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Protein bioconjugates are in high demand for applications in
biomedicine, diagnostics, chemical biology and bionanotech-
nology. Proteins are large and sensitive molecules containing
multiple different functional groups and in particular nucleo-
philic groups. In bioconjugation reactions it can therefore be
challenging to obtain a homogeneous product in high yield.
Numerous strategies for protein conjugation have been

developed, of which a vast majority target lysine, cysteine and
to a lesser extend tyrosine. Likewise, several methods that
involve recombinantly engineered protein tags have been
reported. In recent years a number of methods have emerged
for chemical bioconjugation to other amino acids and in this
review, we present the progress in this area.

1. Introduction

The need for high-quality protein conjugates is continually
rising.[1–5] Protein conjugation allows the preparation of multi-
functional constructs where the function of the protein is
combined with a desired molecule. Examples of this include the
attachment of a drug for drug delivery,[6–9] a fluorophore for
visualization[10,11] or a polyethylene glycol (PEG) to improve
pharmacokinetics and pharmacodynamics of a protein
therapeutic.[12–14] Advanced constructs, where a protein is
conjugated to another protein[15,16] or oligonucleotides,[17–19]

have also emerged. This demonstrates the opportunities
selective protein conjugation strategies can provide. Such
constructs have found applications in research,[18] diagnostic
imaging[20,21] and therapeutics.[6] For all applications, it is
essential that the function of the protein is not hampered by
the added functionality. Furthermore, homogeneity can be
important to generate consistent results.[22–24] In this review, we
distinguish between residue-specific conjugation, where only
one amino acid residue is modified, and site-selective con-
jugation where the conjugation reaction can occur at different
residues within a limited area of the protein. This means that
residue-specific methods yield a fully homogeneous product
whereas conjugates produced using site-selective methods
have some degree of heterogeneity.

Among the most successful protein conjugation methods is
the incorporation of a specific amino acid (AA), either proteino-

genic or non-proteogenic, into the protein sequence.[25–29] This
is often done to obtain a reactive handle for further protein
modification. Other strategies utilize a ligand[30,31] or another
directing group[32] to limit the reaction to the proximity of a
specific site. Furthermore, some reactions rely solely on the
chemical properties and diversities in the AA sidechains and
their microenvironments to ensure selectivity.[33] Lastly, some
methods combine features from these categories to improve
selectivity even further.[34] In most cases, this requires aqueous
conditions, without elevated temperature and pressure.

Furthermore, the acceptable pH range is limited for many
proteins and must often be close to physiological pH. By far,
the most commonly targeted AAs are cysteine and lysine. These
have been widely studied and conjugation to these residues
has become standard procedure in many laboratories. Typically,
classical reagents such as maleimide and NHS-esters are
employed, however more specialized reagents have also been
developed.[33,35–38] Selective conjugation to tyrosine has also
been thoroughly studied.[39,40] This residue can be targeted by
different methods including Mannich-type reactions[41] and ene-
type reactions with 4-phenyl-3H-1,2,4-triazoline-3,5(4H)-diones
(PTADs)[42] Although not as widely used, a few reagents for
selective tyrosine conjugation such as PTAD-azides and alkynes
are commercially available. This review seeks to expand upon
the remaining proteogenic AAs that have been less prominent
targets for chemical modification. In the following, the amino
acids are grouped according to their chemical properties. While
most proteins contain multiple lysines and few or no available
cysteines, the expansion of the toolbox of conjugation methods
to other amino acids, provides improved opportunities to select
the optimal conjugation strategy, both in terms of stoichiom-
etry and selectivity, to the individual protein. Strategies for
chemical modification of the amino acids are discussed and
relevant examples of conjugation to individual residues are
highlighted to demonstrate different reaction types.
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2. Alkaline Amino Acid Residues

The three alkaline amino acids residues include arginine (Arg, R,
pKa 12.5), histidine (His, H, pKa 6.0) and lysine (Lys, K, pKa

10.8).[43] As the pKa values indicate, Lys and Arg are both
positively charged at physiological pH, while His is partially
protonated depending on the environment. Here, we will focus
on conjugation to His and Arg.

2.1. Histidine

His residues are frequently found in the active site of enzymes.
Here, they are essential for the enzymatic function.[44] Further-
more, they have a unique ability to function as metal chelators
in metalloproteins. Histidine is a relatively low-abundancy AA in
native proteins as indicated in Table 1.[45] However, recombinant
proteins are often expressed with a polyhistidine tag containing
four or more His residues (His-tag) that facilitates purification by
immobilized metal affinity chromatography. The reaction of His
with various electrophiles has been a choice for His-selective
conjugation. However, this type of reaction suffers from cross-
reactivity. As Cys and Lys have more nucleophilic sidechains,
they will compete with His in the reaction. Advanced reagents
have been used for selective conjugation to His in the proximity
of a ligand binding site.[46,47]

In general, reagents for ligand directed conjugation contain
a ligand and a reacting group. When the ligand is bound, the
reaction group will be in high local concentration and react
with a reaction partner in close proximity to the binding site of
the ligand. Ligand directed methods often result in less
heterogeneous conjugates, however, specialized reagents are
required and the reagents are often specific for a single protein.

An alternative to this approach was demonstrated in 2018
where Rai and co-workers developed a His-selective reagent
using an aldehyde as chemical directing moiety (Figure 1A).[48]

The reagent contained an epoxide capable of covalent irrever-

sible conjugation to His and a 2-hydroxybenzaldehyde for fast
and reversible reaction with surface Lys. The aldehyde reacts
with all available Lys residues to generate imines. This reaction
is fast and reversible under physiological conditions and allows
the epoxide to react with a His in close proximity of an imine-
forming Lys. The aldehyde can then be released and used for
late-stage modification of the protein conjugate. Using this
method, Rai and co-workers achieved chemo- and site-selective
labeling of several proteins, including an antibody Fab frag-
ment, under mild conditions. The conversion was very variable
(from 0% to 99%), with 30% to 41% conversion for the two-
step modification of trastuzumab-Fab. This strategy has recently
been expanded to be used for labeling of a single Lys on the
protein surface.[49] An alternative technique targeting two His-
residues in close proximity, was shown to limit cross reactivity
and increase chemoselectivity in His labelling. This was
exploited by Brocchini and co-workers, who used a PEG-bis-
sulfone reagent to selectively PEGylate proteins at a His-tag.[50]

In a later study, they further expanded this method to
selectively label proteins at a His2-tag containing two His and
0–2 Gly positioned either in the N or C-terminal or internally in
the protein sequence.[51]

A few electrophiles have shown to be chemoselective for
His without the need for a directing group. Joshi and Rai found
that 2-cyclohexenone is able to selectively label a single His
residue in the presence of other surface-exposed Lys and His
residues (Figure 1B).[52] The monolabeled product was obtained
for several proteins using 250 equiv. of the reagent at pH 7
resulting in 25% to 80% conversion. The installed ketone could
be used for subsequent introduction of a variety of tags by
reaction with aminooxy-derivatives to form the oxime product.
Interestingly, all labeled His residues were surface exposed. The
His in the active site of the model protein, RNase A, was not
modified, thereby ensuring maintained protein activity. Another
example was published by Chang and co-workers, who
developed a His-selective conjugation method inspired by the
reversible post-translational phosphorylation of His residues in
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prokaryotes and eukaryotes.[53] They found that thiophosphoro
alkyne dichloridate (Figure 1C) could selectively label His
residues under mild aqueous conditions at slightly alkaline pH
(pH 8.5) in 20 min. The alkyne on the reagent allows for later
attachment of a label using copper catalyzed azide alkyne
cycloaddition. Approximately 75% of the product was intact
after 60 h incubation in serum at 37 °C. However, it is efficiently
cleaved in cell lysates at the same temperature where <20%
remains intact after 100 min. These two reactions seems to
have overcome the challenge of Lys cross reactivity, however,
free thiols from unpaired Cys residues still poses a great
challenge for His-selective electrophiles.[54]

All the His-selective methods described so far proceeds
though nucleophilic attack from His. Nakamura and co-workers
have recently reported the first His-selective nucleophilic
protein labeling reagent targeting histidine oxidized by 1O2

(Figure 1D).[55] Using 1-methyl-4-arylurazole (MAUra) and Rose
Bengal as 1O2 generating reagent, they obtained His selective
labeling of several peptides in 50% CH3CN solution at pH 7.4
with white LED irradiation for 10 min on ice. No methionine,
tryptophan, tyrosine or cysteine labeling was observed, how-
ever, methionine and tryptophan are oxidized under these
conditions. By using a solid support modified with ruthenium
photo-catalyst and an Fc-binding ligand they were able to
obtain Fc-selective labeling of the antibody trastuzumab in
aqueous buffer at pH 7.4. As 1O2 is a very reactive species with a
possible diffusion distance of ~10 nm, the reaction can be
controlled around the photo-catalyst, providing the site-
selectivity. However, this is only possible for very large proteins
such as antibodies that generally is around 10–15 nm in size.
MAUra is known to react with tyrosine under single electron

transfer (SET) conditions, and as ruthenium photo-catalyst
catalyzes both SET and 1O2 generation, both Tyr and His can be
labeled.[56–58]

In recent years, a new type of C� H functionalization for the
selective reaction with His has emerged. The C2 position of the
imidazole sidechain is electrophilic. This provides a unique
opportunity for development of selective conjugation reactions
where cross reactivity with other nucleophilic AAs is avoided.
This was exploited by two research groups, who simultaneously
reported the use of radical mediated Minisci-type C� H function-
alization of His in peptides. Gopalakrishnan and co-workers
used sulfinate salts as radical precursors to obtain selective
peptide modification under mild, aqueous and metal free
conditions (Figure 1E).[59] Furthermore, the method was used for
site-selective introduction of a ketone as a reactive handle for
oxime/hydrazone conjugation at the C2 position on His. Wang
and co-workers used a visible light promoted reaction with C4-
alkyl-1,4-dihydropyridine reagents (Figure 1F).[60] Reactions were
performed under acidic conditions as protonation of imidazole
facilitates the reaction. Using this method, they demonstrated
the selective incorporation of various functional groups, includ-
ing an azide for later modification of the conjugate. However,
as the reaction is performed in organic solvent under an argon
atmosphere, it may not be applicable in many cases. Further-
more, this type of reaction is not compatible with free cysteine
residues and more research is needed to evaluate if the method
can be optimized for a broader scope. His-based metal
chelation has been exploited for direct metal complexation to
generate non-covalent conjugation products.[61,62] However,
these are unstable under physiological conditions. His-tags and
natural metal binding sites on protein surfaces has been used

Table 1. Mean frequencies of amino acids (p(a)) in the genomes of living organisms and reported chemoselective protein conjugation methods.

Amino acid p(a) %[a] References

Ala 7.80 (2.38) –
Arg 5.23 (1.43) [68,69,70, 71,72,73, 74,75]

Asp
Glu

5.19 (0.81)
6.72 (1.24)

[82,83,89, 90,91]; N-terminal: [92,93]

Asn 4.37 (1.73) –
Cys 1.10 (0.44) Not covered here; Reviews: [37,38]
Gln 3.45 (1.19) –
Gly 6.77 (1.32) N-terminal: [107,108]
His 2.03 (0.41) [48,51,52, 53,55,59, 60]
Ile 6.95 (2.16) –
Leu 10.15 (0.86) –
Lys 6.32 (2.53) Not covered here; Reviews: [33,36]
Met 2.28 (0.39) [136,143,144,147]
Phe 4.39 (0.89) –
Pro 4.26 (1.01) N-terminal: [109, 110, 112]

Ser
Thr

6.46 (1.17)
5.12 (0.69)

101. N-terminal: [94,95, 96,97,98]

Trp 1.09 (0.25) [117,118,119,121,123,124,126,129,131,132]
Tyr 3.30 (0.63) Not covered here. Review: [39,40]
Val 7.01 (1.18) –

[a] Average frequencies of individual amino acids as stated in the literature.[45] The standard deviation of the distributions are shown in parentheses. –: No
methods suitable for chemoselective protein conjugation reported.
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to direct reaction at other residues using metal cheaters.[63,64]

Finally, His has been used as directing group for backbone N� H
modification.[65]

2.2. Arginine

With a pKa of 12.5,[43] Arg carries a positive charge under
physiological conditions. Due to the charge and ability to form
hydrogen bonds, it is important for both protein structure and

solubility.[66] In addition to the structural properties, it is
important for function and cell signaling, and is susceptible to
several types of posttranslational modifications.[67] Most strat-
egies for Arg selective conjugation involve the reaction
between the guanidinium group and a modified glyoxal or
other dicarbonyl compound. Early examples of this include
reaction with glyoxal,[68] phenylglyoxal (illustrated in Figure 2),[69]

2,3-butanedione,[70] and later methylglyoxal.[71,72] The glyoxal is
in equilibrium with the hydrated form under aqueous con-
ditions. Hence, the reaction has been described using either the

Figure 1. Reactions for selective labeling of His residues. TBHP: tert-butyl hydroperoxide. Ru-cat: ruthenium photocatalyst.
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unhydrated or the monohydrated form. The reaction proceeds
through formation of an imidazolidine diol, which is susceptible
to hydrolysis. The intermediate can be stabilized towards
hydrolysis by complexation of the 1,2-diol with borate buffer or
reaction with an additional glyoxal reagent, forming stable
reaction products.[69,73] Furthermore, the diol can undergo
elimination of water to form an heteroaromatic enol.[74] Meth-
ylglyoxal can also react with Lys or free thiols from unpaired
Cys residues through the formation of imines, hemiaminals and
hemithioacetals. However, these unwanted byproducts can
often be removed under the purification process as the
conjugation is reversible.[73] Furthermore, phenylglyoxal, glyoxal
and methylglyoxal have been shown to react with α-amino
groups, resulting in the formation of an α-keto acyl group at
the N-terminal.[69] This side reaction can however be avoided by
using suitable reaction conditions.[75]

More recently, Dawson and co-workers demonstrated the
use of p-azidophenylglyoxal hydrate as a suitable reagent for
Arg-selective protein conjugation.[75] Using optimized reaction
conditions, they were able to achieve Arg-selective conjugation
to the two proteins lysozyme and RNAse A with no unmodified
protein observed after the reaction. Furthermore, no trans-
amination of the N-terminus was observed. Inspired by this,
Wagner and co-workers utilized p-azidophenylglyoxal monohy-
drate to modify native antibodies.[77] The use of Arg-selective
conjugation to antibodies was further demonstrated by Rader
and co-workers.[76] They used phenylglyoxal-triazole probes to
selectively conjugate to a reactive Arg on a dual variable
domain (DVD)-IgG1 forming highly stable products. Further-
more, the reaction was shown to be orthogonal to lysine
labeling using a β-lactam probe. This was utilized to prepare
heterodimeric DVD-IgG1 s with two different cargos using a
one-pot protocol, demonstrating the strength of this method.
In a very recent study, Hocek and co-workers enzymatically
incorporated phenylglyoxal modified nucleoside triphosphates
into oligonucleotides for conjugation of the oligonucleotides to
arginine-containing peptides and proteins.[78] Arginine conjuga-
tion has also been used for identification of highly reactive Arg
residues on proteins using a azide-cyclohexanedione probe for
reaction and enrichment.[79] Furthermore, Arg-selective cross-
linkers have been used to improve structural mass spectrometry
analysis of proteins containing Lys-deficient regions.[80]

3. Acidic Amino Acid Residues

The sidechains of aspartic acid (Asp, D) and glutamic acid (Glu,
E) contain a carboxylic acid functionality with a pKa value of
approximately 4,[43] depending on the local environment. There-
fore, they carry a negative charge at physiological pH. These
AAs possess various functions in the protein with regards to
solubility and activity.[44,81] The carboxylate reactivity is limited
in water, making Asp- and Glu-selective reactions a challenging
prospect. Furthermore, the C-terminus of the protein also
contains a carboxylate group.

Activation of protein carboxylic acids with activating agents
such as a carbodiimides, followed by reaction with a desired
nucleophile, is well established.[82,83] This incoming nucleophile
will be competing with multiple other primary amines on the
protein, and considerable amounts of by-products are to be
expected. The low nucleophilicity of the carboxylate requires
the probe to be highly reactive. This requirement increases the
risk of cross reactions with more nucleophilic amino acids.
Therefore, it is often necessary to use a reagent with a directing
group. Affinity directed tetrazole based reagents have been
used to react with carboxylic residues by a photo induced
reaction (Figure 3A).[84,85] Upon irradiation with UV light, the
tetrazole is converted to a reactive carboxy-nitrile imine that
can react with various nucleophiles.

Reactions with Woodward’s reagent K based reagents
containing a directing ligand have also been reported.[86,87]

These reagents can covalently modify the active site carboxylic
residues by ester formation.[88]

Recently, Rai and co-workers reported a method to obtain
single-site protein conjugation at Asp or His in proximity to a
Lys using chemical guiding group.[89] Here, a chemoselective
reversible reaction between an amine and an aldehyde was
used to guide the reaction between the electrophile aryl
sulphonate ester and a nucleophile on the protein.

A study by Zhengqiu Li and co-workers demonstrate the
use of 2H-azirine-based reagents for chemoselective protein
conjugation at carboxyl residues (Figure 3B).[90] The reaction is
performed at room temperature, pH 7.3, and was used to label
proteins both in vitro and in live cells. The reagent selectively
labels Asp and Glu with a preference towards Glu because the
steric hindrance is lower. Only a few off-target reactions were
observed when used for protein profiling in living cells with
>95% selectivity towards Asp/Glu. Furthermore, the probe
showed selectivity towards buried residues in active sites
compared to surface exposed residues. This property makes this
type of probe ideal for reactivity profiling and proteomics.
However, it is a disadvantage when used for development of
protein constructs where the activity of the protein must be
intact.

A third approach was demonstrated by Chaubet and co-
workers who investigated multicomponent reactions for Asp/
Glu conjugation on native proteins.[91] By reacting the model
protein trastuzumab with a combination of suitable aldehyde
and isocyanide reagents, they envisioned that protein
conjugation could occur by Ugi four-center three-component
reaction (U-4C-3CR) at Asp or Glu in vicinity of a Lys.

Figure 2. An example of an arginine selective reaction using dicarbonyl
compounds. Reaction conditions can vary, however 3 h at 37 °C in PBS
pH 7.4[76] and 16 h at 25 °C in PBS pH 7.5[77] has been reported.
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Bioconjugation reactions were performed in PBS buffer,
pH 7.4 at 25 °C for 16–20 h. Conjugation was observed with
varying conversions between 0 and 97% depending on the
reagent structure, the amount and the ratio between the
reagents. The average number of modifications for the
product mixtures were �4. Multiple functional groups could
be incorporated, including azide, alkyne, isocyanide and a
fluorophore. Analysis of the conjugates by LC-MS/MS vali-
dated that the reaction is specific for Asp/Glu. However, both
the U-4C-3CR dual residue modification product, the U-4C-
3CR single residue modification product from reaction with
an N-terminal Asp/Glu and the product from single residue
modification through Passerini reaction was observed (Fig-
ure 3C). The system is modular and dual labeling is easily
obtained. Furthermore, selectivity towards N-terminal Asp
and Glu residues was observed. Selective conjugation to N-
terminal Glu has also been reported using transamination
with N-methylpyridinium-4-carboxaldehyde, generating an
N-terminal ketone, available for further modification with
aminooxy reagents.[92] This reaction was later optimized
resulting in up to 98% conversion for a protein carrying an
EES tag. However, other N-terminal residues could also be
modified using this procedure.[93]

4. Polar Uncharged Amino Acid Residues

The two AAs Serine (Ser, S) and threonine (Thr, T) possess a
primary and secondary hydroxyl group, respectively. They are
highly abundant at the surface of proteins and serve as sites
for post-translational modifications such as glycosylations
and phosphorylations. Furthermore, they perform important
functions in the active site of several enzymes, including
serine and threonine proteases. The low nucleophilicity of
the Ser/Thr hydroxyl group compared to the amino group of
Lys and the thiol group of Cys, makes chemoselective

reactions with incoming electrophiles a challenging task.
Therefore, conjugation to in-chain Thr and Ser remains a
great challenge. However, several strategies have been
developed for selective reaction with N-terminal Ser/Thr
residues,[94,95] including introduction of an aldehyde handle
through mild oxidation using periodate.[96–98] However, peri-
odate treatment can result in cleavage of the vicinal diols in
the carbohydrates or oxidation of sugar moieties in glycosy-
lated protein.[99,100] The first method for chemoselective serine
conjugation on proteins were reported by Phil S. Baran and
co-workers.[101] Inspired by the phosphorylation of primary
alcohols in protein performed by kinases and a new class of
phosphorus reagents, they envisioned that regents based on
phosphorus(V) oxidation state could be used to target
primary alcohols in peptides and proteins. The P(V) based
bioconjugation reaction (Figure 4) showed great selectivity
for Ser, and remarkably, Ser is favored over Thr. Under
optimized reaction conditions, only Ser labeling was ob-
served for the protein conjugation reactions with 20–40%
conversion. The selectivity was explained by a difference in
energy barriers for the rate limiting step, found in density
functional theory studies. Excess EtSH was added when the
reaction was performed on peptides containing Cys to avoid
side reactions with the thiirane byproduct from the reagent.
Furthermore, dithiothreitol (DTT) was added to reduce any
disulfide bonds formed during the reaction. Conjugation
reactions were performed at 25 °C in a 4 : 1 DMF/water

Figure 3. Examples of reactions used for conjugation to carboxylic acids. A: Conjugation using tetrazole based probes. B: Conjugation using 2H-azirine-based
reagents. C: Three-component reaction, resulting in either dual or single residue modification.

Figure 4. Serine selective reaction using phosphorus(V) reagent. DBU: 1,8-
diazabicyclo[5.4.0]undec-7-ene.
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mixture using 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as
base. These conditions are far from physiological conditions
and might not be applicable for many proteins. Optimization
of the reagent for use under aqueous and cysteine-compat-
ible conditions would greatly enhance the protein scope for
the reaction.

Similar to Ser and Thr, asparagine (Asn, N) and glutamine
(Gln, Q) have proven to be difficult targets for protein
conjugation. The only reported reaction with the primary amide
sidechain involves proximity driven reactions and metal
catalysis.[102] Here, an Fc-binding peptide modified with three
dirhodium complexes was used to guide and catalyze the
reaction between the alkyne-functionalized diazo reagent and
an Asn sidechain of the antibody trastuzumab. However, the
selectivity is due to the targeting from the peptide rather than
the resection chemistry, as several amino acids including Ser,
Arg, Asp, Glu, Phe and more can participate in the reaction.[34]

The development of selective reactions towards these polar
uncharged amino acids would be of great value to the field of
protein conjugation. A starting point for gathering inspiration
could be to investigate how Nature post-translationally modifies
these amino acids via enzymes.

5. Hydrophobic Amino Acid Residues

This group can be divided into the aliphatic AAs, aromatic AAs
and Methionine (Met, M) as a special case. Here, the aliphatic
AAs include alanine (Ala, A), valine (Val, V), isoleucine (Ile, I),
leucine (Leu, L), proline (Pro, P) and glycine (Gly, G). The
aromatic amino acids are phenylalanine (Phe, F), tyrosine (Tyr,
Y) and tryptophan (Trp, W). The sidechain of His is also aromatic,
however, as His can be ionized at physiological pH, it will not
be included in this category.

5.1. Aliphatic amino acid residues

The aliphatic amino acids either have an aliphatic sidechain
(Ala, Val, Ile, Leu, Pro) or no sidechain (Gly). Due to the lack of
functional groups, they are difficult to target using chemo-
selective regents. Therefore, very few methods for conjugation
to these amino acids are available today. Although not broadly
applicable, advances in C� H functionalization has led to new
opportunities for the selective modification of these residues in
peptides.[103–105] Gly and Pro are special cases with features that
allows for development of selective reactions. These are
described below.

5.1.1. Glycine

Conjugation reactions for N-terminal Gly have been developed.
However, these methods often require a poly Gly-tag[106] or can
be used for conjugation with other N-terminal residues.[107] Rai
and co-workers published a strategy for site-selective conjuga-
tion at N-terminal Gly residues under the formation of a C� C

bond as shown in Figure 5.[108] They discovered that an
appropriately designed aldehyde probe could react selectively
with an N-terminal Gly under the formation of an amino
alcohol. The reactions were performed at room temperature,
pH 7.8 for a duration of 24 to 48 h with a conversion of 40% for
the model protein myoglobin and 71% for insulin. The N-
terminal Gly was selectively targeted over all other proteino-
genic AAs. The proposed reaction mechanism is given in
Figure 5B. First, an imine is formed by reaction between the
amine and the aldehyde. The following enol formation will only
occur when no side chain is present. Therefore, the internal
nucleophile is only generated when the N-terminal residue is
Gly, ensuring residue specific reaction. The formed internal
nucleophile then reacts with an additional equivalent of the
aldehyde, followed by hydrolysis of the imine to form the
product and regenerate one equivalent of the aldehyde
reagent. A model experiment where phenylalanine amide was
vortexed under the reaction conditions confirmed the presence
of a high barrier for enolization, as no scrambling of the
stereochemistry was observed. The utility of this method was
demonstrated by selectively labeling an N-terminal Gly contain-
ing protein in a cell lysate. For most proteins, that do not
naturally have an N-terminal Gly, recombinant expression would
need to precede the use of this method.

5.1.2. Proline

Proline is the only proteinogenic AA containing a secondary
amine, as the α-amino group is attached to the sidechain
forming a pyrrolidine ring. This provides a unique feature that

Figure 5. A: Conjugation to an N-terminal glycine residue forming an amino
alcohol product. B: Proposed reaction mechanism for the selective
conjugation reaction to N-terminal Gly.[108] The enol is only formed when
R=H under the used reaction conditions. This ensures residue specific
reaction on N-terminal Gly residues.
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can be used to selectively target Pro residues at the N-terminal.
Francis and co-workers found that o-amino phenols and
catechols could selectively react with an N-terminal Pro under
oxidative conditions (Figure 6A).[109] The reaction is performed
under mild conditions at room temperature and has fast second
order kinetics. Even though other N-terminal residues could
also react, high preference for N-terminal Pro was observed.
Furthermore, aniline could also be targeted. A limitation of this
reaction however, is that the thiol groups of free cysteine
residues react with both o-amino phenols and catechols under
the same conditions and must be protected prior to the
reaction. Later, the reaction was modified to a two-step
reaction, where the ketone generated in the oxidative coupling
to N-terminal Pro could be used for attaching an additional
cargo with carrying an alkoxyamine or hydrazine group.[110] The
same research group later developed an enzymatic method to
selectively label N-terminal Pro using phenol derivatives and a
tyrosinase (Figure 6B).[111] An alternative strategy was published
by Raj and co-workers, utilizing the Petasis reaction for selective
conjugation to secondary amines (Figure 6C).[112] The reaction is
a multicomponent reaction involving the secondary amine, an
aldehyde and a nucleophilic organoboronate. This allows two
different groups to be introduced in one-pot fashion. However,
the reaction rate is slower compared to the previous methods.
Conversion of >80% was observed for the modification of a
peptide (chain A of insulin) and the reaction could also be used
to modify proteins with an N-terminal Pro.

5.2. Aromatic amino acid residues

Out of the amino acids included in this group (Phe, Tyr and
Trp), Tyr is the most targeted residue for bioconjugation. Some
strategies takes advantage of the fact that it can be readily
converted to a reactive phenolate,[30,113] whereas other strategies
utilize the reactivity of the electron-rich aromatic ring.[114,115]

These reactions will not be covered in this review.

5.2.1. Tryptophan

Trp is, together with cysteine, one of the least abundant
amino acids in proteins (Table 1).[45] It contains an indole
group substituted on the C3-position. Despite the low
abundancy, 90% of proteins contain few, but at least one
tryptophan.[116] This makes it particularly interesting for
residue specific bioconjugation as high homogeneity of the
product is expected. Selective conjugation to tryptophan has
however been a great challenge, and despite great efforts in
the field, only a few reactions suitable for protein conjuga-
tion have been developed. One of the first tryptophan-
selective bioconjugation reactions was developed by Francis
and co-workers in 2004.[117] Here, they used rhodium
carbenoids to react with tryptophan in aqueous solution at
low pH to generate a mixture of the N- and the C2-
substituted product. Later, they improved the reaction
conditions by adding tBuNHOH, which allowed the reaction
to proceed at pH 6 (Figure 7A).[118] However, reactions were
performed at elevated temperature (75 to 95 °C) and a small
amount of product with multiple additions of rhodium
carbenoids to single indole side chains was observed. Soon
after these improved conditions were reported, Ball and co-
workers reported the use of dirodium metallopeptides for
directed conjugation to polypeptides.[119] By combining the
directing properties of the peptide with the selectivity of the
chemical reaction, they were able to obtain selective
conjugation at room temperature at pH 6.2 in aqueous
buffer. In this method, the reactive metallocarbenoide is
generated in situ by addition of the diazo-reagent directly to
the buffer. An excess of the diazo reagent is needed to obtain
good yields, as the metallocarbenoide is unstable in water.
Under these conditions, both tryptophan as well as tyrosine
and phenylalanine can be labeled. This cross-reactivity would
in other cases generate inhomogeneous conjugates. How-
ever, this is not the case with this method as the reaction will
occur in close proximity to the rhodium catalyst at the site
where the directing peptide is bound. Later, the scope of the
reaction was expanded to target a large variety of amino acid
sidechains, including the first examples of conjugation to Gln
and Asn as mentioned in section 4.[102] Another tryptophan-
selective conjugation reaction was developed by Hoeg-
Jensen and co-workers, using Waser’s reagent[120] under gold
catalysis (Figure 7B).[121] This method provided both chemo-
and regioselective labeling, as only the C2-position of the
indole was modified with a terminal alkyne as a reactive
handle for later modification. The model protein apomyoglo-
bin was modified using this method, resulting in a conversion
of 25% and 67% to the mono- and di-functionalized product,
respectively. However, organic co-solvent was necessary, and
the reactions were performed in MeCN/water (3 : 1) with 2%
TFA. Therefore, this method is only applicable to peptides
and very robust proteins that tolerate organic solvent and
low pH. Gold catalysis has also been used to obtain direct
trifluoromethylation of tryptophan containing oligopeptides
using readily available reagents.[122] However, as the reactions
occur in DMSO at 40 °C, this method is not directly

Figure 6. Bioconjugation reactions targeting an N-terminal proline residue.
A: Oxidative coupling with 2-amino phenols. B: Enzyme mediated reaction
with a phenol. C: A three component reaction involving the N-terminal
proline, and aldehyde and an organoboronate reagent.
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compatible with most proteins. An approach, published in
2019, by Palomo and co-workers, employed a Pd nanoparticle
(PdNPs) biohybrid as catalyst (Figure 7C).[123] The biohybrid
consisted of Pd(0), dispersed in a protein network, forming
heterogeneous nanoparticles with the size of 5 nm. Success-
ful protein conjugation was conducted in water at RT for 48 h
using 4-methoxybenzene-diazonium tetrafluoroborate as an
electrophilic arylating coupling partner. Furthermore, they
were able to tune the number of modifications by altering
the catalyst loading.

Tryptophan can also be targeted by transition metal-free
chemistry. This was demonstrated by Kanai and co-workers,
who developed a mild and selective method for Trp
conjugation without the use of transition metals (Fig-
ure 7D).[124] The reagent 9-azabicyclo[3.3.1]nonane-3-one-N-
oxyl (keto-ABNO) was added in stoichiometric amounts,
together with 0.6 equiv. NaNO2 and the reactions were

performed in aqueous solution containing 0.1% acetic acid
for 30 min. The reaction proceeds by a nucleophilic attack of
the oxoammonium by the indole.

Hereafter, ether the hydrated or the dehydrated product
can be formed. The utility of the reaction was demonstrated
as the reaction was performed on a variety of proteins
including an antibody, and the yield was dependent on the
surface availability of the Trp residues. Furthermore, cross-
reactivity to other AAs was not observed, and the method
was orthogonal to Tyr conjugation using PTAD[125] chemistry.
Davis and co-workers developed another example of using a
radical reaction for trifluoromethylation of Trp in proteins.[126]

They were able to obtain direct trifluoromethylation of
tryptophan using 200 equiv. sodium trifluoromethanesulfi-
nate, 25 equiv. tert-butyl hydroperoxide and 25 equiv. Met.
The reactions were performed at 0 °C, with pH 6 for 5–10 min
obtaining >50% conversion. Using this method, the model

Figure 7. Tryptophan selective bioconjugation reactions. A� C: Reactions using transition metal catalysis. D: Reaction with 9-azabicyclo[3.3.1]nonane-3-one-N-
oxyl (keto-ABNO). E: Selective labeling of Trp using a triazolinedione reagent at pH 4. F: Labeling of Trp using photocatalysis. R: Me or P.
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protein myoglobin was labeled, with primarily one or two CF3

groups.
In addition, peptides containing an N-terminal Trp can be

modified using aldehyde reagents in a Pictet-Spengler
reaction.[127,128] Near full conversion was observed for the
reaction, however reactions were performed in organic solvents
with TFA or in glacial acetic acid which is not compatible with
protein-modification.

Furthermore, the reaction was observed for otherwise
inaccessible Trp residues, as this method is less sensitive for the
surface exposition of the residues, compared to other methods.
Another recent example was published in 2022 by Madder and
coworkers who report that an overlooked side reaction with Trp
during triazolinedione based tyrosine labeling, can be used for
selective Trp modification at lower pH (pH 4) (Figure 7E).[129] The
reaction is fast (occurs within a few seconds), is performed at rt
and showed 50–86% conjugation for the recombinant proteins
tested in this study. It therefore constitutes a new strategy for
selective Trp conjugation, however, it is only useful for proteins
that can withstand reaction at pH 4. Additionally, the Trp should
be positioned at the protein surfaces or loops to ensure good
conversions.

Finally, Trp can also be selectively labeled using
photocatalysis.[130] This was demonstrated by Taylor and co-
workers, who used N-carbamoylpyridinium salts and UV-B light
to obtain conjugation (Figure 7F).[131] The reaction proceeds
through photoinduced electron transfer (PET) between Trp and
a pyridinium salt, leading to cleavage of the N� N bond. The
generated Trp*+ and N-centered radical can then recombine
resulting in Trp conjugation.

Several groups including biotin and an alkyne were
successfully transferred to Trp containing peptides. The strategy
was used to label peptides and small proteins in >85%
conversion in all cases. The reaction proceeds in 30—75 min
without the need for organic solvents. Glutathione enhances
the reaction, likely by acting as a reactive oxygen species
scavenger. A similar strategy was published by Melchiorre and
co-workers, using pyridinium salts for Trp conjugation on short
peptides.[132] Here, single electron transfer from Trp to the
pyridinium salt results in the formation of Trp*+ and a C-
centered radical. The radicals can then combine, resulting in C2
alkylation of Trp. There are, to date, no phenylalanine-specific
reactions that can be applied on proteins. The peptide directed
rhodium catalyzed reaction is one of the only examples of
selective phenylalanine conjugation.[119] However, the selectivity
of this reaction is due to a combination of the reaction
chemistry and the directing peptide, as the reaction can occur
on several amino acids. A number of metal-catalyzed reactions
for reaction with Phe containing peptides has been
reported.[133,134] However, the need for organic solvents and/or
elevated reaction temperatures limit the scope for these
reactions with regards to protein conjugation. These trends in
C� H activation for peptide conjugation may also result in the
development of reactions suitable for protein Phe conjugation
in the future.

5.3. Methionine

The Met side chain contains a thioether, which is unique
among all proteinogenic Aas. This provides a unique chem-
ical reactivity profile, making Met an interesting target for
residue-specific protein conjugation. Furthermore, it is rela-
tively low abundant in proteins with around 2.3%
(Table 1),[45,135] and most proteins only have a single residue, if
any, making site selective conjugation possible. Despite these
features, relatively few Met selective reactions have been
described. However, in recent years, new reactions have been
developed, demonstrating the potential for methionine
selective protein conjugation.

Bioconjugation to Met can either proceed through
alkylation, under acidic conditions, or by redox based
reactions with oxaziridine reagents (Figure 8).[136] Alkylation
reagents such as alkyl halides, alkyl triflates[137—139] and
epoxides[140] have been used for Met labeling of polypeptides
yielding the positively charged sulfonium products. The
alkylation products can be selectively dealkylated using
nucleophiles or demethylated[141] to generate thioether
derivatives. As Met exhibits relativity low nucleophilicity
compared to other nucleophilic amino acids, it can be
challenging to obtain selectivity by alkylation. Therefore,
reactions are carried out at low pH (pH�3), as this causes the
other nucleophilic amino acids to be protonated, which
diminishes their reactivity.[142] However, this limits the
potential of this method, as not all proteins tolerate these
conditions.

Figure 8. Methionine selective bioconjugation reactions. A: Alkylation of
methionine using alkyl halide or alkyl triflate. X=I, Br, OTf. B: Alkylation of
methionine using an epoxide. C: Alkylation of methionine using a hyper-
valent iodine reagent. A� C: All reactions are performed at pH�3. C: X=OTf
or BF4. D: Labeling of methionine using an oxaziridine reagent by redox-
activated chemical tagging. E: Labeling of Met using a photoredox reaction.
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Gaunt and co-workers developed a method for Met
selective conjugation at neutral pH using a hypervalent iodine
reagent as shown in Figure 8C.[143] The reaction proceeds in five
minutes with reported conversions of �84% for all model
proteins. Following the reaction, further modification of the
protein or polypeptide can be achieved through photocata-
lyzed reaction with a diazo group on the alkylation reagent. The
diazo group further contributes to increased stability of the
product, compared to other alkylation protocols. The sulfonium
conjugates can be cleaved by reaction with tris(2-
carboxyethyl)phosphine (TCEP). This method is highly modular
and allows for fast modification, however reactions are
performed at low pH (approximately pH 3) and with additives
such as TEMPO and thiourea.

Chang, Toste and co-workers development a redox-acti-
vated chemical tagging strategy for Met selective bioconjuga-
tion at pH 7.4 in aqueous buffer (Figure 8D).[144] They discovered
that oxaziridine reagents could react selectively with Met in a
strain-driven sulfur imidation reaction. By tuning the reactivity
of the reagent, they were able to promote the formation of the
desired nitrogen-transfer product over the unwanted oxygen-
transfer product. Yields of up to 95% were obtained for protein
conjugation. Furthermore, the reaction proceeds in 10 min. The
sulfimide bond was stable for 1 h in 1 N HCl and 1 N NaOH with
3% and 18% conversion after 18 h respectively. A conversion of
9% was observed after 1 h at 80 °C. The versatility of the
strategy was demonstrated, as the reaction was used to label
both native proteins and antibody Fab fragments with a
recombinantly introduced Met.

The reaction was also used for chemoproteomic identifica-
tion of functional Met residues in HeLa cells. Further work has
been performed to increase the stability of the product by
altering the structure of the reagent.[145] A study shows that it is
not only the structure of the reagent but also the location of
the Met that determines the stability of the product.[146] Finally,
MacMillan and co-workers demonstrated the use of a photo-
redox reaction for Met modification at the carbon in the methyl
group (Figure E).[147] Using lumiflavin as photocatalyst and blue
LED light they were able to selectively alkylate Met over on
different proteins in 43% to full conversion. Several Michael
acceptors with different functional groups were employed,
demonstrating the versatility of the reaction. Furthermore, they
were able to conjugate to green fluorescent protein in 45%
conversion with 95% retention of fluorescence. The reaction
proceeds through single electron transfer between the triplet
excited state of lumiflavin and Met, followed by α-deprotona-
tion of Met to generate an α-thio radical. The radical can then
react with a Michael acceptor. Subsequent hydrogen atom
transfer results in a stable Met conjugation product. It should
be noted that mixtures of mono-, bis-, and trisalkylation
products were obtained for some acceptors. However, all were
positioned at the same Met residue. The method is not
compatible with unpaired Cys residues as the generated thiol
radical can react with the acceptor. Cysteine residues involved
in disulfide bridges are not modified.

6. Perspectives

In this review, we focused on chemical protein conjugation
reactions targeting residues that has been less prominent
targets for chemical modification. Conjugation to nucleo-
philic residues such as Lys and Cys is well established and Tyr
has also become a relatively common target for protein
modification. Therefore, this review is focusing on conjuga-
tion to residues that are emerging as targets for bioconjuga-
tion.

Chemoselective protein conjugation provides a great tool
for modification of both natural and genetically altered
proteins. Furthermore, they benefit from using relatively simple
reagents compared to most guided bioconjugation methods.
However, reactions can still be improved in terms of conversion,
selectivity and milder reaction conditions. While chemoselective
reactions for highly abundant residues such as Lys often
provides a global labeling, targeting less abundant residues
may provide a more site selective method as only one or a few
residues are available for reaction.

As the field of organic chemistry develops, potential new
protein conjugation reactions are investigated. Reactions target-
ing His, N-terminal Pro, Trp and Met residues are becoming
more accessible, and new strategies continue to emerge.
Reactions using umpolung strategies,[55] single electron
transfer,[132,113] multicomponent reactions[90,112] and metal
catalysis[118] are now used to obtain selective conjugation and
avoid side products from reaction with nucleophilic amino acid
residues. In comparison, none or very few selective reactions
have been reported ft he aliphatic amino acids, Phe, Asn/Gln
and Ser/Thr, in particular when disregarding terminal residues.
Here, C� H activation and metal-catalyzed reactions are promis-
ing new strategies, however, more research is needed to
develop methods that are compatible with aqueous conditions
and lower temperatures. Only one reaction for chemoselective
conjugation to internal Ser on proteins has emerged.[101]

Inspired by phosphorylation performed by kinases, Baran and
co-workers developed a new phosphorus (V) reagent for
selective Ser conjugation, demonstrating how nature can help
inspire new reactions.

As high-quality protein conjugates are required for many
research and industry purposes, development of suitable
protein conjugation methods are essential. New reactions
should ideally provide high conversion ft he target protein
forming a single product with one or multiple labels. Reaction
conditions should be compatible with the protein of interest to
ft hehe protein structurally and functionally intact after
modification. Therefore, reaction should ideally be performed at
physiological pH without the need for elevated temperature or
organic solvent. Furthermore, short reaction times and simple
procedures are important ft he method to become broadly
applicable. This also constitutes a great advantage over
conjugation methods requiring genetic modification ft he
protein. We believe that the field of chemical protein
conjugation will continue to contribute with new reactions and
provide new means to generate high quality protein conju-
gates.
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