), the authors were also able to prepare a stapled
peptide containing a novel diaryl linker unit. Importantly, the
arylated peptide adducts prepared in this study were highly
stable to acid, base, and exogenous thiols, unlike bioconjugates
formed using traditional reagents such as N-ethyl maleimide
and 2-bromoacetamide. Modification of substituents on the aryl
ring also enabled tuning of the oxidative stability of the S-aryl
moiety.["!

Another powerful approach to palladium-mediated Cys ary-
lation was recently reported in 2016 by Davis and coworkers.['®)
This method exploits the endogenous metal binding motifs often
displayed in the active sites of metal-dependent enzymes to
direct regioselective palladium-catalyzed S-arylation in the
presence of multiple Cys residues. The authors hypothesized
that a native binding site might serve to guide a reactive metal
complex, which could then covalently modify a proximal
reactive Cys residue (Fig. 3). The proposed selective arylation
was interrogated using mannosylglycerate synthase (MGS),
a class A glycosyltransferase and metal-dependent enzyme
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bearing an aspartate metal-binding motif (AspigoAla;o1Aspioz),
as a model. Employing an aryl iodide and a Pd(OAc),
complex with the disodium salt of N,N-dimethyl-2-amino-4,6-
dihydroxypyrimidine (DM-ADHP) as a precatalyst in aqueous
medium, the authors were able to form in situ an activated
arylpalladium(i) species capable of selective S-arylation of
Cysa33, which is proximal to the MGS metal-binding motif.
The remaining Cys residues were unmodified, despite reacting
readily in a control experiment employing non-directed
alkylation chemistry. Alanine (Ala)-scanning mutagenesis also
established a role for the metal-binding motif and an accessory
ion-engagement site (Thr;zo) in guiding the reactive palladium
complex, although residual directing ability was observed on
replacement of these residues with Ala. The optimized catalyst
and ligand complex was crucial for reaction success, with alterna-
tive precatalysts returning only unmodified protein. Interestingly,
elevated temperatures (65°C) were also required, suggesting that
the arylpalladium(i) species formed in situ during these transfor-
mations is less reactive than the isolated palladium complexes
employed for the room temperature arylations reported by Buch-
wald and coworkers.[">! These results highlight a primary benefit
of using transition metals for protein modification — judicious
choice of ligands allows precise tailoring of both reactivity and
selectivity.

Davis and coworkers went on to demonstrate selective
palladium-mediated S-arylation of MGS wusing a broad
range of substituted aryl iodides, including isotope labels,

Site-selective Pd-mediated Cys arylation guided by endogenous metal-binding motifs.!')

carbohydrates, and functional handles for bioconjugation.!®’

Given the proximity of most metal-binding sites (and therefore
the Cys residues modified by the guided S-arylation protocol) to
the enzyme active site, the authors also evaluated select S-aryl
constructs as covalent modulators of MGS enzymic activity.
These studies provided proof of concept for the design of metal-
promoted, active site-directed covalent inhibition of enzyme
targets. Finally, guided S-arylation using a biotin aryl iodide was
also used to label and identify metal-dependent proteins within
complex mixtures (e.g. cell lysates). As a general tool, proteomic
analysis of S-arylation sites can provide valuable insight into the
environment surrounding metal-binding motifs.['®’

Transition metal-mediated arylations of Cys, including the
two described above, rely on the nucleophilicity of the side chain
thiol at physiological pH. Selenocysteine (Sec), the selenium
analogue of Cys and so-called 21st proteinogenic amino acid,!'”?
also displays potent nucleophilicity at physiological pH, at
which its acidity (pK, 5.47)!"*! renders it primarily in the anionic
selenolate form. Despite these properties and the importance of
Sec in several essential proteins,[w] difficulties in functiona-
lizing and handling Sec residues limit their applicability in
bioconjugation chemistry. In particular, Sec rapidly oxidizes to
the corresponding diselenide as a result of its low redox
potential.[**! Reactions employing electrophilic bioconjuga-
tion reagents therefore require oxygen-free conditions and an
exogenous reducing agent to generate the nucleophilic selenol
in situ.
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To overcome this limitation, Buchwald, Pentelute, and
coworkers reported in 2015 a robust umpolung approach to the
selective arylation of Sec that relies on the electrophilicity of
oxidized Sec in a copper-promoted reaction with nucleophilic
arylboronic acids (Fig. 4).2'! Employing Sec residues masked
as the corresponding selenyl sulfides with 2-thiol-5-nitropyr-
idine (TNP), selective and high-yielding Se-arylation within
unprotected peptides was achieved using CuSO,4 and the optimal
ligand 4,4’ -di-tert-butyl-2,2’-bipyridine (di-fBubipy) in aqueous
buffer at 37°C. The desired reaction did not proceed in the
absence of copper or without a ligand, and control studies
employing a free Cys thiol or a TNP—Cys disulfide resulted in
low conversion to the S-arylated product, highlighting the
superior reactivity of Sec. A broad range of arylboronic acids
was employed, including heterocycles, fluorescent tags, and
drug molecules (Fig. 4). Interestingly, the Se-aryl constructs
formed were shown to be more stable to oxidative conditions
than an analogous benzylated Sec derivative, which readily
formed dehydroalanine (Dha) as the oxidation—elimination
product. The rate of Dha formation for Se-aryl adducts was
highly dependent on the electron density of the aryl ring,
enabling the tunable stability of arylated Sec adducts formed
using the copper-mediated arylation protocol.[*!1

Backbone Arylation

A conceptually unique approach to protein modification that
combines the notion of directed functionalization with copper-
mediated arylation chemistry was described in 2016 by Ball and
coworkers.??! The authors of this study report a method for the
site-selective arylation and alkenylation of backbone N-H
bonds directed by a proximal histidine (His) residue (Fig. 5).
Although backbone modifications have profound impacts on
folding, function, and stability,[23 T methods for direct backbone
amide functionalization are far less common than side chain
modifications, likely as a result of inherent issues with chemo-
and regioselectivity in the polyamide-based structures of native
peptides and proteins. The Cu(OAc),-mediated, His-directed
oxidative coupling of boronic acids described by Ball and
coworkers provides a method for exclusive backbone N-H
modification at the i — 1 position (one residue before His, Fig. 5).
The remarkable selectivity observed is thought to be attributed
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to the binding of copper to the His imidazole side chain and
coordination to the deprotonated i and i — 1 backbone nitrogen
atoms (Fig. 5). The scope and selectivity of the method were
evaluated on several model peptides, with His-directed site-
selective modification accomplished using several substituted
aryl and alkenylboronates in aqueous media and at ambient
temperature. In some cases, alkenylboronates resulted in higher
conversions to the backbone-modified products, a result attri-
buted to the increased steric demands associated with arylbor-
onate reagents. Finally, the method was shown to be applicable
to the selective modification of the protein lysozyme, which
contains one His residue (Hiss) and was singly modified in the
presence of copper(i1) and trifluoroborate salts bearing handles
for further bioconjugation (azide, alkyne, and desthiobiotin).[**)
Such discrete backbone modification of native proteins pro-
moted by transition metal complexes opens exciting new
opportunities to study the effects of N-substitution on protein
structure and function.

Conclusions

The work summarized in this highlight illustrates a strong trend
towards the use of transition metal-mediated chemistry, spe-
cifically site-selective arylation, for the modification of native
peptides and proteins. With appropriately tuned catalyst and
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ligand complexes, regio- and chemoselective covalent mod-
ifications have been accomplished under mild conditions and in
aqueous media for both side chain and backbone functionali-
zation. The arylated peptide and protein adducts accessible
using metal-mediated transformations provide access to diverse
areas of chemical space and new modes of bioconjugation from
native, proteinogenic amino acids. The ability to modulate
conjugate properties, including stability, by introducing aryl
substituents also provides the opportunity for exquisite control
of physicochemical properties. One current limitation of these
otherwise powerful methods is the reliance on large excesses of
metal-ligand complex and aryl substrate (typically at least 10
equivalents each for the modification of protein substrates),
which might hamper the use of precious aryl moieties. In some
cases, residual metal species may also complicate protein
purification. Nevertheless, the compelling advantages offered
by metal-mediated protein arylation chemistry outweigh its
limitations and will likely drive the rapid adoption of such
methodologies. Future studies that further expand the toolbox of
covalent protein modification strategies will undoubtedly
emerge in due course.
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