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Abstract

A revolution in chemical biology occurred with the introduction of click chemistry. Click
chemistry plays an important role in protein chemistry modifications, providing specific,
sensitive, rapid, and easy-to-handle methods. Under physiological conditions, click chemistry
often overlaps with bioorthogonal chemistry, defined as reactions that occur rapidly and
selectively without interfering with biological processes. Click chemistry is used for the post-
translational modification of proteins based on covalent bond formations. With the contribution
of click reactions, selective modification of proteins would be developed, representing an
alternative to other technologies in preparing new proteins or enzymes for studying specific
protein functions in different biological processes. Click-modified proteins have potential in
diverse applications such as imaging, labeling, sensing, drug design, and enzyme technology.
Due to the promising role of proteins in disease diagnosis and therapy, this review aims to
highlight the growing applications of click strategies in protein chemistry over the last two
decades, with a special emphasis on medicinal applications.

Introduction

Chemical modification of proteins has become a valuable tool for developing modified proteins.
Playing complementary roles to genetic techniques, we have a broad toolkit that allows us to
create an almost unlimited number of protein constructs with natural or synthetically modified
residues using chemical modifications (Stephanopoulos and Francis, 2011). The ideal require-
ments for such reactions include functional group tolerance/compatibility, water as a reaction
medium, selectivity, high reaction rates, neutral pH and room temperature (or up to 40 °C),
nontoxic reagents, and low reactant concentrations. Reactions must be designed and imple-
mented to achieve high modification efficiencies without the need for tedious and inefficient
purification/characterization protocols. For in vivo studies, chemical modification methods
involving those listed above are appropriate since they do not interfere with normal cell function
(Boutureira and Bernardes, 2015). Protein modifications have a significant impact on signaling,
migration, differentiation, and trafficking as important cellular processes through sulfation,
phosphorylation, methylation, acylation, ubiquitination, glycosylation, farnesylation, and so
on (Walsh et al., 2005).

Posttranslational protein modifications (PTMs) are commonly thought to be responsible for
the vast biodiversity found in nature today (Boutureira and Bernardes, 2015). These modifica-
tions usually occur after protein translation. In this regard, considering the characteristics of the
natural modification of proteins, it can be concluded that the efficient and controlled reproducing
of PTM provides a valuable tool in the study and precise function of proteins. In addition to the
facilities provided by (bio)orthogonal methods; it allows precise and site-selective modification of
proteins, making it a valuable tool for in vivo and in vitro studies (Bernardes et al., 2010; Kee and
Muir, 2012). Considering the various methods used for chemical modification, it will now be
feasible to choose the target residue and modification type to provide the required property/
function such as chemical affinity probes, fluorophores, reactive tags, and so forth. Despite the
enormous progress made in the bioconjugation of proteins, there are still many serious chal-
lenges, not only from a synthetic point of view but also in manufacturing, processing, stability,
and safety. Some types of proteins can be modified using methods that are not appropriate for all
kinds of proteins (Boutureira and Bernardes, 2015). Therefore, there is still a need for the
development of complementary reactions for site-selective modifications of proteins that are
efficient, robust, and mild. The various aspects of protein synthesis have been discussed in detail
(Bernardes et al., 2010), from general chemical ligation strategies (Hackenberger and Schwarzer,
2008; Kent, 2009; Siman and Brik, 2012), endogenous amino acid modification (Baslé et al,,
2010), to click modification protocols (Lallana et al., 2011; Van Berkel et al., 2011; Palomo, 2012;
Tasdelen and Yagci, 2013), which are more specialized on specific PTMs, including glycosylation
(Gamblin et al., 2009; Schmaltz et al,, 2011; Villalonga et al., 2014; Wang and Amin, 2014),
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PEGylation (Nischan and Hackenberger, 2014), and polymeriza-
tion of protein-based initiator (Matyjaszewski and Tsarevsky, 2014;
Wallat et al., 2014). However, most coupling methods are inspired
by naturally occurring reactions or engineered protein-catalyzed
reactions (Lange and Polizzi, 2021). Based on biomimetic research
studies, there is a general attraction toward carbon—heteroatom
bond formation over carbon—carbon bonds; for instance, proteins,
polysaccharides, and nucleic acids are condensed polymeric assem-
blies of subunits bound by carbon-heteroatom (Kolb and Sharpless,
2003).

With the emergence of click chemistry, a new promising line of
chemical protein modification has been developed. Click reactions
were first introduced by Kolb et al. (2001). The basis of this method
is the simple assembly of molecules. These reactions are based on
covalent bonds that can be used in various applications (Kolb et al.,
2001). Caroline Bertozzi published a new click reaction in 2004,
called strain-promoted azide-alkyne cycloaddition (SPAAC). This
achievement opened a new field in click chemistry (Agard et al.,
2004). This method has simplified the use of the click method in
biological studies by eliminating the need for copper. In 2022, the
Nobel Prize in Chemistry was awarded to three influential scien-
tists, Barry Sharpless, Morten Meldahl, and Caroline Bertozzi, who
were pioneered the field of click reactions. The click strategy is a
powerful tool to produce new molecules and can be summarized by
the following statement: “All searches must be restricted to mol-
ecules that are easy to make” (Kolb et al., 2001). Click reactions are
modular, applicable reactions that give very high yields, produce no
unpleasant by-products, and require simple reaction conditions
(Shaabani et al., 2008; Shaabani et al., 2017a; Shaabani et al,,
2017b; Shaabani et al., 2019; Khodkari et al., 2023). When there is
a need for new molecular properties, small molecular building
blocks can be joined together to produce such properties (Suazo
etal, 2021). As shown in Figure 1, there has been an increase in the
number of publications on the topic of click protein chemistry with
biological applications in recent years. Click protein chemistry has
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given rise to a myriad of highly interesting developments in the field
of medicine and has significantly impacted the synthesis of struc-
turally diverse molecules through shorter, stereoselective, and effi-
cient synthetic routes. In continuation of our previous review
articles on modified/functionalized materials via multicomponent
reactions strategy as “click” reactions (Afshari and Shaabani, 2018;
Javanbakht and Shaabani, 2019; Javanbakht et al., 2022), herein, an
attempt has been made to review the medicinal applications of
protein click chemistry.

Bioorthogonal click chemistry

The widespread use of straightforward click reactions in biological
environments led to the advent of new definition “bio-click
chemistry” which can be understood toward reactions of functional
groups commonly found in biological molecules like proteins or
live cells and by exploiting the potential of click reactions
(Rodriguez et al., 2022). There is a close overlap between click
and bioorthogonal chemistry. Consequently, click chemistry tools
will enable the development of bioorthogonal reactions, while
technological advancements in chemical biology will stimulate
the possibility of developing novel click chemistry methods
(Suazo et al.,, 2021). Bioorthogonal reactions and protein labeling
in complex cellular mixtures have also been studied in several types
of research over the past decade (Lang and Chin, 2014; Patterson
et al.,, 2014). In another definition, bioorthogonal chemistry repre-
sents high-yielding rapid and selective chemical reactions that
proceed in biological environments without any by-products
(Scinto et al.,, 2021). The significant advantage of bioorthogonal
approaches is related to the fact that they usually do not affect other
normal biochemical processes (Sletten and Bertozzi, 2009). For
example, bioorthogonal click chemistry has enabled selective label-
ing of enzymatic processes in vitro and in vivo, allowing real-time
analysis of enzymatic processes in both environments. In this way,
we have better understood about many biomedical challenges and
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Figure 1. The number of published papers in the field of protein click chemistry with biological applications. (The method of extraction is fully described in the

Supplementary Material.)
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Figure 2. The most recently used click reactions in protein conjugations.

biological questions. These include the causes of Alzheimer’s dis-
ease, Coronavirus, and Cancer, among others (Suazo et al., 2021).

Different amino acids are used in protein click reactions, includ-
ing histidine, lysine, cysteine, and so forth. Besides the direct use of
amino acids in the protein click reactions, many reports suggest that
the amino acids can be modified before the click reaction. For
instance, the use of iodoacetamide can be used to modify
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nucleophilic amino acids such as cysteine, lysine, and histidine
nonspecifically. It has also been noted that activated carboxylic
acid derivatives, such as N-hydroxysuccinimide esters, have been
extensively used to modify the e-amine of lysine residues in pep-
tides and proteins (Fisher et al., 2017). With the aim of modifying
proteins, it should be considered that the bioactivity of the protein
may be affected if the modification disrupts the active site.
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Currently, modification of site-specific proteins with unnatural
amino acids while maintaining protein structure and function is
very popular (Raliski et al., 2014; Maza et al., 2015). Click chemistry
involves a range of important reactions in synthetic organic chem-
istry, including strained ring opening, conjugate addition, aldehyde
capture by a-effect nucleophiles, cycloaddition, and acylation/sul-
fonylation (Devaraj and Finn, 2021). Figure 2 presents various types
of click reactions. Therefore, click methods are among the most
efficient strategies for protein modification, binding the protein toa
new substrate or another protein.

Thiol-alkene (thiol-ene) and thiol-alkyne (thiol-yne) couplings
have attracted great attention in recent years because they utilize
readily available chemical functions found in the structure of
proteins, peptides, polymers, and materials (Campos et al., 2008;
Hensarling et al., 2009; Hoogenboom, 2010). An advantage of this
method is that it requires only low concentrations of initiators,
typically proceeds rapidly, and can be easily isolated from the
products (Colak et al., 2016). In general, the kinetics of a reaction
is strongly influenced by the structure of the alkene moiety. A
strained alkene moiety, as well as an electron-rich alkene moiety,
will have the greatest reactivity (Reddy et al., 2006; Hoyle and
Bowman, 2010). The thiol-Michael addition reaction has been
widely applied for protein conjugation because it can work under
mild conditions in an aqueous environment (Jones et al., 2009).
While UV irradiation or photoinitiators may be harmful to cells or
materials, it is often preferable to use thiol-Michael addition instead
of thiol-ene reactions (Fisher et al., 2017). The Cu-catalyzed azide-
alkyne cycloaddition (CuAAC) reaction is used in pharmacy and
chemical biology as an efficient method for the covalent modifica-
tion of active and proactive biological molecules (McKay and Finn,
2014). CuAAC offers a unique advantage over other non-Cu click
technologies. The small triazole linkage is identical in size and
polarity to the peptide linkage, minimizing disruption of the bio-
logical function of the conjugate (Valverde et al., 2012; Birts et al,,
2014). However, there is a significant drawback in using CuAAC
reactions for bioconjugations related to the presence of Cu, which
generates reactive oxygen species (Thirumurugan et al., 2013).
Because of the oxidation of Cu(I) to Cu(II), it is often necessary
to carry out the reaction under inert gas or to use reducing agents
such as ascorbic acid or sodium ascorbate (Rostovtsev et al., 2002).
In contrast to CuAAC, SPAAC reaction does not require a metal
catalyst. A cycloalkyne’s electronic structure strongly influences the
reaction rate and efficiency (Fisher et al., 2017). Despite SPAAC is
effectively applied for conjugating proteins and peptides, strained
cyclooctyin exhibits high reactivity, resulting in poor stability and
difficult synthetic processes (Jewett et al., 2010). In a Diels—Alder
reaction, electron-rich dienophiles react with electron-poor dieno-
philes to form a [4 + 2] cyclization reaction (Fisher et al., 2017). It is
important to remember that the Diels—Alder reaction is a highly
selective transformation and can proceed more rapidly and select-
ively in water than in organic solvents (Li and Chan, 1997). In
general, the Diels—Alder reaction is quite slow; however, when
heated to higher temperatures, the reaction rate can be increased.
However, temperatures above 37 °C should be avoided because of
the possibility of protein denaturation, while at higher temperatures
the Diels—Alder reaction is reversible (Koehler et al., 2013). Binding
of the C-terminal part of a thioester to the N-terminal part of a
cysteine residue provides the formation of amide moiety in the
thioester-amine method (native chemical ligation (NCL)) (Dawson
etal.,, 1994). NCL allows peptides larger than 50 amino acids to be
constructed by synthesizing the peptide fragments and connecting
them together. This method overcomes the limitations of the solid-
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phase peptide synthetic method (Dawson and Kent, 2000). The
NCL procedure is performed in aqueous solutions, at neutral pH
levels, in the presence of denaturing agents such as guanidine
hydrochloride to prevent protein aggregation. This reaction is very
sensitive to the pH value of the system, whereas high pH values can
hydrolyze thioesters, and low pH values can reduce the reactivity of
cysteine thiol amine, decreasing the rate of the reaction (Fisher
et al., 2017). The Bertozzi group developed Staudinger ligation for
cell surface modification to form amide bonds between azides and
triarylphosphine derivatives, in which cells with azide moieties
reacted with phosphines to generate amide bonds (Saxon and
Bertozzi, 2000). Proteins can be conjugated to polymers or immo-
bilized on the glass or gold surfaces through this reaction (Fisher
et al,, 2017). Nucleophilic oxyamines attack the electron-deficient
aldehydes or ketones in the oxime ligation reaction, resulting in the
formation of an oxime bond, with water molecules being formed as
a by-product of the reaction. It is a highly selective bioorthogonal
process that has almost quantitative conversions, proceeds under
mildly acidic aqueous conditions, and does not require metal
catalysts (Fisher et al., 2017).

In summary, click reactions play notable roles in the design of
chemical motifs and help to construct bioorthogonal covalent
conjugations under physiological conditions. Considering the
extent of click chemistry, new strategies have emerged to improve
target specificity and increase efficacy in diagnosing and treating
disease. With this background, we highlight a range of medicinal
applications that involve the bioorthogonal chemistry toolbox.

Diagnosis
Protein labeling

There are tens of thousands of proteins in the human proteome,
many of them occurring in minute concentrations below the limits
of detection (LODs) of current technologies such as ELISA, mass
spectrometry (MS), and protein microarrays (Wilson, 2013). It is
imperative to develop a molecular instrument that can detect
disease-related protein biomarkers at low levels in the body without
the need for any further manipulation (Senapati et al., 2013).
Imaging is a method of distinguishing the target biomolecule
from a living system. This is possible through the use of a spectro-
scopic probe (Baskin et al., 2007). If less structural disruption is
desired, the target protein can be chemically (Carrico et al., 2007) or
enzymatically (Chen and Ting, 2005) labeled with small molecules.
There seems to be a growing interest in imaging biomolecules that
are not easily modified by genetic modification, even though pro-
teins remain the primary targets of cellular imaging (Carrico et al.,
2007). For example, because lipids and glycans have independent
functions and these molecules are the result of PTM, they cannot be
imaging using protein-specific methods. Although these biomol-
ecules have been studied in vitro in static systems, the dynamic
behavior of these biomolecules in living cells is poorly understood
(Carrico et al., 2007). Therefore, in vivo biomolecular labeling can
be achieved without genetic manipulation using a bioorthogonal
click strategy (Carrico et al., 2007). In this regard, bioorthogonal
functional groups are installed in target biomolecules by a cell’s
metabolic machinery. The next step involves the covalent labeling
of a probe to the functional group (Prescher and Bertozzi, 2005).
There are various conventional methods for click chemistry,
depending on the type of chemical protein modification. Combin-
ing photoaftfinity labeling with liquid chromatography (LC)-MS/
MS method can effectively identify cognate proteins in biological
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Figure 3. Targeted drug release via the click-to-release reaction using 3-bromo-1,2,4,5-tetrazine (Tz) for protein labeling. A: Activation of circulating inactive trans-cyclooct-2-en-1-yl
(TCO)-drug conjugate by monosubstituted amino Tz reaction. B: Labeling of Trastuzumab using 3-bromo-1,2,4,5-tetrazine. C: The reaction of labeled Trastuzumab and TCO-Dox in

BT474 (HER,") cell culture to release drug (Ros et al., 2020).

systems (Preston and Wilson, 2013). Because these analyses are
based on comparing the signal strength of unlabeled peptides, small
MS signals at the LOD are still difficult to distinguish from false
positives. However, the multifunctional cross-linkers with highly
sensitive functions can be applied as alternatives that can effectively
distinguish labeled peptides from various contaminants (He et al.,
2017; Horne et al,, 2018). Hence, the sulfo-click reaction can
simplify the synthesis of photoprobes of biomolecules with differ-
ent functional groups. In addition, highly controlled cleavage of the
N-acylsulfonamide linkage significantly improves the handling of
the labeled proteins. A synthetic advantage makes it possible to
determine the specific direction in which ligands bind to the surface
of the interacting proteins. Another advantage of this method is
that it can be combined with a cross-linking photocyclization
reaction to produce a special MS tag whose mass changes under
the influence of irradiation, leading to an understandable distinc-
tion between labeled peptides and false positive signals. Thanks to
these improvements, target proteins and interacting sites of bio-
molecules can be identified more quickly in practical applications
(Hayashi et al., 2019).

Through a metal- and oxidant-free synthetic approach, a mono-
substituted 3 bromo-1,2,4,5-tetrazine fragment (Tz) was synthe-
sized. Since it has superb reactivity toward different nucleophiles,
its application as a biomolecule labeling agent was investigated,
especially as a simple and straightforward way to incorporate a
bioorthogonal handle into proteins. Based on the results of LC-MS/
MS analyses, this compound appears to be chemoselective for
lysines and forms monosubstituted amino-Tz on the surface of
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the protein with preserved folding. The chemical properties of the
labeled lysines were investigated for click-to-release (CtR) reac-
tions. They were additionally can be used in cell culture as a
therapeutically relevant context (Figure 3) (Ros et al., 2020).

It has been reported that nitroso species can be selectively
incorporated into a number of proteins, including lysozyme,
BSA, KRAS, MiaA, and HRAS, using lysine residues as targets.
Under physiological conditions, it was observed that the corres-
ponding azo functionalities were formed in a highly selective man-
ner with excellent yields, displaying rather good stability. It was
found that a fluorescent and/or dual fluorescent labeling protocol
could be efficiently and selectively applied for the preparation of
different labeled proteins, including HRAS, KRAS, and lysozyme.
Consequently, the interactions between prenylated proteins and
enzymes were evaluated through fluorescence resonance energy
transfer (FRET) assays. By incorporating pyrenyl functionality into
specific proteins at lysine residues, established via the so-called NEL
process, along with the Selectfluor and click reaction approach
targeting prenyl functionality, chemically modified proteins with
a 1-pyrenyl-fluorophore by 254 nm UV irradiation were interest-
ingly synthesized. The sequential azidation and click reaction of the
protein prenyl functionality allow the incorporation of naphthene
to increase the transmitted fluorescence energy. Moreover, signifi-
cantly increased absorbance at 218 nm in lysed HEK293T cells and
greatly enhanced greenish fluorescence in live HEK293T cells were
observed (Gan et al,, 2022). This was the first report of using a
chemical approach to figure out protein—protein interactions
through the FRET assay.
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A bioorthogonal reaction for dynamic cellular imaging was
developed by combining the biocompatibility of Staudinger ligation
with the rapid reaction kinetics of the click strategy. The develop-
ment of an alternative method to activate alkynes for [3 + 2]-
cycloaddition with azides would be one approach to achieve this
goal (Carrico et al., 2007). However, cyclooctynes as the smallest of
the stable cycloalkynes, have achieved bioorthogonal azide labeling
by using ring strain (Agard et al., 2004). Even though the SPAAC
reaction showed no better sensitivity than that of the Staudinger
ligation, the cyclooctyne probes demonstrated no cellular cytotox-
icity (Agard et al., 2006). By means of ring strain and electron-
withdrawing groups as two important rate-accelerating factors, the
sensitivity of cyclooctynes for azide detection can be increased in
Cu-free click reagent design (Baskin et al., 2007). It is expected that
azide labeling and Cu-free click chemistry will find numerous
applications in glycobiology. Cu-free clicks using difluorinated
cyclooctyne have been demonstrated to proceed selectively inside
living mice (Baskin et al., 2007). In addition, Cu-free click chemistry
can be used to characterize other metabolites and enzyme activities
(Speers and Cravatt, 2004), PTMs (Prescher and Bertozzi, 2005),
and site-specifically labeled proteins (Chin et al., 2003; Chen and
Ting, 2005) in living systems.

Protein biomarkers can be detected using affinity molecules
attached to atomic force microscopy (AFM) tips using catalyst-free
click reactions. Molecular recognition force spectroscopy (MRFS), a
technique based on the use of AFM measurements, is being devel-
oped to determine and characterize the interactions between anti-
bodies and antigens, ligands and receptors, DNA probes and targets,
and so forth, at the single-molecule level (Florin et al., 1994; Dammer
etal., 1996; Avci et al., 2004; Neuert et al., 2006; Carvalho et al., 2010;
Meng et al.,, 2010; Zapotoczny et al., 2012). AFM, with its single-
molecule sensitivity, is a candidate for nanodiagnostics (Archakov
and Ivanov, 2007). In combination with irreversible binding, it has
been shown that AFM can reach a concentration sensitivity limit of
10~ M (Archakov et al,, 2007). AFM is being used in DNA, protein,
and cell analysis, and its chemical sensibility has also been greatly
enhanced. When the tip of the AFM is coated with an affinity
molecule, it can see and count the target molecules (Senapati et al.,
2013). With an affinity molecule tethered to the tip, AFM can scan
individual proteins on a surface, called recognition imaging
(RI) (Stroh etal.,, 2004; Lin et al., 2006; Wang et al., 2008; Chtcheglova
and Hinterdorfer, 2011; Wang et al., 2012). Several protein biomark-
ers can be identified and detected by MRFS and RI in the clinical
setting. A new method combining two orthogonal click chemistries,
thiol-vinyl sulfone-Michael addition and catalyst-free azide-alkyne
cycloaddition, was developed for affinity molecule attachment to
AFM tips for force spectroscopy and RI. All reactions were carried
out in aqueous solutions. It is noteworthy that this method is used for
both AFM-based force measurement and detection imaging. In
addition, no specific reaction conditions are required for the attach-
ment process (Senapati et al., 2013).

By using positron emission tomography (PET) and single pho-
ton emission computed tomography techniques, scientists have the
ability to take imaging of blood pools (Kumar and Boddeti, 2013).
Imaging plays an important role in the diagnosis of cardiovascular
function evaluation (Millar et al., 1979; Nishimura et al., 1989), a
bleeding gastrointestinal tract (Grady, 2016), and testing cancerous
tissues for vascular permeability (Niu et al., 2014). Radiolabeling of
human serum albumin (HSA) with **™T¢ using the chelate-then-
click SPAAC method was developed and optimized to make an
agent that can be used to image blood pools. Under mild reaction
conditions, *™Tc and HSA are paired in excellent radiochemical
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yields. When compared with commercially available conventional
PIMTc-HSA, **™Tc-DPA-HSA, 2,2'-dipicolylamine (DPA) as che-
lator agent, showed a high degree of stability in vivo, indicating
higher blood retention and improved visualization of vasculatures
in healthy mice for up to 3 hours following injection. Accordingly,
the present radiolabeled method for the detection of biomolecules
with similar properties can also be applied to other biomolecules
with similar sensitivity (Figure 4) (Lodhi et al., 2019).

Specific functional group labeling in living cells is one of the
most potent applications of bioorthogonal couplings. Tetrazines,
for example, irreversibly form dihydropyrazine products and
dinitrogen by reacting with a strained dienophile norbornene,
which is a rapid, selective, and high-yield reaction in aqueous
media. A norbornene-modified monoclonal antibody was used in
human breast cancer cells to target Her2/neu receptors. In the
presence of serum, tetrazines conjugated to a near-infrared fluoro-
chrome label the pre-targeted antibody selectively and rapidly in
the presence of the pre-targeted antibody. Based on these findings,
this chemistry may be useful for pre-targeted imaging in vivo under
numerous modalities under in vitro labeling experiments (Figure 5)
(Devaraj et al., 2008).

A series of novel heterobifunctional linkers have been developed
based on substituted dimethylmaleic anhydride. This hybrid linker
combines the advantages of click chemistry with pH-sensitive
binding between conjugated biomolecules that can be used in
various applications. Due to the acidic environment of tumors or
early endosomes (Murphy et al., 1984; Engin et al., 1995), the pH
labiality of linkers to the acidic environment is helpful. A further
advantage of this method is that the linker is cleaved off traceless,
yielding an unmodified molecule of interest. The versatility of the
technique in protein modification is illustrated in examples such as
the reversible dye labeling of proteins, pH-sensitive modification
with polyethylene glycol (PEG), and the intracellular transduction
of proteins in bioactive form (Maier and Wagner, 2012).

A biaryl-linker probe produced by the click strategy has a unique
T-shaped conformation that significantly enhances its labeling
performance. A new generation of biaryl-linker probes made by
click reactions makes activity-based protein profiling analysis of
trace membrane targets a powerful tool for identifying bioactive
compounds (Nakamura et al., 2010).

PET is widely acknowledged as a robust and noninvasive
molecular imaging technique due to its unique properties. By
utilizing PET, valuable functional insights into various physio-
logical, biochemical, and pharmacological processes can be
obtained (Phelps, 2000). The expanding array of novel targets
utilized for PET imaging has led to the advent of new advanced
radiolabeling techniques, particularly for high-weight molecules
like peptides, proteins, antibodies, and antibody fragments. The
short-lived positron emitter fluorine-18 (*°F) has proven to be
beneficial in designing and synthesizing PET radiotracers, thanks
to its advantageous nuclear and chemical properties. Nevertheless,
incorporating '°F into high-molecular-weight compounds, such as
proteins, presents a significant challenge (Ramenda et al., 2009). In
this regard, a Cu(I)-mediated 1,3-dipolar [3 + 2] cycloaddition
reaction was employed to label azide-functionalized HSA with
the short-lived positron emitter *F. This groundbreaking achieve-
ment expands the potential of click chemistry as a versatile tool for a
wide range of radiolabeling reactions in future applications. The
study showcases the promising application of click chemistry in the
field of molecular imaging (Ramenda et al., 2009). It highlights its
importance in developing innovative radiotracers for noninvasive
PET imaging of high-molecular-weight compounds like proteins.
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Figure 4. Radiolabeling of human serum albumin (HSA) with **™Tc via chelate-then-click strain-promoted azide-alkyne cycloaddition (SPAAC) approach (Lodhi et al., 2019).

NH

Figure 5. Pretargeting of SKBR3 cells with norbornene and tetramethylrhodamine co-labeled trastuzumab. Tagging the live cells with tetrazine-VT680 via an inverse electron
demand using Diels—Alder coupling technique (Devaraj et al., 2008).
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In another study, a new pyrene-based excimer fluorescence
labeling technique was developed. Through a thiol-ene click strat-
egy, biological samples were linked to an excimer fluorescent
precursor (EFP). Thiol groups of proteins in reduced cells and
tissues could be successfully labeled with radicals generated by
UV light or electron beams. Correlative light/electron microscopy
(CLEM) was used to observe cells or tissues with atmospheric
scanning electron microscope (SEM). The labeling reaction was
induced by the electron beam from an inverted SEM, while the
subsequent excimer fluorescence of the samples was observed using
fluorescence microscopy. Because the labeling process is limited to
the specific area scanned by the electron beam, there is potential for
space-limited labeling within a narrow electron beam trajectory,
which results in high resolution in the imaging process. The pre-
sented technique can be helpful in various biological analyses such
as oxidative stress sensing and protein folding. EFP-based CLEM
techniques together with protein dynamics studies hold immense
potential to improve our understanding of diseases and contribute
to the development of clinical applications, including X-ray radio-
dynamic therapy for cancer (Naya and Sato, 2020).

In general, bioorthogonal click chemistry has dramatically
affected the field of radiochemistry and molecular imaging via
making radiotracers with specific functions more feasible, access-
ible, and efficient (Zhong et al., 2023).

Sensor technology

Absolutely, the assembly of proteins at the electrode surfaces pre-
sents an exciting opportunity to harness the diverse capabilities of
biology and electronics in a synergistic manner. By combining the
molecular recognition properties of proteins with the signal trans-
duction capabilities of electronics, bioelectronic devices can be
developed with a wide range of potential applications. For example,
the successful development of a device to monitor blood glucose
levels shows promise for the broader application of multiplex
biosensors in wearable devices. This achievement suggests that this
technology can be extended to other essential functions, including
on-site contamination detection and point-of-care disease diagno-
sis (Shi et al., 2013). The surface-immobilized biological material
acts as a connector that interacts with the target analyte to produce a
measurable signal. For practical applications, the biosensor design
focuses on miniaturization and portability. By optimizing the size
of the biosensor, it becomes more practical and can be easily
integrated into various systems for different applications.

In recent years, there has been a significant interest in the field of
glycobiology, which involves the study of carbohydrates and gly-
coconjugates (glycans) in biological systems and their intricate
interactions with proteins, cells, and other biomolecules (Norberg
etal,, 2011). The exploration of the complex functions of glycans is
restricted as a result of a number of challenges, including the
synthesis and/or purification of glycans, as well as analyzing the
biomolecular interactions (Gabius, 2011). To achieve robust and
efficient high-throughput analysis, several powerful glycan array
formats have been developed using more or less specific chemical
ligation techniques to selective immobilization of glycans (Norberg
etal, 2011). In this regard, the photoclick surface functionalization
method has been suggested as a general polymeric system for
protein—carbohydrate interactions (Norberg et al., 2009; Norberg
et al., 2011). A panel of carbohydrate structures were applied to
fabricate lectin-binding evaluating sensors using a quartz crystal
microbalances setup that was possible to efficiently demonstrate
protein binding (Norberg et al., 2011).
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The availability of simple and powerful detection technologies
for protein biomarkers is essential for disease diagnosis. ELISAs,
Western blots, and antibody-based enzyme-linked immunosorbent
assays are commonly used methods to detect proteins. However,
these traditional techniques are time-consuming and labor-
intensive. In recent years, a variety of new biosensors have been
introduced that feature high sensitivity and specificity, inexpensive
instruments or devices that do not require washing, and rapid
response times. With this background, a fast affinity-induced reac-
tion sensor (FAIRS) technique based on differential kinetics was
developed for rapid, one-step antigen detection. The FAIRS detec-
tion is based on the rapid affinity of antibodies and antigens and the
slow reaction of fluorogenic click chemistry. Complete character-
ization of the sensor revealed a response time of 6.5 + 1.0 minutes.
The significant increase in the local concentration of click chem-
icals results from the binding of tagged antibodies to antigens
quantitatively matches the difference in the intrinsic second-order
rate constants. A kinetic discrepancy provides a guideline for
further designing such sensors. Considering the important prop-
erties of the FAIRS method, including its high specificity, sensitiv-
ity, and simple detection procedure, this method has found wide
application in drug and biomarker discovery, inflammatory disease
diagnosis, and similar cases (Liu et al,, 2019).

Impedimetric biosensors allow the detection of biological targets
with no need to use any prior labeling steps (fluorophores, redox
enzymes, etc.) (Daniels and Pourmand, 2007). Impedimetric tech-
nique has also been used for monitoring the catalyzed reactions of
enzymes or the biomolecular recognition events of lectins, specific
binding proteins, nucleic acids, receptors, antibodies, antibody-
related substances, and whole cells (Prodromidis, 2010). Physical
adsorption, intermolecular cross-linking, covalent bonding, and
entrapment are techniques commonly used to immobilize biomol-
ecules to develop specific biosensors (Turner et al., 1987). However,
electrochemical immobilization and especially electro-addressing
are new approaches to immobilize active biomolecules on conduct-
ive surfaces. Biomolecules can be immobilized on an electrode
(chip) by applying an electrochemical potential that must be com-
patible with biochip microarray fabrication for multiple detections.
With this background, an electro-addressing strategy compatible
with the fabrication of multidetector microarrays was used to
monitor the label-free immobilization of proteins on a gold surface
using electrochemical impedance spectroscopy (EIS). Azide-alkyne
cycloaddition click strategy is used to achieve the functionalization
process. The main advantage of this method lies in the fact that
proteins can be spatially addressed on a single gold chip in a
microarray while avoiding any unspecific addressing by maintain-
ing the other chips at a positive potential (+300 mV) (Meini et al.,
2014).

Nucleic acid modifications

Indeed, functionalized oligonucleotides hold significant potential
for a wide range of applications in various fields, including nucleic
acid diagnostics, therapy, and nanobiotechnology (Nabo et al.,
2015). There has been a growing interest in the conjugation of
proteins and nucleic acids for diverse applications in both scientific
research and industrial settings (Baranda Pellejero et al., 2023;
Freitag et al., 2023; Riick et al., 2023). This emerging field offers
exciting possibilities as it combines the multiple functionalities of
proteins with the precise recognition and encoding properties of
nucleic acid (Manderville and Wetmore, 2016; Trads et al., 2017).
Absolutely, proteins offer a wide range of functionalities that
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include catalyzing chemical reactions (Kohler and Turner, 2015),
generating forces (Derr et al., 2012), and participating in receptor—
ligand interactions (Li et al., 2014). On the other hand, nucleic acid
provides a powerful tool for positioning a molecule of interest with
nanometer-level accuracy (Chandrasekaran, 2016; Ramakrishnan
et al, 2016; Zhang et al,, 2016). Although protein-nucleic acid
conjugation has been achieved by a variety of chemical (Baranda
Pellejero et al., 2023) and genetic methods (Siggers and Gordan,
2014; Manderville and Wetmore, 2016; Praetorius and Dietz, 2017;
Tradsetal., 2017; Chen et al., 2018), there are still few strategies that
have high reaction rates, specificity, and biocompatibility
(Manderville and Wetmore, 2016; Trads et al., 2017). By using click
chemistry-based methods, researchers can overcome the challenges
of conventional protein-nucleic acid conjugation approaches.
These strategies provide a versatile and efficient platform for devel-
oping bioconjugates with high reaction speed, specificity, and
biocompatibility.

RNA-protein interactions (RPIs) are critical in modulating
many aspects of coding and noncoding RNA biology and are
potential future drug targets (Gerstberger et al, 2014). In this
regard, the researchers developed a homogeneous complementa-
tion assay using click chemistry for studying RPIs. The newly
developed assay shares many of the same advantages as catalytic
enzyme-linked click chemistry assay. One of these benefits is cata-
Iytic signal amplification, which allows for the creation of a robust
and highly sensitive assay system. This approach should be adapt-
able to other RPI systems for high-throughput screening design and
development, as chemical RNA synthesis allows the synthesis of a
variety of labeled RNAs and HT fusion products are available at
both the N-terminal and C-terminal (Sherman et al., 2019).

In DNA sequencing and diagnostics, electrochemical detection of
redox-labeled DNA is an alternative to fluorescence techniques
(Palecek et al., 2005; Palecek and Bartosik, 2012). Even though, there
has been extensive research and numerous oxidizable or reducible
labels available, redox labeling of DNA is often encounters challenges
related to stability, sensitivity, and cross-reactivity due to the labels
(Brézdilova et al.,, 2007; Hocek and Fojta, 2011). Therefore, redox
labeling and electrochemistry have been applied to study DNA-
protein interactions that are relatively scarce. This application is
limited to methods based on changes in DNA-mediated charge
transfer (CT) upon protein binding. Accordingly, developing a
new redox labeling method for DNA involving an azido group
represents a significant advancement in the field. This novel
approach allows for the chemical transformation of the azido group
to either nitrophenyltriazole or silence phenyltriazole, while this
technique provides electrochemical detection of DNA—protein inter-
actions. The preparation of 5-(4-azidophenyl)-20-deoxycytidine
and 7-(4-azidophenyl)-7-deaza-20-deoxyadenosine nucleosides
involved an aqueous-phase Suzuki cross-coupling reaction. These
azido-labeled nucleosides were then converted into nucleoside tri-
phosphates to serve as substrates for incorporation into DNA. The
incorporation process was facilitated by DNA polymerase. Due to a
reduction in the azido function, the azidoophenyl-modified nucleo-
tides and azidophenyl-modified DNA have shown a strong signal in
voltammetry studies at 0.9 V. It has been shown that the
Cu-catalyzed click reactions of azidophenyl-modified nucleosides
or azidophenyl-modified DNA with 4-nitrophenylacetylene lead to
nitrophenyl-substituted triazoles that exhibit a reduction peak of
—0.4 V under voltammetry; however, the click reaction with phe-
nylacetylene leads to electrochemically silent phenyltriazoles. In this
study, converting the azidophenyl label to nitrophenyltriazole was
used for the electrochemical detection of DNA—protein interactions,
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in which the p53 protein is explicitly involved. This conversion
served as a selective indicator, as only the azidophenyl groups in
the regions of DNA that were not protected by the bound p53 protein
were converted to nitrophenyltriazoles (Figure 6) (Balintova et al.,
2015).

There has been considerable interest in developing methods for
measuring Mn>" in biological and environmental samples due to
the important role and wide distribution of Mn*" in biological
systems, as well as its extensive utility as an excellent contrast agent
for MRI scanning, which has attracted a lot of attention (Carter
etal., 2014). For example, overexposure to Mn** poses a significant
risk to cells and can potentially lead to serious diseases, including
neurodegenerative disorders and developmental disorders in chil-
dren (Guilarte, 2010; Horning et al., 2015). However, the develop-
ment of fluorescent Mn*" sensors has been challenged, due to the
chemical similarity between Mn>* and Mg**/Ca**, and quenching
of fluorescence, which originates from the paramagnetic properties
of Mn®". Consequently, researchers employed the click-type
MnDDC (Mn**-activated DCV-DNA conjugate) reaction as a
fluorescent sensor for Mn** detection. In this approach, a molecu-
lar beacon was used to facilitate the ligation of DCV-DNA (rep
protein of duck circovirus-DNA) and signal readout. The click
properties of the MnDDC reaction make this assay extremely
versatile for Mn”" detection and extend its applicability beyond
serum and food samples. Importantly, it enables Mn>" detection
directly in live cells without the need for additional washing steps. It
must also be noted that using DCV’s protein nature, it could be used
on the cell surface as a subcellular targeting sensor for monitoring
Mn®" in the extracellular microenvironment as well. This work
demonstrated that click-type MnDDC suits site-specific covalent
protein-DNA linkages in complex biological environments
(Hu et al., 2019).

With the help of the CuAAC reaction, a new bifunctional
bioconjugation reagent, N-(3-azidopropyl) vinylsulfonamide, has
been attached to an alkyne-modified DNA or protein. Although it
has been shown that partial hydrolysis (ca. 12%) of the sulfonamide
occurred in the click modification of DNA, it could still be used for
efficient biorthogonal modification of biomolecules to attach vinyl-
sulfonamide (VS) as a Michael acceptor. The VS-linked DNA or
protein is capable of specific reactivity with cysteine -containing
peptides and/or proteins, leading to the formation of stable covalent
cross-links. Indeed, the approach involving VS-linked DNA or
protein can be extended to work with any combination of two
biomolecules, where one contains an alkyne and the other contains
a thiol group. Evidently, pull-down experiments have great poten-
tial to identify and isolate DNA-binding proteins containing cyst-
eine near to recognition sequences to identify and isolate them
(Dadovi et al., 2015).

A pioneering method of DNA assembly has been developed,
enabling the creation of DNA-modified surfaces for the electro-
chemical detection of biomolecules. The Cu-free click strategy
allows the formation of monolayers with lower density and more
uniform spacing while maintaining surface passivation against the
redox indicator. These monolayers have been characterized by both
electrochemical and imaging techniques. The developed platform
facilitates DNA-mediated CT, making it highly sensitive to changes
or perturbations in the DNA structure. As a result, this system can
achieve exquisite electrochemical discrimination between DNA
duplexes that are well-matched and those with mismatches. Fur-
thermore, because this platform has a more significant number of
surface-exposed binding sites than conventional high-density films,
it can be used to detect protein binding events with higher
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Figure 6. The electrochemical detection of protein-DNA interactions via azidophenyl as a click-transformable redox label of DNA (Balintova et al., 2015).

sensitivity than conventional high-density films. It is possible to
detect TATA-binding proteins on low-density membranes at a
concentration as low as 4 nM (Furst et al., 2013).

Researchers have successfully developed an innovative protein—
DNA assembly strategy utilizing Cu-free click chemistry. This
breakthrough approach provides site specificity and bioorthogon-
ality under mild reaction conditions, enabling efficient and rapid
protein—-DNA assembly. With the wide availability of oligonucleo-
tides featuring azide modifications at the 5'- and 3'-ends and at
internal positions, the presented protein-DNA assembly method
offers a versatile and powerful approach. Through this method,
researchers could attach proteins to any position on DNA oligos.
Even more, the developed protein—-DNA assembly method enables
site specificity and high coupling efficiency while maintaining the
biological activity of the proteins involved. The demonstrated
protein—-DNA assembly technique is a promising tool for single-
molecule studies and DNA-based nanotechnology applications
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involving functional protein-DNA hybrids (Mukhortava and
Schlierf, 2016).

Treatment

Click chemistry has attracted significant attention as an ideal
approach for drug design and discovery for the following reasons:
the azole linkages have small structures that can easily form larger
molecules and do not cause severe structural alterations to the
whole molecular environment (Wang et al, 2016; Jiang et al,
2019). Protein-/peptide-derived drugs, due to their structural and
functional diversity, high stability, biocompatibility, and low
immunogenicity, will become an important part of the pharma-
ceutical market in the future (Li et al., 2013; Lin et al., 2023).

It should be noted that, whether proteins and peptides are
broken down under physiological conditions, the breakdown
products are amino acids, which are not toxic and are readily
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Figure 7. Peptide click chemistry strategies. Each strategy improves the stability and performance of peptides incorporating click-derived triazoles: Conjugation of multiple
functional groups refers to the linking of multiple functional groups within a molecule. This can lead to the creation of complex structures with diverse properties. Cyclization in click
chemistry refers to the formation of a cyclic compound through a chemical reaction. Protein cross-linking by click chemistry involves the covalent linking of proteins using highly
efficient and selective reactions. By using stable and well-characterized building blocks, researchers can minimize the risk of encountering unstable bound surrogates and improve
the efficiency and reliability of click chemistry reactions. The introduction of contact groups to improve affinity by click chemistry involves the strategic attachment of specific

functional groups to a molecule to enhance its binding or interaction with a target.

absorbed and can be easily absorbed or excreted (Tang and
Becker, 2014). Recently, the development of new peptidomedi-
cines has been dramatically accelerated by the use of modern
synthesis techniques such as click chemistry (Zhang et al,
2023). Click chemistry provides a range of peptide/protein modi-
fications and could be combined with other methods to easily
create complex structures, drugs, and multicomponent functio-
nalized systems. Furthermore, click chemistry is a very attractive
approach for developing practical drug delivery tools and targeted
drug delivery (van Dijk et al., 2010). For example, nucleolin is a
protein that is located between the cell nucleus and the cell surface.
This protein is found to be overexpressed in certain types of cancer
cells (Porkka et al., 2002; Christian et al., 2003). Nucleolin can
specifically bind to a short peptide known as the F3 peptide. The
F3 peptide is conjugated to the surface of nanoparticles and
hydrogel substrates via a click reaction, enabling targeted drug
delivery (Qin et al, 2014). One of the disadvantages of using
peptides as drugs is their low stability compared to protein drugs
due to the fragility of peptide and disulfide bonds under physio-
logical conditions. Click chemistry improves peptide stability by
replacing these unstable natural bonds with stable structures
without compromising peptide function (Li et al., 2013). In gen-
eral, there are various strategies in click chemistry to produce
peptides and proteins with medicinal applications, some of these
strategies include cyclization, cross-linking, unstable bond surro-
gates, introduction of contact groups to improve affinity, and
conjugation of multiple functions (Figure 7).
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Cyclization

Although peptides are good options for medicinal applications due
to their high functional diversity, their low bioavailability has
limited their use. One of the methods that help to solve this problem
is the head-to-tail cyclization method, which reduces the biological
vulnerability and increases the permeability of peptides by remov-
ing the free C- and N-terminus of the peptides. Therefore, cyclo-
peptides are relatively more stable for proteolysis than linear
peptides (Besser et al., 2000a; Shibata et al., 2003; Tugyi et al,
2005). For peptide cyclization, the L and D configurations of
residues and the presence or absence of amino acids such as proline
and glycine are important. This is particularly important for syn-
thesizing tetra-, penta-, and hexacyclic peptides (Klose et al., 1998;
El Haddadi et al., 2000; Besser et al., 2000b). Additionally, the
cyclization of peptides with smaller sequences is also challenging
because these small peptides are highly susceptible to oligomeriza-
tion. Click chemistry macrocyclization is an efficient tool that helps
to solve these challenges.

Natural macrocyclization of peptides and proteins often occurs
via thioether bridges or disulfide bonds as a constraining element in
some conformations, such as turn structures (Musiol et al., 1994;
Siedler et al., 1994; Turner et al., 2007). However, cyclic peptides in
synthetic chemistry and drug discovery are mainly created by
forming a disulfide bond between two cysteine residues or an
isopeptide bond (Hill et al., 2014). The microwave-assisted click
reaction was also used for the cyclization of a peptide derived from
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the Alzheimer AP sequence, and recent work showed that
microwave-assisted click chemistry could be used to prepare pep-
tide triazole-based polymers from bifunctional peptide monomers
(Elgersma et al.,, 2009). Generally, there are many methods and
reagents for synthesizing cyclic peptides, but the production effi-
ciency of cyclic peptides is the main limitation of these methods
(Turner et al., 2007).

Conjugation

Conjugation is the covalent linking of two or more molecular
components to create multifunctional molecules. In drug design,
conjugation is among the most favorable and widely used parts of
click chemistry reactions. Typically, peptide conjugation is less
complicated than protein conjugation since protein conjugation
suffers from denaturation or loss of biological activity due to its
complex structures. On the other hand, sometimes peptides can
perform the biological role of a whole protein, which is important in
the design of peptide drugs. Therefore, in drug discovery, it is
advantageous to conjugate bioactive peptides with synthetic chem-
ical compounds rather than whole proteins (Tang and Becker,
2014). Many click-conjugated proteins and peptides are coupled
to biologically relevant tiny molecules whit CuAAC, SPAACs:,
thiol-ene reaction, thiol-Michael addition, and so forth (Li et al.,
2013; Tang and Becker, 2014). Although CuAAC is widely used in
biopolymer science, its use in medicinal products is restricted based
on its toxicity. This problem, identified by researchers working in
the field of bio-click, led to the discovery and use of Cu-free
SPAACs in scientific and pharmaceutical research (Agard et al,
2004; Takahashi et al., 2013).

The conjugation of peptides with other compounds has opened
up many possibilities and applications for their use in the pharma-
ceutical field. For example, Zhou et al. design click-conjugated
protein-drug micelles with anti-ferroptotic and anti-inflammatory
properties that stimulate regeneration in spinal cord injuries. In this
study, protein-drug micelles are created by conjugating irresolvable
ferrostatin-1 and dibenzocyclooctyne modules to amphiphilic
polymers using an azido linker-modified acidic fibroblast growth
factor (FGF) linker (Zhou et al., 2022). Moreover, in 2014, conju-
gated compounds were designed that triterpene sapogenins were
linked to helix zone-binding domain (HBD)-bearing peptides of
T20 (gp41-specific human immunodeficiency virus type 1 (HIV-1)
fusion inhibitor) using the CuAAC reaction, resulting in increased
efficacy of each of these compounds compared to their individual
states. Triterpenes and peptides individually displayed low potency
toward HIV-1 Env-mediated cell-cell fusion (Jiang et al., 2019).
The conjugation of peptides with carbohydrates, hydrogels, and
radiolabeling reagents is used to produce vaccines and antibiotics,
to properly deliver drugs, and to study the biodistribution of drugs
as well as biologically related interactions (such as ligand-receptor
binding, protein structures, and enzyme activities) (De Groot et al.,
2002; Wan et al., 2006; Hausner et al., 2008; Li et al., 2013).
According to the studies of Skwarczynski et al., the lysine residue
in proteins and peptides is a suitable site for conjugation because it
has an alpha and epsilon group (Skwarczynski et al., 2011; Gupta
etal., 2012).

Cross-linking and surrogates for unstable bonds

Peptides are highly flexible due to their small size, which impacts
their pharmaceutical performance. On the other hand, proteolysis
of peptide bonds and the sensitivity of disulfide bonds to
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environmental pH are the main and dominant reasons for the
low stability of peptides, which is an obstacle to using peptides as
drugs (Li et al., 2013). Today, in addition to glycosylation of the N-
and C-termini of peptides and other methods to increase their
stability, click chemistry has provided solutions to increase the
stability of peptides (Powell et al.,, 1993). Click chemistry can
improve structural rigidity and potentially constrain the structure
within the bioactive conformation through chemical alteration
such as secondary structure imitation, cross-linking, cyclization,
and replacement of degradable peptide bonds. 1,2,3-Triazoles are
among the most widely used compounds in click chemistry to
replace unstable peptide bonds, cyclization, and cross-linking of
peptides (Lietal., 2013). Triazole rings were chosen because of their
similarity to the amide bond in terms of molecular dimensions and
the compatibility of their linkage geometry for some B-turns
(Oh and Guan, 2006).

Introduction of contact groups to improve affinity

Proteins and peptides, with their structural diversity, perform a
large number of diverse biological functions compared to other
compounds and molecules. Click chemistry significantly expands
the range of functions of peptides and proteins. This is particularly
important when dealing with pharmaceutical peptides and proteins
interacting with other molecules. Li et al. identified a series of
triazole-incorporated peptide-based receptors that can bind to
the gp120 protein of the HIV-1 envelope and disrupt the virus
function. In this study, the proline residue of the peptide (which was
located near a binding hotspot residue) was replaced with cis-4-
azidoproline. This allowed linkage to a panel of substituted alkynes
via click reaction, and finally, high binding affinity was achieved by
substituted alkynes with different characteristics (Gopi et al., 2006;
Li et al., 2013).

Enzyme

Click chemistry is a chemical approach based on cycloaddition
reactions with high chemoselectivity, which has recently starred
in a boom in the field of protein chemistry. Herein, a number of
studies in the field of enzyme chemistry will be reviewed, highlight-
ing the role of click reactions (Palomo, 2012).

Enzyme-mediated protein modifications

PTMs of proteins through synthetic methods provide opportunities
to precisely attach a wide range of moieties on demand to create
new proteins. Site-specific conjugation empowers proteins with
new characteristics, further expanding their applications, specific-
ally in diagnosis and therapeutics (Ataie et al., 2000; Khajeh et al.,
2001; Safarian et al., 2003; Hashemnia et al., 2006; Tavakoli et al.,
2006). A better understanding of the protein structure—function
relationship is another invaluable achievement of the synthetic
modification of proteins. To modify biomolecules, click chemistry
offers promising strategies to develop reactions as orthogonal,
selective, and reactive as those of natural systems. In 2013, a new
approach was designed by Spokoyny et al. for mild functionaliza-
tion of cysteine thiolate moieties in unprotected peptides based on a
nucleophilic aromatic substitution reaction (SyAr) between per-
fluoroarenes and cysteine residues (Spokoyny et al., 2013). It should
be mentioned that perfluoroaromatic reagents are insoluble and,
therefore, have low reactivity in aqueous media, and this was a main
drawback for its general use. In the same year, a bioconjugation
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strategy for site-specific cysteine modification was reported by the
same research group in which the developed perfluoroarene-
cysteine SyAr click reaction was accompanied by glutathione
S-transferase enzyme catalysis (Zhang et al., 2013). Utilizing click
synthetic transformation, an enzyme-mediated reaction for the
chemoselective modification of biomolecules has been demon-
strated. Enzyme-catalyzed conjugation is a promising pathway with
high biological target specificity under mild reaction conditions. In
2015, CuAAC click reactions were applied by Rachel et al. for
enzymatic transamidation to yield covalently conjugated peptides
and proteins (Figure 8) (Rachel and Pelletier, 2016).

In 2015, a two-step modular process was designed by Alt et al.
for site-specific modification of recombinant antibodies using an
enzyme-mediated bioconjugation combined with click reactions
(Alt et al., 2015). The first step occurred in the presence of trans-
peptidase Sortase A to incorporate strained cyclooctyne functional
groups, and the second step involved the azide-alkyne cycloadd-
ition click reaction. The combination of enzymatic bioconjugation
with click chemistry in the current study demonstrated a conveni-
ent approach that can be readily utilized for a wide variety of
functional groups in all biological macromolecules. In 2016, Nien-
berg et al. used SPAAC click reaction to modify the protein kinase
a-subunit with unnatural amino acid para azidophenylalanine as a
fluorophore (Nienberg et al., 2016). In 2010, Peters et al. had
developed an alternative cofactor for protein methyltransferases
that transfer the activated methyl group from the cofactor mainly to
lysine and arginine side chains in the protein substrates. They
replaced the methyl group of S-adenosyl-l-methionine (AdoMet)
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with a pent-2-en-4-ynyl side chain to construct a new cofactor
based on AdoMet. The steric effects within the Sy>-like transition
state is compensated by the double bond in the vicinity of sulfonium
center through conjugative stabilization, and the terminal alkyne
serves as a valuable tool for chemical protein modifications (Peters
et al, 2010). S-acylation of cysteine residues with predominantly
C16:0 fatty acids can be mentioned as one of the most common
forms of PTMs of proteins. Different in vitro assays have been
employed via radiolabeled fatty acids to quantify protein lipidation.
However, the cost and safety are mentioned as the main drawbacks.
In 2015, a click-based ELISA format was designed to measure
enzyme-catalyzed acylation of the protein sonic hedgehog
(Lanyon-Hogg et al., 2015). Alkynylated palmitoyl-coenzyme A
substrate was clicked with azido-functionalized peptides to allow
colorimetric readout of protein palmitoylation.

Enzymatic protein labeling

In 2011, Willnow et al. reported the synthesis of a new selenium-
based S-adenosyl-1-methionine analogue for enzymatic transfer of a
small propargyl group. The modified proteins were amenable to be
labeled with biotin or fluorophores via CuAAC click reaction
(Willnow et al., 2012). In the same year, Kamaruddin et al.
described the development of a series of new fluorescent chemo-
sensor peptide substrates of Src-family protein tyrosine kinases
using the Cu(I)-assisted Huisgen cycloaddition click reaction
(Kamaruddin et al,, 2011). In 2011, Heal et al. reported a protocol
for the selective and site-specific enzymatic labeling of proteins. The
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Figure 8. Combination of enzymatic transamidation and click chemistry for one-pot peptide and protein covalent conjugation (Rachel and Pelletier, 2016).
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method suggested a click-tagging approach for the enzymatic
transfer of myristic acid to an N-terminal glycine (Heal et al., 2012).

Biologically smart carriers

Numerous studies have been performed on smart nanoengineered
carriers as effective therapeutic delivery systems. Peptide sequences
are promising candidates to be applied as carriers that would be
degraded with a specific enzyme. The use of peptide sequence as an
enzyme-specific trigger for engineered carriers is an emerging area
in targeted drug delivery. Considering the pH-responsive behavior
of poly(2-diisopropylaminoethyl methacrylate in the presence of
Cathepsin B, which plays as an enzyme-specific degradable cross-
linker, Gunawan et al. reported the design of hybrid click capsules
(Gunawan et al., 2014).

In another study, Skrinjar et al. used click chemistry to develop a
building block strategy for enzyme substrate assembly. A sugar
moiety as enzyme responsive unit, a linker that can easily be labeled,
and a tunable modifier compound combined to construct a click
substrate successfully to assay enzyme activity in the newborn
screening of lysosomal storage disorders (Skrinjar et al., 2018).

Enzyme immobilization

There is a vast array of research on enzyme immobilization tech-
niques due to its significance in industrial and analytical applica-
tions, including cross-linking, adsorption, and entrapment. With
respect to the promising role of click chemistry (Debelouchina and
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Muir, 2017), a wide range of natural and synthetic supports have
been applied for this purpose (Moghaddam et al., 2007; Hashemnia
etal.,2009; Nabatietal.,2011; Hongetal., 2013; Karimi et al., 2014).
In 2011, Durmaz et al. reported the synthesis of several types of core
microspheres with polydivinylbenzene cross-linkers that carry
hydrophilic and/or hydrophobic chains employing click methods
(Figure 9) (Durmaz et al., 2011). The modified-polydivinylbenzene
microspheres were studied as support for the reversible immobil-
ization of Agaricus bisporus laccase.

In 2012, Celebi et al. developed an immobilized enzyme reactor
as a capillary monolith for a microliquid chromatography system
(Celebi et al., 2012). Then, a-chymotrypsin was covalently attached
to the monolith via the click approach. In 2016, Strzeminska et al.
designed a sensor with electrografted quinone and azido moieties
on an electrode surface (Strzeminska et al.,, 2016). Then, using
CuAAC click reaction, the peptide probe was coupled to the azido
group.

In 2018, Matsumoto et al. reported a synthetic method for a
tetrameric streptavidin-based hydrogel by click ligation as a new
platform for immobilizing enzymes (Matsumoto et al., 2018). The
hydrogel-coated electrodes were consequently used for the bioca-
talytic oxidation of glucose. Next year, Wang et al. proposed a new
microfluidic fabrication method for enzyme immobilization
through “electro click chemistry method” (Wang et al., 2019).

In another study in 2019, Oktay et al. reported the synthesis of a
PEG-based hydrogel for the immobilization of amylase in which
PEG was initially functionalized using a thiol-ene click reaction
(Oktay et al., 2019). In 2020, a green strategy was reported by Zhao
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Figure 9. Modification of polydivinylbenzene (PDVB) microspheres containing hydrophilic and/or hydrophobic polymer chains by a hydrobromination/click chemistry protocol
(N,N,N’,N” ,N"-pentamethyldiethylenetriamine (PMDETA), poly(ethylene glycol) (PEG), poly(methylmethacrylate) (PMMA), poly(tert-butylacrylate) (PtBA)) (Durmaz et al., 2011).
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et al. for the construction of a monolithic enzyme reactor in a
capillary in which trypsin was immobilized through thiol-ene click
reaction (Zhao et al., 2020). Through thiol-ene click reaction, Fan
et al. fabricated an immobilized enzyme reactor based on trimethy-
lolpropane trimethacrylate monolith being applied as a matrix (Fan
et al., 2020). In 2022, Shi et al. reported a stable, efficient, and site-
specific method based on a combination of SPAAC click reaction
and enzymatic ligation to immobilize green fluorescent protein (Shi
et al., 2022).

Enzyme inhibitors

Protein inhibitors have great potential for therapeutic applications
since many human diseases are associated with protein dysfunction
(Angeli and Supuran, 2023; Kugler et al., 2023). Extensive efforts
have been made to provide potent inhibitors with improved select-
ivity (Saboury and Moosavi-Movahedi, 1997; Hakimelahi et al.,
2002; Mahinpour et al., 2019; Hajizadeh et al., 2021). The in situ
click chemistry referred to the enzyme-mediated azide-alkyne
cycloaddition reactions provides a robust approach for alkyne
cycloaddition reactions provides a robust approach for identifying
enzyme inhibitors (Mamidyala and Finn, 2010; Linkuviené et al.,
2018). In this regard, Manetsch et al. published a study in 2004, on
the optimization of target-guided strategy using acetylcholinester-
ase as a test system (Manetsch et al., 2004). Carbonic anhydrase
inhibitors were identified using in situ click chemistry by Mocharla
et al. (2005). In the study carried out by Xie et al. in 2007, CuAAC
click reactions were employed to generate two sequential libraries of
protein tyrosine phosphatase inhibitors (Xie and Seto, 2007). In
2011, Anand et al. described the synthesis of 1,2,3-1H-triazolyl
glycohybrids with various sugar units or a chromenone moiety
via CuAAC click reactions, which were consequently screened for
inhibitory activities (Anand et al., 2011). In the next year, Gu et al.
reported the preparation of bisaryl maleimide derivatives to mimic
natural kinase inhibitors through a click approach (Gu et al., 2012).
In another study published in 2013 by Tieu et al. reported a method
to improve the general utility of a multicomponent in situ click
approach to ligand optimization (Tieu et al., 2013). In this regard, a
leaky mutant of Staphylococcus aureus biotin protein ligase was
applied to enhance the turnover rate for the reaction of biotin
alkyne with an azide to give a triazole.

Summary

Chemical protein modification is a powerful tool for generating
new protein constructs. Click chemistry contributes effectively to
chemical protein modifications, representing a new way of
bioorthogonal chemistry with a promising green and productive
future. Small-molecule probes can be chemically or enzymatically
attached to the target protein when less structurally disruptive
labels are required. Bioorthogonal functional groups can be
installed in target biomolecules by a cell’s metabolic machinery,
which would consequently be covalently labeled by a probe. Modu-
lar click units manipulate different molecules in living cells and
image them with super-resolution. Biology and electronics cooper-
ate to fabricate new electrochemical biosensors for molecular rec-
ognition and signal transmission using click approaches through
attaching proteins to electrode surfaces. Functionalized oligo-
nucleotides can be used in nucleic acid diagnostics, therapy, and
nanobiotechnology. Protein-DNA conjugation is becoming
increasingly popular in research and industry as it combines
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proteins’ diverse functionalities with DNA’s precise recognition
and encoding abilities. A site-specific covalent protein—-DNA link-
age with high reaction rates, specificity, and biocompatibility has
been achieved using click chemistry. In addition, click chemistry
has attracted great attention as an ideal approach for drug design
and discovery. However, click strategies are one of the main future
lines in protein chemistry to design enzymes with improved cata-
Iytic efficiency or a broad substrate activity scope. This perspective
focused on the most recent advances in designing and creating new
modified proteins using click reactions, specifically those with
medicinal applications. However, research and development in this
field are exponentially increasing.

Supplementary material. The supplementary material for this article can be
found at http://doi.org/10.1017/S0033583524000027.
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