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X 1. INTRODUCTION

Chemical protein modification has emerged as an invaluable
Protein of interest tool for the development of modified proteins. The
complementary use of both genetic and chemical methods
has provided a large toolbox that allows the preparation of

Y- pH ~ 7.4, RT to 37 °C almost unlimited protein constructs with either natural or

aqueous conditions . ] . 1 . . .
chemoselective | high rate constant synthetically modified residues.” Such a protein chemodiversity,
reaction usually achieved after translation and commonly referred to as
X—Y— post-translational protein modifications (PTMs), is often

responsible for the vast biodiversity found in nature. These
modifications include acylation, methylation, phosphorylation,
sulfation, farnesylation, ubiquitination, and glycosylation,

Protein of interest

Chemically defined protein conjugate among others, and play a pivotal role in important cellular

CONTENTS processes. including trafficking, diﬁ.erer'ltiatio'n, migrat%on, and

signaling.” Consequently, reproducing in a highly efficient and

1. Introduction 2174 controlled way such natural modifications of proteins (by

2. Transition Metal-Free Approaches 2175 introducing natural PTMs) would provide an invaluable tool to

2.1. Classical Methods 2175 study their precise function. Additionally, the possibility oftered

2.2. Modern Methods for Targeting Natural by the introduction and (bio)orthogonal modification of

Amino Acids 2176 unnatural moieties/amino acids (usually improving the proper-

2.2.1. Lysine and N-Terminus 2176 ties of natural PTMs during isolation, analysis, and processing)3

2.2.2. Tyrosine 2177 makes site-selective modification of proteins a key tool for

2.2.3. Cysteine 2178 interrogating and intervening biological systems both in vitro
2.2.4. Disulfides 2181 and in vivo.*

2.3. Modern Methods for Targeting Unnatural Given the range of chemical modification methods available,

Amino Acids 2182 it is now possible to decide which residue to target and which

2.3.1. Carbonyl Handles 2182 modification to attach in order to confer the desired property/

2.3.2. Alkynes, Alkenes, and Dipole Handles 2182 function (affinity probes, fluorophores, reactive tags, etc.). For

3. Transition Metal-Mediated Approaches 2185 example, increasing the circulation halflife of a therapeutic

3.1. Methods for Targeting Natural Amino Acids 2185 protein may be achieved by the addition of polyethylene glycol

3.1.1. Lysine and Tyrosine with Iridium and (PEG). On the other hand, the use of a spectroscopic label to

Palladium Complexes 2185 monitor biomolecule distribution in vivo enables the

3.1.2. Natural Residues with Rhodium and construction of highly selective imaging agents. Despite the

Gold Complexes 2186 vast progress in the field of bioconjugation chemistry, scientists

3.2. Methods for Targeting Unnatural Amino still face many challenges, not only synthetically but also from a

Acids 2186 processing, manufacturing, safety, and stability perspective.” A
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3.2.2. Aryl Halides and Boronates 2189 modification of particular proteins and therefore may not be

4. Conclusion 2190 applicable to any protein of interest. Thus, there remains a need
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Scheme 1. Classical Methods for the Modification of Cys and Lys: (a) Amide Formation, (b) Urea and Thiourea Formation, (c)
Reductive Amination, (d) Cys-Specific Disulfide Exchange, (e) Alkylation, and (f) Conjugate Addition to a Representative
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nous amino acids’ to more specialized topics such as click
modification protocols,® the introduction of particular PTMs
including glycosylation,” PEGylation,”™'° and polymerization of
protein-based initiators,'’ and the challenging labeling of a
specific protein of interest in a complex cellular mixture using
the so-called “bioorthogonal” reactions,'> have been published
during the past decade.

While the later publications describe different protein
syntheses/modifications in detail, the aim of the present review
is not to be an exhaustive survey of all available bioconjugation
methodologies but to discuss recent chemical strategies for the
site-selective modification of proteins such as fast sulfur
exchange or stable thioether formation, photo and metal-free
cycloadditions, and other particularly challenging metal-
mediated protocols. This review will be divided into two
sections: transition metal-free and transition metal-mediated
approaches. For clarity, we will use the following terminology
throughout this manuscript: residue/amino acid/site-selective (or
simply site-selective) reactions are those transformations that
preferentially modify one amino acid residue over the others
(e.g, cysteine versus lysine) and, thus, can be considered
examples of chemoselective reactions; on the other hand
transformations described as regioselective preferentially modify
only one of a set of the same amino acid, in particular when
more than one is present in the same molecule (e.g., solvent-
exposed lysine versus internal lysine).

2. TRANSITION METAL-FREE APPROACHES
2.1. Classical Methods

The chemical modification of proteins aims to obtain new
bioconjugates by performing chemical reactions on their
original structures, maintaining both protein integrity and
function. The ideal requirements for such reactions are those
amenable with proteins such as functional group tolerance/
compatibility, selectivity, water as a reaction media, at or near
neutral pH and room temperature (or up to 40 °C), high
reaction rates, low reactant concentrations, and nontoxic
reagents, all to ensure high modification efficiencies that may
avoid tedious and often inefficient purification/characterization
protocols. Such a method would be a priori suitable for in vivo
studies because it would not interfere with normal cell life.
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Classical protein bioconjugation methods have traditionally
relied upon reactions at nucleophilic amino acids, particularly
cysteine (Cys) or lysine (Lys) residues (Scheme 1)."?
Cysteine easily undergoes disulfide exchange to form mixed
disulfides'* and also alkylation with suitable electrophiles that
include a-halocarbonyls (e.g, iodoacetamide)'* and Michael
acceptors (e.g,, maleimides or vinyl sulfones)" (Scheme 1d—f).
The stability of some of the resulting conjugates, particularly
those with a 1-S-3-carbonyl motif, may be compromised under
certain conditions due to retro-Michael side-reactions and other
thiol-promoted exchange processes,16 yet this issue can be
minimized by reducing the electron-withdrawing ketone to
secondary alcohol under mild conditions in a second step.'”
Although the nucleophilicity of Lys may interfere with classical
methods used for Cys modification, the low abundance of Cys
in combination with fine-tuning the pH of the media or by
modulating the residue’s pK, with different steric and chemical
environment enables a certain degree of site-selectivity. Lys
modification is a popular protocol because of the availability of
methods to preferentially modify primary amines (although
often these methods also modify the N-terminus).'"® These
protocols involve direct reaction with electrophilic reagents
such as activated acids, vinyl sulfones, sulfonyl chlorides,
iso(thio)cyanates, and squaric acids as well as reductive
amination reactions with aldehydes (Scheme la—c). More
sophisticated alkylation agents, such as cyclohexene sulfona-
mide derivatives, have recently been developed for the site-
selective labeling of Lys in human serum albumin (HSA),
although cross-reactivity with Cys may occur in other
proteins.'” Indeed, the modification of Lys is often the first
of a subsequent modification step by a second bioorthogonal
reaction (e.g, click chemistry). However, the recent needs of
well-defined therapeutic proteins such as homogeneous
glycoprotein vaccines’® have promoted extensive work on
protocols that enable access to pure constructs even when using
such classical methods, which typically show a limited degree of
site-selectivity and regioselectivity. Thus, a careful control of
reaction conditions allows traditional, robust, and operationally
simple albeit a priori nonselective Lys modification protocols to
be used with a level of regioselectivity as recently demonstrated
by Adamo and co-workers.”' In this study, the authors have
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Scheme 2. Recent Site-Selective Methods for the Modification of Lys and the N-Terminal Position: (a) Lys Labeling by Rapid
67-Aza-electrocyclization Reaction or (b) 2-Imino-2-methoxyethyl Reagents (IME), (c) Reversible Lys and N-Terminal
Modification via Formation of Stable Iminobornates, (D) Reaction With Diazonium Salts, and (e) Selective N-Terminal

Modification Using Ketenes
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developed reproducible batch-to-batch Lys alkylations of
CRM,y, after mapping their reactivity profile using semi-
quantitative LC-MS/MS as well as computational analyses.
Similarly, Weil and co-workers reported a site- and regio-
selective Lys modification protocol via kinetically controlled
acylation by stepwise addition of substoichiometric amounts of
an activated N-hydroxysuccinimide (NHS) ester under mild
conditions.”” Although this protocol enables the modification
of a single Lys, the enhanced reactivity of this residue is
determined by a number of factors including solvent
accessibility and chemical environment of the surrounding
residues; therefore, the regioselective acylation of a different
Lys may be difficult. The rational introduction of a Lys in a
highly solvent-exposed site may overcome this limitation. Other
scarcely utilized nucleophilic residues in classical alkylation/
acylation methods include histidine (His), which reacts
preferentially over Lys in a cAb An33 nanobody using vinyl
sulfones as alkylating agents, arginine (Arg) and the acidic
moieties, aspartic (Asp), and glutamic (Glu) or the C-terminus,
which have been used, for example, to modulate lipase
activity.”* More recently, diazo compounds also proved suitable
for the reversible alkylation of protein carboxylic moieties.*®
Although most of these methods are nonselective, their
reliability and robustness (usually generating amide bonds)
make them the methods of choice for worldwide biotechno-
logical applications such as immobilization protocols for
enzyme-linked immunosorbent assays (ELISAs), microarrays,
or polymer beads. Methionine (Met) alkylation has also been
exploited for the modification of synthetic polypeptides.*® The
alkylation of thioether groups in Met-containing peptides
enable the reversible (by adding several S-Nu) introduction of a
broad range of functional and reactive groups to yield stable
sulfonium derivatives including carbohydrate probes, alkenes,
alkynes, azides, boronic acids, and PEG chains. Remarkably, this
transformation is compatible with the deprotection of other
functional groups and proceeds at low pH (in dimethylforma-
mide (DMF), H,0O, or 0.2 M aqueous formic acid) unlike other
thiol alkylations that require higher pH values. Other
nonselective methods not covered in this review include the
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protein cross-linking due to generation of highly reactive
) . 17
species, such as carbenes, nitrenes, and radicals.

2.2. Modern Methods for Targeting Natural Amino Acids

2.2.1. Lysine and N-Terminus. Despite the general use of
nonselective protein modification methods, new chemical tools
to access homogeneous proteins for in vitro and in vivo
applications have been developed for the modification of
natural Cys, Lys, and tyrosine (Tyr) residues. Selected
examples of the next generation of Lys modifications are
depicted in Scheme 2. A highly selective Lys modification
protocol, based on the rapid 67-aza-electrocyclization reaction,
has been successfully developed by Tanaka and Fukase
(Scheme 2a).>” The efficiency of this procedure depends on
the accessibility of the primary amino group; hence, excellent
selectivities due to very rapid reaction kinetics toward solvent-
accessible Lys (10—30 min at 24 °C) were observed when
compared with internal and N-terminal amines (>5 h at 24 °C).
Importantly, this protocol has been not only used for the
asymmetric synthesis of pyridine/indole alkaloid-type natural
products but also developed into a nondestructive Lys-labeling
Kit named ‘Stella®, which proved effective as a labeling strategy
for biomolecules (e.g., by positron emission tomography (PET)
or fluorescence) and living cells.

Another method for selective Lys modification involves the
use of 2-imino-2-methoxyethyl reagents (IME) through the
formation of an amidine linkage (Scheme 2b). In particular, 2-
imino-2-methoxy-1-thioglycosides have been successfully used
for the selective modification of an @-L-rhamnopyranosidase®®
and more recently for the glycosylation of RNase A leading to
semisynthetic neoglycoconjugates with mannose mono- and
disaccharides.”® Gois and co-workers have also developed a
strategy to reversibly modify both the e-amino group of Lys and
the N-terminal position, based on the formation of stable
iminoboronates in aqueous media (20 mM NH,OAc, pH 7.0)
at room temperature (Scheme 2c).*° This transformation
proceeds via formation of a dative B—N linkage, and examples
of peptides and proteins successfully modified using this
protocol include somatostatin and model proteins such as

DOI: 10.1021/cr500399p
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Scheme 3. Recent Site-Selective Methods for the Modification of Tyr: (a) Reaction with Diazonium Salts, (b) Three-
Component Mannich Reaction, (c) Reaction with Preformed Imines, and (d) Ene-type Reaction with Diazodicarboxylate
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lysozyme, cytochrome ¢, ribonuclease A, and myoglobin. The
modification is stable over a period of 5 h but proved reversible
upon the addition of fructose, dopamine, or glutathione, most
likely by the disruption of the B—N bond. Although residue-
selective, this method is nonregioselective since multiple Lys
and N-terminal positions are modified. An application of this
technology includes the introduction of a fluorescent motif into
the 2-acetylbenzene boronic acid reagent that enabled the
modification of not only lysozyme but also N-(2-aminoethyl)
folic acid, leading to conjugates that are selectively uptaked by
cancer cells that overexpress folic acid receptors.®" Similarly to
the arene diazonium bioconjugation with Tyr described in the
following section, Carreira and co-workers have developed an
amine-selective method using diazonium terephthalates that
ensures the irreversibility of this transformation via formation
of a stable triazin-4(3H)-one ring (Scheme 2d).**> The amino
acid selectivity and high rate of this reaction is demonstrated by
labeling several small peptide models containing Tyr, primary
OH, and CO,H as “potentially reactive” nucleophilic moieties
and myoglobin, which is indeed nonregioselectively labeled at
Lys and N-terminal positions with up to six modifications.
Selective modification of N-terminal positions in the
presence of a primary e-amino group from Lys residues is
anticipated to be a difficult task. However, an N-terminal
modification protocol using ketenes has been recently
developed by Wong, Che, and co-workers (Scheme 2¢).** A
series of different peptides and proteins including insulin,
lysozyme, RNase A, and the therapeutic protein for cancer
treatment BCArg were selectively N-terminally modified using
an alkyne-functionalized ketene at moderate temperatures
(room temperature or 37 °C) and pH 6.3—9.2, resulting in
excellent selectivity (N-terminal amino/é&-amino up to >99:1).
The authors rationalize this selectivity on the basis of the lower
pK, of the N-terminal position (~8) versus that for the £&-amino
group of Lys (~10), which seems to favor the acylation of the
N-terminal amino using ketenes. The local environment of the
N-terminal position and its solvent accessible area may also play
arole in the observed selectivity. Although not the focus of the
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present review, selective N-terminal protein modification can
also be efficiently achieved through native chemical ligation
(NCL) strategies4 as well as with a flexible chemoenzymatic
approach using simple aminoacyl and fatty acid transferase
substrates.>*

2.2.2. Tyrosine. Several nontransition metal-catalyzed
strategies have emerged for the modification of the electron-
rich side-chain of Tyr residues in proteins, in a chemoselective
fashion (Scheme 3). Initially Francis and co-workers® and
more recently Barbas and co-workers®® have independently
demonstrated that several diazonium salts bearing electron-
withdrawing para substituents (NO,, COCH;, and CONH,)
react chemoselectively with Tyr ortho to the phenol group
(Scheme 3a). Interestingly, the introduction of ketones,
aldehydes, and more recently alkynes® as an additional
bioorthogonal handle at the para position allows for a second
modification round, for example, with fluorophore reagents.
Alternatively, the azo bond can be further reduced and the
corresponding aniline can be acylated with, for example,
acrylamides, introducing additional reaction points. An
interesting complementary variant that works with diazonium
derivatives that are substituted with an electron-donating
moiety (ArNHCOR with R = CH,, PEG) employs a genetically
encoded 2-naphthol analogue of Tyr (NpOH).*® The coupling
is rapid (~2 h), is selective (NpOH reacts preferentially over
Tyr), and requires mild conditions (0 °C and pH 7.0).

Francis and co-workers have also developed a three-
component Mannich-type reaction with aldehydes and anilines
for the modification of Tyr residues (Scheme 3b).*” The high
selectivity of this transformation is demonstrated by the
successful modification of solvent-exposed Tyr such as those
found in lysozyme, RNase A, and chymotrypsinogen A.
Drawbacks of the method include the unreactivity of more
buried Tyr residues (e.g., in horse heart myoglobin) and cross-
reactivity with both exposed tryptophan (Trp) residues and
reduced disulfides. Interestingly, while Cys residues do not
interfere with this reaction, reduced disulfides form dithioace-
tals. This conjugation method has enabled the introduction of

DOI: 10.1021/cr500399p
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Scheme 4. Site-Selective Chemical Protein Modification at Cys and Dha: (a) Nucleophilic Disulfide Formation, (b) Diselenide
Exchange, (c) Electrophilic Disulfide Formation, (d) Thioether Formation
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isoindoline-based nitroxide spin labels for electron para-
magnetic resonance (EPR) in a small chloroplastic protein
CP12, which possess a single tyrosine together with disulfide
bonds and Trp residues that remain unmodified.** Other
methods for Tyr modification include the reaction with
preformed imines (Scheme 3c)*' and also with azomalei-
mides* via an aqueous ene-type reaction that involves a
concerted [1,5]-hydride shift from the phenol residue (Tyr) to
the RN=NR moiety (Scheme 3d). Recent examples of the
later Tyr selective modification approach include the
preparation of well-defined glycoconjugate vaccines*’ and
DNA-—protein conjugates in model streptavidin and myoglobin
proteins.** A potential drawback of this method is the
instability of cyclic diazodicarboxamides via formation of
isocyanates in water, which readily react with Lys residues
leading to urea byproducts. Yet, the authors overcome this issue
by simply using tris(hydroxymethyl)aminomethane (Tris)
buffer that functions as an isocyanate scavenger, thus yielding
only Tyr-labeled conjugates.***

2.2.3. Cysteine. Unlike the nonselective methods for Cys
modification described in the previous section, the develop-
ment of more selective protocols has grown exponentially.'® In
particular, the recent work by Davis and co-workers based on a
“tag-and-modify” approach® describes a series of complemen-
tary methods for the site-selective Cys modification (Scheme
4). The time line of this rational conjugation approach starts
from the easy disulfide exchange reaction to form mixed
disulfides as well as a conceptually similar reaction using
diselenides (Scheme 4a—c)* that produces more stable SeS-
linked conjugates; it continues by the transformation of
potentially cleavable disulfide linkages to more stable thioethers
by desulfurization of disulfides and finishes by developing
complementary Cys-elimination methods that give access to
dehydroalanine (Dha),*” a useful Michael acceptor from which
thioethers can be obtained directly upon conjugate addition of
thiol nucleophiles (Scheme 4d). A recent example by Brik and
co-workers exploits the formation of Dha for the preparation of
diubiquitin activity probes.*® Remarkably, these methods
allowed not only the incorporation of most of the common
PTM mimics such as S-glycosides, thiophosphates, and
thioprenyl units in a rapid and selective way but also the
creation of more sophisticated proteins by introducing '°F- and
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18F-ﬂuorosugars49 as potential imaging labels, the preparation of
PEGylated proteins™ (e.g, recombinant human granulocyte
colony-stimulating factor, rhG-CSF), and homogeneous
glycoconju§ate vaccine candidates®" as well as synthetic histone
mimetics.” Indeed, some of the corresponding glycoproteins
are amenable to being enzymatically modified by endoglyco-
sidases (Endo A), giving access to higher glycoprotein
complexity without the need of any other round of chemical
or genetic protein manipulations.”®> One limitation of the
conjugate addition to Dha approach is the potential
racemization at the modification site and consequent formation
of /L diastereoisomers. However, thioether PTM mimics of
histones obtained by this method were found to be functional
both in immunoblot and enzymatic analysis.>> Chiral
dehydroalanines have been proposed to achieve stereoselective
sulfa-Michael additions.>* However, this approach seems
limited to simple amino acid models.

Site-selective modification strategies have received partic-
ularly attention for the attachment of potent cytotoxic drugs to
recombinant antibodies engineered with Cys residues at
predetermined sites. Most antibody—drug conjugates
(ADCs)> are built through conjugation of N-ethylmaleimide
linkers that contain a cleavable site for drug release (e.g,
valine—citruline dipeptide).”> More recently, Neri and co-
workers proposed and described two traceless strategies for the
modification of antibody fragments where the linkage formed
after conjugation between antibody fold and drug is the
cleavable site for drug release. The first method (Scheme Sa)
explores the reactivity of C-terminal cysteines in the site-
selective formation of mixed disulfides and uses Ellman’s
reagent for the preactivation of the Cys residue.*® The second
(Scheme Sb) targets N-terminal Cys residues and explores the
reactivity of the sulthydryl side-chain with aldehyde-containing
drugs57 or 2-cyanobenzothialzoles58 (CBTs) to form thiazoli-
dine-linked conjugates.

Other modern Cys modification methods are summarized in
Schemes 6—8. These include both alkylation (polar reactions)
and more sophisticated photochemical activation methods
based on thiol—ene/yne chemistry (radical reactions). The
work by Baker, Caddick, and co-workers (Scheme 6a) relies on
tunable bromo- and dibromomaleimides for multifunctional
bioconjugation by either reversible or permanent Cys alkylation

DOI: 10.1021/cr500399p
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Scheme 3. Site-Selective Modification of Antibodies at Cys
(a) at the C-Terminus via Disulfide and (b) at the N-
Terminus via Thiazolidine
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both in vitro™ and in mammalian cells.** Aryloxymaleimides
are also used as the next generation of tunable maleimides with
attenuated reactivity enabling Cys modification strategies,
disulfide bridging, and the dual functionalization of disulfide
bonds.®" While the thioether succinimide motifs that result
from conjugate addition of the sulfhydryl group side-chain of
Cys to maleimide readily undergo retro-Michael addition with
biological thiols (e.g., Cys34 of HSA, the major constituent of
plasma),'® stable conjugates may be obtained using electron-

withdrawing maleimides that are rapidly hydrolyzed to their
ring-opened counterparts to ensure in vivo stability.é2 Bromo-
and dibromopyridazinediones have also been used for the
reversible modification of proteins at Cys and disulfides with
four potential points of chemical attachment (Scheme 6b).%*
While this conjugation is reversible by a thiol exchange
mechanism, the use of a tris(2-carboxyethyl)phosphine
(TCEP)-based para-azidobenzyl temporary protecting group
(R?) readily transforms these reversible reagents into
irreversible conjugates.”* A conceptually similar alkylation
strategy (Scheme 6¢)®° revealed that bis-alkylation of the Cys
residue (S147C) of a “superfolder” green fluorescent protein
(GFP) with the 2,5-dibromohexanediamide developed by Davis
and co-workers enables a two-step modification protocol by
first creating an unexpectedly stable cyclic sulfonium inter-
mediate that is subsequently opened with thiol, selenium, and
nitrogen nucleophiles with good conversions (up to >95%) and
mild conditions (21—37 °C). Analogously, the preparation of a
double Cys mutant of the superfolder GFP by rational
positioning of two cysteines with different local chemical
environments and reactivities allows precise control of the
regioselective formation of both Dha and cyclic sulfonium
intermediate on the surface of the same protein. Subsequent
ring opening of the cyclic ion with sodium azide generates two
orthogonal handles (Dha and Nj) that enable dual labeling
upon reaction with thiol and alkyne probes, respectively.*®
Cys can also add to electron-deficient alkynoic amides/esters
and alkynones, leading to the corresponding vinyl sulfides in
aqueous media (Scheme 6d).” This reaction proved to be fast
(terminal alkynone > internal alkynone = alkynoic ester >
alkynoic amide), compatible with other nucleophilic amino acid
residues (Ser, His, Met, Lys, and Tyr with only limited cross-
reactivity with N-terminal Ala and certain alkynones) and
reversible in nature; therefore, Cys can be recovered by
addition of an external thiol via a base-induced thiolate

Scheme 6. Site-Selective Methods for Cys Modification Using Polar Reactions—Part A: (a) Bromo- (X = H, Y = Br), Dibromo-
(X =Y = Br), and Aryloxy- (X = H, Y = OAr) Maleimides, (b) Bromo- (X = H) and Dibromo- (X = Br) Pyridazinediones, (c)
Dibromo Bisamide (2,5-Dibromohexanediamide) and Addition to the Electron-Deficient Triple Bonds (d) Alkynones and (e)

3-Arylpropiolonitriles

X=S, Se, N o
S
LN S i i
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exchange. A recent application of this technology involves the
preparation of phosphorescent proteins by introducing
luminescent cyclometalated iridium(III) complexes as potential
bioimaging agents.68 Other electron-deficient triple bonds that
have been employed for chemoselective Cys alkylations include
3-arylpropiolonitriles (Scheme 6e).*” The reaction is fast and
provides hydrolytically stable conjugates that may be useful in
Cys-selective bioconjugation strategies. The authors attribute
this stability to the presence of an aryl moiety that reduces the
electronic density of the alkene unit by delocalization on the
aromatic ring.

Boons, Popik, and co-workers have demonstrated the
selective and reversible photochemical derivatization of cysteine
residues on proteins using 3-(hydroxymethyl)-2-naphthol
derivatives (NQMPs) (Scheme 7a).”° The formation of

Scheme 7. Site-Selective Methods for Cys Modification
Using Polar Reactions—Part B: (e) 3-(Hydroxymethyl)-2-
naphthol, (f) Julia—Kocienski-like Reagents, and (g)
Addition to Allenamides
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transient Michael acceptors upon irradiation of NQMPs at
350 nm enables the rapid attack of Cys and the formation of
hydrolytically stable thioether linkages as demonstrated by the
conjugation of several probes (PEG, dyes, carbohydrates, and
other alkynes, azides, and biotin-labeled units) into model
bovine serum albumin (BSA). Interestingly, this transformation
is reversible upon irradiation of dilute solutions or in the
presence of vinyl ethers (see also Scheme 15i).

Xian and co-workers first reported the Julia—Kocienski-like
reagent methylsulfonyl benzothiazole (MSBT) as a selective
protein thiol blocking agent in glyceraldehyde 3-phosphate
dehydrogenase (GAPDH),”" and later Barbas and co-workers
expanded this methodology as a rapid thiol-selective protein
modification strategy in a recombinant HSA and a fusion
maltose-binding-HA peptide protein (MBP-C-HA), generating
fluorophore and PEGylated conjugates superior in stability to
maleimide-conjugated proteins in human plasma (Scheme
7b).”* Indeed, this novel protocol also enabled the site-selective
labeling of engineered Cys but also selenocysteine (Sec)
residues of antibody conju3gates, successfully improving their
stability in human plasma.”

Recently, Abbas, Xing, and Loh have employed allenamides
as privileged orthogonal handles for Cys-selective protein
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modification in aqueous media (Scheme 7c).”* The Michael-
type addition enables the fast formation of a stable and
irreversible vinyl sulfide conjugate, and its utility was
demonstrated for the selective labeling at Cys (or disulfides
after treatment with dithiothreitol (DTT)) of small peptides
(e.g., glutathione (GSH)) as well as on BSA and the antibiotic-
resistant bacterial enzyme TEM 1 f-lactamase (Bla).

Most of the site-selective methods described above rely on
the unique reactivity of Cys in comparison to other nucleophilic
residues. However, it is rather challenging when the
introduction of two different modifications in two Cys units
is required. To achieve this goal, the identification of Cys
environments that render sufficient differences in the reactivity
of the sulfhydryl side-chain of Cys may allow dual-selective Cys
modifications. It is well-known that solvent accessibility and
local charge strongly modulates Cys reactivity. In one example,
the introduction of charged amino acids proximal to a Cys
decreases the pK, of the sulthydryl moiety (by electrostatic
interactions) and therefore accelerates its reaction with
electrophiles, whereas the opposite trend is observed with
negatively charged residues.”” In another example, the
protonation state of the N in vinyl-substituted pyridine
derivatives (Michael-like acceptors) in combination with the
local environment of the Cys also led to differences in reactivity
toward these vinyl tags.”® Additionally, cysteine mutations at
specific positions in designed ankyrin repeat proteins
(DARPins) allow the sequential alkylation of the strongest
nucleophilic Cys with a weak thiol-reactive reagent (bromo-
acetamide) followed by treatment with a more reactive
maleimide that reacts with the less nucleophilic Cys.”” A
conceptually similar approach exploits the preferential
succinimide hydrolysis occurring in positively charged environ-
ments, which leads to a more stable conjugate and prevents
detrimental maleimide exchange reactions with plasma thiols.
This has been utilized for the modulation of the in vivo stability
and therapeutic activity of antibody—drug conjugates
(ADCS).78

Alternatively, the formation of stable thioethers can also be
efficiently achieved using the emerging thiol—ene*>”® and
thiol—yne® couplings with native Cys proteins where radical
species are typically generated using either radical initiators or
light (Scheme 8). While thiol—ene coupling enables the
introduction of a single molecule, the complementary use of
alkynes allows for double functionalization and, thus, the
incorporation of different modifications such as glycoconju-
gates, peptides, and fluorescent probes. The transformation
proceeds by a first radical addition to form a stable vinyl sulfide
moiety that undergoes a second radical addition with a different
thiol, to finally obtain a 1,2-modified thioether under mild
conditions. Despite advances of both thiol—ene/yne reactions
for site-selective chemical protein modification of native
proteins, the implementation of these methods is limited
because the formation of thiyl radicals may damage the protein
structure.

Although nonselective Cys alkylation is often expected when
using electrophilic reagents, some degree of site-selectivity is
achieved by fine-tuning the reaction conditions (without any
additional mutation) and particularly by using a Cys-rich Cys-
(X),,-Cys-(X),-Cys (m and n = 3—6) motif with electrophilic
trihalides (Scheme 9a). Heinis and co-workers have successfully
exploited this strategy for generating cyclic peptide regions by
alkylation of Cys side-chains with the trivalent tris-
(bromomethyl)benzene (TBMB) under mild conditions in
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Scheme 8. Site-Selective Methods for Cys Modification
Using Radical (a) Thiol—Ene and (b) Thiol—Yne Reactions
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Scheme 9. Chemical Synthesis of Uniformly Sized Cyclic
Peptides by Selective Cys Alkylation with (a) Electrophilic
Trihalides and (b) Perfluorinated Benzene Derivatives. GST
= Glutathione S-Transferase, TCEP = Tris(2-
carboxyethyl)phosphine
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aqueous media, leading to a general protocol for attaching and
evaluating the proteolytic stability, half-life, and other important
biological 1properties in phages, antibodies, and peptide
fragments.®” Crown ether-like supramolecular libraries® and
phage selection of photoswitchable peptides®® are also
accessible using this technology. Similarly, Pentelute and co-
workers have reported the preparation of hybrid macrocyclic
peptide libraries via a chemoselective SyAr with perfluorinated
benzene derivatives, which allow the fine-tuning of the
dimensions and chemical composition of the peptide macro-
cycles (Scheme 9b).**

The genetic incorporation of Cys-rich peptide sequences has
also been exploited for the chemical labeling of proteins, for
example, using a tetracycline fluorophore with biarsenical-
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functionalized fluorescent dyes, one of the first examples of a
bioorthogonal approach in Chemical Biology.*> For more
information on this as well as other peptide motifs that can be
modified througgh chelation with transition metals (e.g., Ni(II)-
His-tag pair) ® via ionic interactions or by enzymatic
reactions,®” the reader is directed to these general
reviews.'> ™% Alternative site-selective protein modification
methods, typically exploiting those nucleophilic natural amino
acid residues (Cys, Lys, Glu, Asp, etc.) employed in
nonselective protocols, have been also reported in conjugation
protocols based on proximity-induced reactions and recog-
nition or ligand-directed strategies using a wide range of
conjugation chemistries including alkylation with electrophilic
handles® (e.g, a-chloroacetamides, tosylates, DMAP/imida-
zole-activated acyl units, genetically encoded vinyl sulfona-
mides, etc.), disulfide formation,”® and radical trapping via local
single-electron transfer catalysis.”’ These robust transforma-
tions provide a certain degree of selectivity in contrast to the
nonrecognition, old-fashioned methods.

2.2.4. Disulfides. The modification of native disulfide
bonds through bis-alkylation protocols has attracted growing
interest in recent years since the rise of novel therapeutic
proteins in the global biotechnology market has stimulated the
development of new methods for improving the properties and
safety of these protein-based pharmaceuticals (Scheme 10).

Scheme 10. Site-Selective Methods for the Modification of
Exposed Disulfides: Bis-alkylation with (a) a,f-Unsaturated-
f’-monosulfones and (b) Dibromo/Dithiophenol (X =Y =
Br, SPh) or Aryloxy (X = H, Y = OAr) Maleimides

s-s

S— e —

1) Reduction 1) Reduction
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o]

ArO,S YJ\
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Among these technologies, the work by Shaunak and co-
workers was found to be particularly useful (Scheme 10a).
Disulfide modification allows the site-selective conjugation of
poly(ethylene glycol) (PEG) or other polymers to proteins
from which optimal pharmacokinetics are achieved, hence
ensuring frotein purity, maintenance of tertiary structure, and
stability.”” Mechanistically, the conjugation is conducted by a
sequential, iterative bis-alkylation using a,f-unsaturated-f’-
monosulfone functionalized PEG reagents, leading to a stable
thioether bridge. This protocol efficiently modifies a broad
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Scheme 11. Bioorthogonal Reactions at Ketone and Aldehyde Functionalities: (a) Oxime and (b) Hydrazone Formation, (c)
Pictet—Spengler Reaction and Its Improved Versions (d) Pictet—Spengler Ligation (X = O) and Hydrazino-Pictet—Spengler

Ligation (X = NHMe), (e) Wittig Reaction

(o]

Aldehyde and ketone

R(H)

Me
Pictet-Spengler HN’

Aldehyde and ketone

range of peptides, proteins, enzymes, and antibody fragments
that can be site-selectively PEGylated or conjugated to potent
cytotoxic payloads using a native and solvent-accessible
disulfide moiety.”®> This methodology may also be applied to
proteins bearing a polyhistidine tag (His-tag) through the same
bis-alkylation principle of reactivity.”*

Similarly, Haddleton, Caddick, and co-workers employed
dibromo-** and dithiophenolmaleimides®® and Baker and co-
workers used aryloxymaleimides®' as bis-alkylating reagents for
the in situ bridging of disulfides allowing the incorporation of
PEG chains in a very efficient manner at pH 6.2 (Scheme 10b).
This reaction benefits from the rapid reaction kinetics, high
efficiency, and reduced purification due to the use of equimolar
equivalents of both peptide and polymer. Importantly, while
this thiomaleamic acid linker is stable under physiological
conditions, it is readily cleaved at lysosomal pH (around 4.5)
and temperature (37 °C) enabling the preparation of
homogeneous ADCs (trastuzumab Fab fragment) at disulfide
sites and their subsequent controlled payload release.””
Homogenous bispecific antibodies (able to bind two different
antigens) have been also built using a bis-dibromomaleimide
cross-linker.”®

2.3. Modern Methods for Targeting Unnatural Amino Acids

2.3.1. Carbonyl Handles. The incorporation of unnatural
amino acids (UAAs) combined with chemical protein synthesis
enables access to chemically modified biomolecules that are
difficult to obtain using standard molecular biology methods.
Often the unnatural amino acid (e.g.,, alkene/alkyne groups,
azido groups, or carbonyl groups) serves as a privileged reaction
handle that can undergo further bioorthogonal modifications.'*
Several strategies, both chemical and genetic, have been
developed for the incorporation of carbonyl functionalities
into proteins that enable subsequent chemical modification
(Scheme 11).

Early strategies used genetically encoded aldehydes and
ketones that can be selectively labeled with hydrazides and
aminooxy groups to form hydrazones and oximes, respectively
(Scheme 11a and b) as well as Trp derivatives (Scheme 11d).
Alternative (chemo)enzymatic strategies use two-step proce-
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dures involving, first, a chemical oxidation with (i) sodium
periodate (including those methods based on oxidation of
carbohydrate moieties),” (i) a site-selective transamination
reaction'® with pyridoxal $'-phosphate or related reagents
(Rapoport’s salt), or (iii) an enzymatic tagging with
formylglycine-generating enzymes (FGEs)'®' to efficiently
install an aldehyde (or ketone) handle that can be modified
with a second, carbonyl-selective reaction.'® Among these,
relevant examples include the well-known oxime (Scheme
11a)'* and hydrazide (Scheme 11b)"** ligations together with
a related reaction with 2-amino benzamidoxime (ABAO)
derivatives (Scheme 11c),'® the Pictet—Spengler ligation
(Scheme 11e),"% which is more rapid than its parent version
(Scheme 11d), and, more recently, the so-called hydrazino-
Pictet—Spengler (HIPS) ligation (Scheme 11e)."”” The HIPS
ligation is fast (k, = 4.17 + 0.19 M~ s7'); proceeds at near
neutral pH 6, allowing the direct labeling of proteins under
mild conditions; and, importantly, yields stable conjugates.
Moreover, the HIPS ligation has been recently employed for
the preparation of ADCs by site-selective conjugation at
different sites, hence with variable in vivo efficacy and
pharmacokinetics.'®® Aside from the aforementioned reactions,
the aldehyde moiety can also be used for selective protein
modification, generating stable C—C bonds by the Wittig
reaction.'” Moreover, the biocompatibility of such a reaction
enables the application of stabilized phosphorus ylides in live
cell affinity isolation and fluorescence labeling of proteins
(Scheme 11f).'°

2.3.2. Alkynes, Alkenes, and Dipole Handles. The
development of complementary chemical, enzymatic, and
genetic methods for introducing and using azide moieties''!
(a privileged 1,3-dipole handle) as bioorthogonal reporter
groups has made this reactive functional group a routine choice
for protein modification strategies. Schemes 12 and 13
summarize the bioorthogonal reactions developed for the
modification of proteins equipped with azides and other
dipoles. Early methods employed azide-functionalized proteins
together with the classic Staudinger reaction to install amide-
linked modifications (Scheme 12a).*™ While in the original
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Scheme 12. Metal-Free Bioorthogonal Reactions at Azides:
(a) Staudinger, (b) Traceless Staudinger and (c) Staudinger-
Phosphite/Phosphonite Ligations, and (d) Strain-Promoted
Cycloadditions

Staudinger phosphite/phosphonite
| ] 3
Cco,Me o P X.p-OR —
L. X b
PPh2 PPh, X=OR,R

Scheme 13. Metal-Free Bioorthogonal Reactions at Other
Dipole Handles: (a) Nitrones, (b) Nitrile Oxides and (c) 4-
Halosydnones with Cyclooctyne (Metal-Free Click
Reactions), and (d) Isonitriles with Tetrazine

nitrile oxide

strategy the phosphine oxide generated remains incorporated
into the protein, the “traceless” version (Scheme 12b)''?
overcomes this limitation, hence improving the overall
transformation, especially in applications where a minimalist
amide bond is required. Recent variants developed by
Hackenberger and co-workers (Scheme 12c) expanded this
type of chemistry to other phosphorus moieties, developing the
corresponding Staudinger-phosphite'"® and Staudinger-phos-
phonite ligation protocols,114 leading to phosphoramidate or
phosphonamidate linkages, respectively. These linkages mimic
natural occurring phosphoric esters and have the potential of
introducing either one or two molecular probes into the same
protein as exemplified by the successful PEGylation of
Calmodulin.

Alternatively, azide handles also participate in [3 + 2]
cycloadditions with strained alkynes (Scheme 12d), in a
reaction usually referred to as a copper-free azide—alkyne
“click” reaction,'"> which represents a significant improvement
of the former uncatalyzed Huisgen reaction and other metal-
catalyzed versions with Cu(I) and Ru(II) (Schemes 19a—c and
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20a and b) . The strain-promoted alkyne—azide cycloaddition
(SPAAC) represents a powerful tool not only for protein and
antibody labeling (for example, for the construction of
homogeneous ADCs)"'® but also for other applications such
as antibody-free Western Blot analysis."'” This is mainly due to
the fact that no additional reagents or toxic metals that may
damage proteins are required; the reaction proceeds with a
rapid rate (k, up to 0.96 M™' s™' when the appropriate
cyclooctyne is employed). Indeed, the success of this reaction is
related to the fine-tuning of reactivity/selectivity ratio, taking
into account important parameters such as lipophilicity
(nonselective binding) and cross-reactivity with the biological
thiols (leading to alkenyl sulfides).’>'"® Moreover, other
derivatives present in the media in small quantities such as
sulfenic acids (RSOH), which are formed by the reaction of
reactive oxygen species (ROS) with protein thiols, rapidly
cross-react with strained cyclooctynes to afford alkenyl
sulfoxides.'" This reaction may become a valuable tool for
dissecting the roles of protein sulfenic acids in vitro and in vivo.

Other 1,3-dipoles such as nitrones and nitrile oxides have
gained popularity during the past few years as handles for
bioorthogonal strain-promoted cycloadditions (Scheme 13).
van Delft, Boons, and co-workers developed the so-called
bioorthogonal strain-promoted alkyne—nitrone cycloaddition
(SPANC) following a one-pot, three-step protocol consisting of
the chemical introduction of a terminal aldehyde handle by
serine oxidation with periodate, its subsequent transformation
into a nitrone using N-methylhydroxylamine, and finally
reaction with the corresponding cyclooctyne (Scheme
13a)."*° This efficient site-selective modification protocol is
fast (typically 10 times faster than SPAAC), and its robustness
has been demonstrated not only for the modification of the
chemokine interleukin-8 (IL-8) but also in the recent site-
selective conjugation of ScFvs antibodies to nanoparticles."** A
valuable variant of the SPAAC reaction with nitrones employs
protein equipped with nitrile oxides (Scheme 13b) as reactive
handles to explore an operationally similar (oxime formation—
oxidation—cycloaddition) strain-promoted alkyne—nitrile oxide
cycloaddition (SPANOC).'”* Recently, a fast copper-free
strain-promoted sydnone—alkyne cycloaddition (SPSAC)
between 4-halosydnones and bicyclo-[6.1.0]-nonyne has been
reported (Scheme 13c)."** Structural motifs increasing the
partial positive charge at the N-3 atom of the sydnone ring (N-
aryl moieties bearing strong electron-withdrawing groups)
proved beneficial to the reaction. Among those, 4-Cl N-aryl
sydnone was the best performer, with model bicyclo-[6.1.0]-
nonyne showing reaction rates of up to k, = 1.593 + 0.034 M™!
s, and was subsequently utilized for the modification of a
sydnone-functionalized BSA with a fluorescent cyclooctyne
derivative.

Isonitriles also react via [4 + 1] cycloaddition with tetrazines
in aqueous media as demonstrated by the introduction of a
fluorophore into the tertiary isonitrile-labeled C2A domain of
synaptotagmin-I (Scheme 13d).">* Hydrolysis of the isonitrile
moiety to the corresponding amine can be minimized using
tertiary analogues.

Alkynes and alkenes can also be incorporated into proteins
and used in a wide range of bioorthogonal reactions (Schemes
14 and 1S5). Simple alkynes such as alkynyl—pyrrolysine
analogues are incorporated and modified without any metal
catalyst using a site-selective thiol-yne coupling (Scheme
14a).'* Alternatively, protein encoding with cyclooctynes
(Scheme 14b and c) using either chemical'*® or genetic127
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Scheme 14. Metal-Free Bioorthogonal Reactions at Alkynes
and Cyclooctynes: (a) Thiol-Yne and Strain-Promoted
Cycloadditions with (b) Azides, (c) Tetrazines, and (d)
Sydnones

Alkyne and cyclooctyne

methods has been exploited in metal-free protocols with azides
or tetrazine reagents as shown in previous sections. An
interesting application includes the postfunctionalization of
virus particles via azide—alkyne click chemistry (including the
comparison with the Cu(I) variant) demonstrating the
preservation of capsid integrity and its self-assembly proper-
ties."*®

More recently, Wallace and Chin have reported a strain-
promoted sydnone 1,3-dipole bicyclo-[6.1.0]-nonyne cyclo-
addition,"*’ demonstrating that this metal-free transformation is
biocompatible and proceeds in aqueous buffer at physiological

temperature with complete conversion/selectivity albeit with
moderate rates (0.054 M~ s7') (Scheme 14d).

While oxanorbornadienes react with azides (Scheme 15a)
and norbornenes equipped with electron-deficient sulfonyl
azides (Scheme 15b),'** other alkenes such as strained trans-
cyclooctenes, cyclopropenes, norbornenes, acrylamides, or
simple vinyl/allyl alcohols have received considerable attention
because of their fast reaction rates in inverse-demand Diels—
Alder reactions with tetrazines'*" and 1,3-dipolar cycloadditions
with in situ chemical or photogenerated nitrile—imine dipoles
(Scheme 15¢—g)."*'“"** Of particular relevance is the selective
inverse-electron-demand Diels—Alder reaction of tetrazines
with isomeric 1,3-disubstituted cyclopropenes, as well as the
1,3-dipolar cycloaddition of nitrile imines (generated by
“photoclick” reaction from tetrazole) with 3,3-disubstituted
cyclopropenes'*® or spiro[2.3]hex-1-enes (with an impressive
k, up to 34 000 M~ s7!)."** This unique, orthogonal reactivity
resulting from rational positioning of a single methyl group into
a cyclopropene moiety will be beneficial in dual labeling
strategies both in vitro and in vivo. The reverse protocol, using
tetrazine-modified proteins instead, is also an alternative for
such labeling methods.'””'** For a more in depth description
of the reaction kinetics as well as other particular aspects of
these transformations, the reader is directed to recent and
comprehensive reviews.'”” ™ Indeed, these highly efficient
transformations enable double labeling strategies such as the
modification of several pairs of sites in Calmodulin with
fluorophores for determining protein structure and dynam-
ics."*® Acyclic alkenes such as homoallylglycine (Hag),”""”
alkenyl—pyrrolysine analogues, and acrylamides also react in a
site-selective manner with thiol probes under radical conditions
by a thiol—ene ligation (Scheme 15h)."”*® Other chemistries
have also been explored with a dienophile(vinyl sulfide)

Scheme 15. Metal-Free Bioorthogonal Reactions at Alkenes: (a, b) Reactions of Oxanorbornadienes and Norbornenes with
Azides, (c) Inverse-Demand Diels—Alder of trans-Cyclooctenes and (d) Norbornenes and 1,3-Cyclopropenes with Tetrazines,
(e) In Situ Nitrile Imine Generation from Hydrazonoyl Chloride and (f, g) Tetrazole and Subsequent 1,3-Dipolar
Cycloaddition with Alkenes Including 3,3-Cyclopropenes and Spiro[2.3]hex-1-ene; (h) Thiol—Ene, and (i) Hetero-Diels—Alder

with Vinyl Sulfides
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functionalized protein and o-quinolinone quinone methide as
diene'*® or with maleimide-tagged proteins with S-alkoxyox-
azoles (via Kondrat’eva irreversible cycloaddition)"” in hetero-
Diels—Alder reactions (Schemes 15i and 16b) as well as with

Scheme 16. Metal-Free Bioorthogonal Reactions at Dienes
and Maleimides: (a) Classical Diels—Alder Reaction and (b)
the Kondrat’eva Hetero-Diels—Alder Irreversible Ligation
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diene-functionalized proteins in classical Diels—Alder reactions
with maleimides (Scheme 16a).® Importantly, and unlike most
of the reversible Diels—Alder-based reactions, the Kondrat’eva
hetero-Diels—Alder is an irreversible ligation that has recently
been added to the click chemistry toolkit. This reaction occurs
under slightly acidic conditions (0.1 M NaOAc buffer, pH 5.0
at 37 °C) between S-alkoxyoxazoles and maleimides, affording
stable pyridine moieties as demonstrated by the labeling of
BSA—maleimide with a fluorescent dye."*’

N-Acylazetine (the N-analogue of cyclobutene) is another
dienophile that has not been used yet for protein modification

but holds a great potential."** This achiral and minimalistic
non-native functional group has been successfully employed in
the two-step activity-based protein profiling of catalytically
active proteasome subunits using tetrazine-based bioorthogonal
chemistry (k, = 0.39 + 0.1 M~' s7%).

3. TRANSITION METAL-MEDIATED APPROACHES

Significant advances in both genetic and synthetic methods
over the past few years have allowed the use of nonbiological
metal-mediated reactions for protein modification protocols."*!
Some of the limitations that traditionally faced organometallic
transformations such as the use of anhydrous solvents and
catalyst poisoning (typically associated with the reaction of the
catalyst with soft, nucleophilic residues) have been pro-
gressively solved, and a range of novel reactions have emerged,
expandin§ the toolkit of selective bioorthogonal transforma-
tions."*'** These new protocols should fulfill not only the “on
protein” reaction conditions—aqueous media, high efficiency,
and chemoselectivity at or near room temperature and over a
narrow pH range—but also those of an efficient, environ-
mentally benign catalytic system: moisture and air-stable
ligands or ligandless systems that enable mild, fast, and
economic processes. The most significant contributions and
challenges associated with metal-mediated protein modification
protocols targeting both natural or unnatural amino acid
residues will be highlighted in the following sections.

3.1. Methods for Targeting Natural Amino Acids

3.1.1. Lysine and Tyrosine with Iridium and Palladium
Complexes. Early metal-mediated protein modification
methods focused on the modification of nucleophilic natural
residues such as Lys and Tyr (Scheme 17). Reductive alkylation
of surface-exposed Lys residues using a Cp*—Ir bipyridyl
complex enabled the condensation of aliphatic and aromatic
aldehydes.'*’ The formed imine is subsequently reduced by an
active Ir—hydride species, which is generated in situ from
sodium formate at pH 7.4 and room temperature (Scheme
17a). However, low selectivity is observed because the protein
N-terminus is also modified. Alternatively, Francis and co-
workers explored the palladium-catalyzed Tsuji—Trost mod-

Scheme 17. Lysine and Tyrosine Modifications with Iridium and Palladium Complexes: (a) Reductive Alkylation of Lysine and
N-Terminus with Ir Complex and (b) Pd-Catalyzed Allylic O-Alkylation of Tyrosine
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Scheme 18. Metal-Mediated Tryptophan, Cysteine, and “Proximity-Driven or Recognition” Modifications: (a—c) Modifications
with Rhodium Carbenoids and (d) Au-Catalyzed Oxidative Allene—Thiol Coupling of Cysteine
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ification of Tyr (Scheme 17b). The authors reported the use of
m-allylpalladium complexes, which are generated from allyl
acetates/carbamates and Pd(OAc),/triphenylphosphine tris-
(sulfonate) (TPPTS) as a catalytic system, for selective Tyr O-
alkylation with a rhodamine dye and lipophilic moieties.'**
Moderate conversion (50—65%) to a singly solvent-exposed
alkylated product was obtained although a small amount of
doubly alkylated product was also observed. Examples of this
Pd-catalyzed Tyr-selective strategy include the selective
introduction of different fluorophores into bovine erythrocyte
Cu/Zn superoxide dismutase (SOD)'* and HSA.'

Other metal-mediated modifications of Tyr, Trp, N-terminal
amino acids (e.g, proline), and other unnatural residues
involving oxidative couplings with Ni(II), Ce(IV), or Fe(III)
are not covered in the present work because they simply act as
oxidants in these transformations, yet they have also been
explored for chemical protein modification.”"*>'*’

3.1.2. Natural Residues with Rhodium and Gold
Complexes. Pioneering work by Francis and co-workers
shed light into the use of rhodium carbenoids for protein
modification targeting Trp residues, yielding mixtures of N-1
and C-1 regioisomers (Scheme 18a).'** However, the general
applicability of this transformation is limited due to the low pH
<3 required. Improved reaction conditions requiring only a
slightly acidic media (pH 6) were reported, but the conversions
were only moderate.* Solvent-accessible Cys residues also
react with rhodium carbenoids via S—H insertion of a
metallocarbene intermediate as exemplified by the modification
of the PDZ domain of the cystic fibrosis transmembrane
conductance regulator-associated ligand (CALP) (Scheme
18c).*® Alternatively, peptide-based molecular recognition
strategies (Scheme 18b) with metallopeptides have also been
used to site-selectively modify proteins by targeting proteino-
genic residues including Phe, Tyr, Asn, Gln, Lys, and His,
among others that were unreactive under standard conditions
with simple Rh,(OAc), catalysts,*'>!

Wong, Che, and co-workers have described the gold-
mediated selective cysteine modification of peptides and
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proteins using allenes, which represents the first utilization of
gold complexes for protein modification (Scheme 18d)."** The
reaction is formally an oxidative allene—thiol coupling in
aqueous media at room temperature using AuCl/AgOTf as a
catalytic system. Although this protocol has been successfully
employed in peptides (up to 97% conv.), the modification of
RNase A resulted in reduced conversion and regioselectivity
(24% single modification together with 9% of the doubly
modified protein).

3.2. Methods for Targeting Unnatural Amino Acids

3.2.1. Azides, Sydnones, Alkynes, and Alkenes. Recent
advances in the incorporation of unnatural amino acids into
proteins'** have stimulated the development of novel method-
ologies for their modification as well as the recycling of well-
known and established protocols. As such, unnatural reactive
handles provide a privileged chemical point from which metal-
mediated strategies, usually developed earlier, may efficiently
work by reassigning the reaction conditions for such trans-
formations using aqueous, mild, and atmospheric-tolerable
catalytic systems. In this section, we describe recent develop-
ments that have allowed these protocols to become attractive
tools for selective chemical protein modification. Schemes
19—21 illustrate a range of methods used for the transition
metal-mediated modification of azides, sydnones, alkynes, and
alkenes.

Early examples include the modified Huisgen cycloaddition
also referred to as Cu(I)-catalyzed azide—alkyne cycloaddition
(CuAAC) or “click reaction”, which represents one of the most
important bioconjugation methods for protein modification
reported to date (Schemes 19a and 20a)."* Catalytic amounts
of Cu(I) are sufficient to promote a mild chemoselective [3 +
2] cycloaddition in aqueous media that produces hydrolytically
stable and amide isosteric 1,4-disubstituted triazole rings. This
method has been used to access and study a wide range of
important PTMs,*® including cases of dual, orthogonal
PTMs,">* or in site-specific immobilization protocols.”>® In
addition, the introduction of ’F- and radiolabeled '*F-glycosyl
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Scheme 19. Transition Metal-Mediated Modifications of
Sydnones and Azides: (a—c) Cu(I)- and Ru(II)-Catalyzed
Azide—Alkyne and Sydnone Cycloadditions, Respectively

Sydnone and Azide
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Sydnone and Azide

Scheme 20. Transition Metal-Mediated Modifications of
Alkynes: (a, b) Cu(I)- and Ru(II)-Catalyzed Azide—Alkyne
Cycloadditions, Respectively, (c) Copper-Free Sonogashira
Cross-Coupling at Homopropargylglycine (Hpg) and Its (d)
Ligandless Version at Pyrrolysine (Pyl)-Based Systems, (e)
Modification of Hpg with Palladacycles
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probes on an Hpg-functionalized globular protein SspG (-
galactosidase) and also on a multivalent and self-assembled
virus-like bacteriophage particle Qf (with 180 F-glycosyl units
incorporated) was achieved under CuAAC conditions. This
approach allows the design of homogeneous glycoprotein
probes for structural dynamics (e.g., "F—NMR) and imagin
(e.g, "*F-positron emission tomography (PET)) purposes."®
However, and despite the enormous success of this protocol
and the progress made on the development of ligands and
complexes (e.g, N-heterocyclic carbene—Cu catalysts)'*® that
stabilize and maintain the active catalytic Cu(I) species, there
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Scheme 21. Transition Metal-Mediated Modification of
Alkenes: Olefin Cross-Metathesis with (a) S-Allylcysteine
and (b) Se-Allylselenocysteine, and (c) Pd-Catalyzed
Oxidative Heck Reaction
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are still some limitations including protein damage and
associated toxicity. This is likely due to the generation of
ROS, which have progressively favored the utilization of more
friendly Cu-free protocols (Schemes 12 and 13).'* Using a
high-throughput immunoassay screening, Taran and co-work-
ers discovered sydnone 1,3-dipoles as an alternative handle that
also reacts with Cu(I) in chemoselective and biocompatible
fashion in the so-called Cu-catalyzed sydnone—alkyne cyclo-
addition (CuSAC) (Scheme 19b),'° similar to the metal-free
variant depicted in Scheme 14d. This transformation was
demonstrated with a sydnone-functionalized BSA that was
reacted (ca. 75% conv.) with a dansyl-labeled alkyne using
CuS0O,/Na ascorbate/ligand system in PBS buffer (pH 8.0) at
37 °C. This transformation, however, does not proceed with N-
alkyl sydnones. Ru(II) has recently emerged as an alternative
metal able to catalyze [3 + 2] cycloadditions of both terminal
and internal alkynes with azides (RuAAC), leading to otherwise
elusive 1,5-disubstituted triazoles (Schemes 19¢ and 20b).
Thus, RuAAC has been used as a way of introducing cis—?eptide
bond surrogates in pancreatic ribonuclease (RNase A). ot
Another transformation that takes advantage of an alkyne
handle is the palladium-catalyzed Sonogashira cross-coupling in
aqueous media (Scheme 20c and d). Palladium catalyzed cross-
coupling reactions in aqueous media'®> have been widely
studied and developed over the last 30 years on small-molecule
models. As such, reactions with peptide substrates are not
covered in the present section, which highlights recent
achievements using functionalized proteins bearing suitable
unnatural residues. Thus, copper-free Sonogashira cross-
coupling at homopropargylglycine (Hpg) is a useful method
for C—C bond formation between alkynes (Csp) and aryl
halides (Csp®) enabling the efficient attachment of aromatic
groups, including fluorophores and PEG chain motifs to
ubiquitin,"® ubiquitin-fused peptides selected from phage
display,'* and a model dihydrofolate reductase (eDHFR)
from E. coli, which was designed with an N-terminal 13 amino
acid lipoic acid acceptor peptide (LAP) sequence.'® This
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Scheme 22. Pd-Mediated Protein Cross-Couplings at Aryl Halides: (a) Mizoroki—Heck, (b) Sonogashira and (c) Copper-Free
Ligandless Version, (d) Phosphine-Free Suzuki—Miyaura with ADHP or NHC Ligands, and (e) Ligandless Suzuki—Miyaura
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approach has also been successfully used for the labeling of
proteins in bacterial cells (E. coli)*®® and in the surface of
mammalian cells."®® The success of this transformation in live
cells is dependent on the use of water-soluble 2-amino-4,6-
dihydroxypyrimidine (ADHP) ligands (Scheme 20c). Recently,
an improved copper-free Sonogashira cross-coupling at
pyrrolysine (Pyl)-based systems has been reported by Chen
and co-workers (Scheme 20d).'”” The authors identified
Pd(NOs), as an effective nontoxic (with diminished membrane
damage potential) catalyst that works efficiently at room
temperature (25 °C) in live E. coli and Shigella cells. This
method was applied for the intracellular labeling and visual-
ization of type-III Secretion (T3S) toxin-OspF."®” The authors
suggest the generation of Pd(0) nanoparticles from the Pd(II)
source and an electron donor—sodium ascorbate in the reaction
mechanism of this process. The use of similar catalysts enabled
Pd-triggered deprotection and subsequent activation of N*-
propargyloxycarbonyl-L-lysine and N¢-allyloxycarbonyl-L-lysine
containing proteins in cells.'*® Finally, another site-selective
metal-catalyzed cross-coupling at Hpg-functionalized ubiquitin
exploits water-stable palladacycles to form styrene adducts with
fluorescent and PEG modifications in moderate to high yields
in PBS buffer at 37 °C (Scheme 20e).'*’

The Nobel-winning olefin cross-metathesis (CM) reaction
represents another well-known C—C bond-forming reaction
that has recently been added to the pool of bioorthogonal
transformations for chemical protein modification (Scheme
21)."7° Davis and co-workers successfully demonstrated the
first cross-metathesis couplings with an S-allylcysteine (Sac)-
functionalized protein.171 In this case, the first step involves the
chemoselective installation of a Sac handle that may be
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achieved using complementary methods.'”* The second step is

an aqueous cross-metathesis reaction catalyzed by air-stable
Hoveyda—Grubbs second-generation catalyst, which is en-
hanced by the presence of S-allyl moieties and suggested to
proceed via a chalcogen-relayed mechanism (Scheme 21a).
This behavior is also known as allylic chalcogen effect'” and
rationalizes the reactivity enhancement of allylic chalogenides
by a chelation mechanism that can be exploited to efficiently
attach a wide variety of alkenes. Important issues of this
transformation include (i) the need to use 30% tBuOH as a
solvent system to reduce the poor water solubility of
conventional Ru catalysts, (ii) the use of MgCl, as a mild
Lewis acid to prevent nonproductive chelation of other
nucleophilic moieties, and, finally, (iii) the fact that reaction
completion was only observed with allyl alcohol. This
observation points out steric hindrance as a possible limitation
of this approach. This limitation was addressed by the use of a
linker-extended version together with a more reactive Se-
allylselenocysteine (Seac) handle, which allowed successful
reaction with previously unreactive metathesis partners
(Scheme 21b)."”" Next, the direct installation of a rare C—Se
bond on a protein surface via biomimetic addition of
allylselenoate to Dha-functionalized proteins suppressed the
need for the linker and enabled cross-metathesis to proceed
with alkene counterparts (allyl GlcNAc and N-allyl acetamide)
that were previously not possible with the corresponding Sac
analogue.'”* Reaction kinetics revealed rate constants (k, = 0.3
M~ s7!) comparable or superior to many current bioorthog-
onal reactions. Interestingly, this transformation is reversible
upon treatment with H,0O, via Cope-type selenoxide
elimination, which was exploited in a synthetic write (CM)—
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read (antibody)—erase (elimination)—rewrite (CM)—read
(antibody) cycle at the epigenetic site 9 (N-acetyl Lys
derivative) of histone H3. Moreover, using the same catalytic
system, Schultz and co-workers performed a related ring-closing
reaction at genetically encoded alkenes in yeast."”

Another bioorthogonal Pd-mediated transformation has been
recently added to the alkene modifications toolbox. Dekker and
co-workers employed a single Cys mutant of enzyme 4-
oxalocrotonate tautomerase (4-OT), which was alkylated with
several maleimide-containing alkenes, to develop an oxidative
Heck reaction for mild bioconjugation in vitro (Scheme
21c).'7® This strategy enabled the chemoselective introduction
of several boronic acids with excellent conversions into a single
alkene-functionalized protein using a base-free catalytic system
with Pd(OAc), and the bis-imine of acenaphthenequinone and
mesitylamine (BIAN) as a ligand in the presence of complex
protein mixtures and importantly under aerobic conditions.
Alkene tolerance was remarkable because not only terminal but
also cis > trans internal alkenes, which represent an interesting
cis-selective alkene modification protocol, were modified,
leading to mixtures of linear/branched final products as
demonstrated in small-molecule models.

Alternative couplings exploiting allylic disulfides have also
been utilized but only in peptide models. These include the
desulfurization of allylic disulfides followed by a silver-mediated
allylic rearrangement'”” and the Kirmse—Doyle reaction, which
consists of the generation of a sulfur ylide upon attack of a
rhodium carbenoid and subsequent rearrangement.'”®

3.2.2. Aryl Halides and Boronates. Aside from the
aforementioned copper-free palladium-catalyzed Sonogashira
cross-couplings at proteins equipped with alkyne handles
(Scheme 20c and d), other transformations using the same
metal have emerged as powerful tools for protein modification
at different groups. Similarly to cross-metathesis, palladium-
catalyzed cross-coupling of aryl halides or boronates with
organometallic partners represents one the most useful
methods for C—C bond formation, being awarded with the
Nobel Prize in 2010."”° Advantages of these methods include
(i) high functional group tolerance, (ii) reduced toxicity, (iii)
chemical bioorthogonality, (iv) the use of air- and moisture-
stable ligands avoiding inert atmosphere or degassed solvents,
and finally (v) stability of the product and irreversibility of the
transformation, which make these transformations amenable
and attractive protocols for generating stable protein conjugates
(Schemes 22 and 23). Preliminary examples of Suzuki—Miyaura
cross-couplings on a p-iodophenylalanine-encoded (pIPhe)
peptide revealed the feasibility of this transformation using
Na,PdCl, with a series of boronic acid partners in a 1:1 mixture
of glycerol and water, resulting in high conversions at 40 °C."*
Early examples using pIPhe-encoded proteins included a
Mizoroki—Heck reaction (alkene cross-coupling partner)'®'
with a Pd(OAc),/TPPTS catalytic system (Scheme 22a)
together with MgCl,, which inhibits protein precipitation due
to palladium bindin§, and a Sonogashira reaction (alkyne cross-
coupling partner)'® with Pd(OAc),/TPPTS and CuOTf
(Scheme 22b). Conversions were, however, rather low (2—
25%). A copper-free ligandless Sonogashira cross-coupling
analogous, albeit less efficient, to that described in Scheme 20d
also has been applied to the labeling of a GFP—pyrrolysine
carrying a terminal iodophenyl group (up to 15% conversion
with Na,PdCl,) (Scheme 22c)."®” The genetic incorporation of
a boronate handle (Scheme 23) opened up an opportunity to
perform Suzuki—Miyaura cross-couplings at this residue,
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Scheme 23. Pd-Mediated Protein Cross-Couplings at Aryl
Boronates: (a) Suzuki—Miyaura

B(OH),

Aryl boronate

Pd,(dba),
70°C, pH 8.5

Suzuki-Miyaura

l(a)

Aryl boronate

however only with limited success (30% conversion with a
fluorescent bodipy aryl iodide partner) using Pd,(dba),. This is
likely a result of the harsh reaction conditions employed (12 h
at 70 °C)."®* These results highlight the need for the
development of a general, mild Pd catalyst for such trans-
formations.

Davis and co-workers contributed significantly to the use of
palladium chemistry for protein modification strategies by
employing water-soluble and air-stable 2-amino-4,6-dihydrox-
ypyrimidine (ADHP) ligands for a phosphine-free Suzuki—
Miyaura reaction (Scheme 22d), which afforded unprecedented
complete conversions (>95%) with a model cysteine-alkylated
protein bearing a p-I-benzyl handle.'® This transformation
occurred under mild conditions (up to 37 °C in aqueous
media) without the need of a cosolvent in only 30 min. Indeed,
a huge range of aryl and vinyl boronic acid cross-coupling
partners were successfully employed, allowing the installation of
biaryl moieties and glycosides.'®*

Recent progress include the expansion of such a reaction at
genetically encoded pIPhe,"®* which revealed the importance of
Pd scavenging with 3-mercaptopropionic acid to prevent
protein precipitation or Cys interference, similarly to the role
of MgCl, in early Mizoroki—Heck examples.'®" Other inherent
issues associated with this transformation such as dehydroha-
logenation remain a challenge. Finally, genetic encoding and a
site-selective labeling approach for protein modification by
Suzuki—Miyaura cross-coupling has been successfully applied
for cell surface labeling in E. coli by attaching either fluorescent
molecules'®® or glycosides, thus modulating the interaction of
bacterial glycocalyx with several binding partners."®” The
covalent labeling of molecules on the bacterial cell surface
was efliciently achieved via Suzuki—Miyaura chemistry after
incorporation of pIPhe into the outer membrane channel
protein C (OmpC) using an amber stop codon suppression
technique. Cross-couplings with either a fluorophore or a sugar
boronic acid/fluorescent lectin reporter were visualized by
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fluorescence microscopy, demonstrating a reduced toxicity at
the catalyst loadings required for efficient labeling. Although
Pd(OAc),-(ADHP), catalysts have proved efficient in both
Suzuki—Miyaura and copper-free Sonogashira cross-couplings,
the use of alternative catalytic systems (e.g, N-heterocyclic
carbene (NHC)—Pd catalysts for the cell surface labeling of
mammalian cells) (Scheme 22d)'® or the development of
ligandless protocols such as the site-selective protein
PEGylation by Suzuki—Miyaura cross-coupling recently
(Scheme 22e) will be of enlarged value in particularly
important biotechnology applications such as the development

of therapeutic proteins with improved properties.'®’

4. CONCLUSION

This review has highlighted the state of the art of recent
aqueous reaction methodology developed for site-selective
chemical protein modification. The awareness of the need to
develop site-selective protein modification methods is still
recent. Despite several advances reported in the last 10 years,
there remains a need for additional and complementary site-
selective reactions with improved kinetics and selectivities.
These methods will expand the current available chemical
toolbox and help chemists and biologists further improve their
understanding of complex biochemical processes. We anticipate
a key role for metal-mediated transformations in protein
chemistry and highlight challenges associated with adapting
such chemistries to biological systems. These include (i)
enlarging the plethora of metal-mediated transformations for
protein modification by developing catalytic systems able to
efficiently work in benign aqueous systems, at physiological
temperature and pH, and in the presence of oxygen; (ii)
progressing toward “real” catalytic systems because almost all
metal-mediated strategies reported to date require an excess of
metal to achieve moderate-to-good conversions (improve the
catalyst turnover numbers); (iii) moving to interspecies
couplings because most of the current metal-mediated
protocols are limited to prokaryotic systems; (iv) designing
and developing cell-permeable reagents and catalysts to
perform intracellular reactions because most of the current
methods are limited to cell lysate or surface labeling; and finally
(v) addressing toxicity problems that may allow in vivo
couplings with whole-body organisms. In addition, site-selective
protein modification will be central for the preparation of the
next generation of biopharmaceuticals, including ADCs for
cancer therapy and glycoproteins for vaccination. Such
approaches will lead to defined constructs that enable a clear
molecular dissection of modified protein structure on

5a,56a

therapeutic function and hopefully result in therapeutic

candidates with improved safety and efficacy.
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