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1. INTRODUCTION

Chemistry, traditionally being the science of synthesis and
structural manipulations of molecules, has gradually undertaken
the more challenging task of biology-oriented synthesis." The
generation of molecules/molecular assemblies possessing well-
defined biological functions remains an extremely challenging
task; immediate refinements in conventional synthetic tactics
are necessary. New and more efficient chemical reactions and
methodologies, which may override the laborious protection/
deprotection and purification steps in conventional total
synthesis, could revolutlomze the next-generation chemical
and biological research.” A set of chemical reactions, known as
bioorthogonal reactions, that are orthogonal to most functional
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Figure 1. Workflow of the process of hit-to-lead optimization from click chemistry and drug candidate selection. FBDD, SAR, and QSAR studies are
essential elements of this complex paradigm. FBDD, fragment-based drug design; QSAR, quantitative SAR; SAR, structure—activity relationship.

groups in biological systems has so far shown promising
applications in biological research.> Of these reactions, the
Cu(I)-catalyzed version of the Huisen 1,3-dipolar cycloaddition
reaction between azides and terminal alkynes for the
construction of trizoles, referred to as a “click chemistry
reaction”, was defined by nobel laureate KB Sharpless and
associates in 2001.* Click chemistry has recently emerged to
become one of the most powerful tools in drug discovery,
chemical biology, and proteomic applications. In recent years,
the design and synthesis of pharmacologically relevant
heterocyclic molecules by combinatorial techniques have
proven to be a promising strategy in the search for new
pharmaceutical lead structures. Click chemistry is one of the
powerful reactions for making carbon—heteroatom—carbon
bonds in aqueous environment with a wide variety of chemical
and biological applications in various fields.®

2. CLICK CHEMISTRY: OVERVIEW

Despite many successes, drug discovery approaches that are
based on nature’s secondary metabolites are often hampered by
slow and complex syntheses. Through the use of only the most
facile and selective chemical transformations, click chemistry
simplifies compound synthesis, providing the faster lead
discovery and optimization. The click reaction must be
modular, wide in scope, give very high yields, generate only
inoffensive byproducts that can be removed by nonchromato-
graphic methods, and be stereospecific (but not necessarily
enantioselective). The required process characteristics include
simple reaction conditions (ideally, the process should be
insensitive to oxygen and water), readily available starting
materials and reagents, the use of no solvent or a solvent that is
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benign (such as water) or easily removed, and simple product
isolation.® Purification, if required, must be by nonchromato-
graphic methods, such as crystallization or distillation, and the
product must be stable under physiological conditions. The
traditional process of drug discovery based on natural
secondary metabolites has often been slow, costly, and labor-
intensive. Even with the advent of combinatorial chemistry and
high-throughput screening in the past two decades, the
generation of leads is dependent on the reliability of the
individual reactions to construct the new molecular frame-
work.”

Click chemistry is a newer approach to the synthesis of drug-
like molecules that can accelerate the drug discovery process by
utilizing a few practical and reliable reactions. Sharpless and co-
workers defined the click reaction as wide in scope and easy to
perform, uses only readily available reagents, and is insensitive
to oxygen and water.*® In fact, in several instances, water is the
ideal reaction solvent, providing the best yields of the product
with the highest rates. For reaction workup and purification,
eco-friendly solvents are used that avoid purification techniques
like chromatography.®

Click reactions share the following attributes:

(1) Many click components are derived from alkenes and
alkynes, and thus ultimately from the cracking of
petroleum. Carbon—carbon multiple bonds provide
both energy and mechanistic pathways to be elaborated
into reactive structures for click connections.

(2) Most click reactions involve the formation of carbon—

heteroatom (mostly N, O, and S) bonds. This stands in

contrast to the march of modern synthetic organic
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chemistry, which has emphasized the formation of
carbon—carbon bonds.

Click reactions are strongly exothermic, by virtue of
either highly energetic reactants or strongly stabilized
products.

Click reactions are usually fusion processes (leaving no
byproducts) or condensation processes (producing water
as a byproduct).

Many click reactions are highly tolerant of, and often
accelerated by, the presence of water.

The copper(I)-catalyzed 1,2,3-triazole formation from azides
and terminal acetylenes is a powerful tool for the generation of
privileged medicinal scaffolds, due to its high degree of
dependability, complete specificity, and the biocompatibility
of the reactants.”” The triazole scaffolds are found in a number
of biologically active compounds exhibiting anti-HIV, anti-
biotics, antiviral, and antibacterial activities."® Click chemistry is
one of the powerful tools for the generation of drug candidates.
Many researchers used click chemistry as a synthetic tool for
the generation of pharmalogically valuable drugs.””

©)

(4)

()

3. APPLICATION OF CLICK CHEMISTRY IN
PHARMACEUTICAL SCIENCE

Current drug discovery relies on massive screening of chemical
libraries against various extracellular and intracellular molecular
targets to find novel chemotypes with the desired mode of
action. In recent years, high-throughput technologies for
combinatorial and multiparallel chemical synthesis, automation
technologies for the isolation of natural products, and also
availability of large compound collections from commercial
sources have substantially increased the size and diversity of
compound collections among most Pharma and Biotech
companies, in some cases exceeding one million distinct
chemical entities.!* At the same time, sequencing of the human
genome as well as sequencing the genomes of various
pathogens, such as microbes, bacteria, and viruses, have
delivered hundreds to thousands of potentially novel biological
targets that have poor or no clearly precedented chemical
starting point for lead optimization.'”"> Click chemistry-based
drug discovery mainly falls into three types: (1) high-
throughput screening, (2) fragment-based drug discovery, and
(3) dynamic template-assisted strategies in fragment-based drug
discovery.

3.1. Click Chemistry and Drug Discovery

3.1.1. High-Throughput Screening. High-throughput
screening (HTS) is a well-established process for lead drug
discovery in pharmaceutical and biotechnology companies and
is now also being used for basic and applied research in
academia. It comprises the screening of large chemical libraries
for activity against biological targets via the use of automation,
minijaturized assays, and large-scale data analysis. Today, the
tools at hand for lead discovery are expanding and
complementing each other: focused screening for well-
connected target classes, virtual screening and access to large
external chemistry sources (including isolated natural prod-
ucts), structure-based design, and cellular assays of increasing
value in understanding compound effects (Figure 1)."* All of
these tools are important complementary approaches to HTS
for providing entry points for lead optimization. A wise use of
lead discovery tactics will distinguish successful drug discovery
engines. Different engines might be able to afford different
options in the menu. As long as we keep learning how to best
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select and validate targets linked with human disease and wisely
exploit these recently refined technologies (in addition to and
not instead of those previously established), we should expect
an increase in drugs in the market that help people to live
healthier and longer lives.'*"®

HTS-based lead discovery falls into a modest set of target
families of enzymes such as kinases, proteases, phosphatases,
oxidoreductases, phosphodiesterases, and transferases that
comprises the majority of biochemical targets in today’s lead
discovery efforts. Among cell-based targets, many GPCRs (G-
protein coupled receptors, 7-transmembrane receptors),
nuclear hormone receptors, and some types of voltage-gated
and ligand-gated ion channels (e.g, Ca’*-channels) are very
well suited for screening of large compound collections with
today’s screening technologies. Despite the large number of
human genes (>25000) and even larger number of gene
transcripts and proteins (>100 000), the number of molecular
targets with drugs approved is still fairly limited (324 targets).
Some targets may be intractable for modulation via low
molecular weight compounds. Others, however, might simply
be inaccessible by current technologies and therefore constitute
not only a great challenge but also a tremendous potential for
future lead discovery. Among those, a large number of ion
channels, transporters, and transmembrane receptors, but also
novel protein—protein, protein—DNA, and protein—RNA
interactions, perhaps even RNA/DNA itself, might form
innovative targets for modulation via low molecular weight
(Imw) compounds as exernopliﬁed by some remarkable success
stories in recent times. ¢

Click chemistry in combination with high-throughput
enzyme assay technologies such as microarrays revolutionized
lead-finding and lead-optimization steps in drug discovery.
Small molecule libraries assembled using click chemistry have
been successfully employed in generating unique inhibitor and
activity-based fingerprints of important enzymes. Such finger-
printing strategies may in the future lead to the identification
and characterization of new enzyme subclasses and even
address the issue of functional convergence of enzymes at a
broader scale. Rapid developments in high-throughput screen-
ing will continue to be fueled by click chemistry and its novel
variants in combination with powerful technologies like
microarrays and other ingenious characterization techniques.®

3.1.2. Fragment-Based Drug Discovery. Fragment-based
drug discovery (FBDD) has become a main-stream alternative
to high-throughput screening in the past few years. There are
an increasing number of compounds in clinical development,
which can trace their origins back to fragment screening, and a
number of reviews have been published recently highlighting
the progress that has been made*' > A recent review
highlights in FBDD the following concepts: (1) Inappropriate
physical properties are a major source of attrition for small
molecule drugs. (2) Although weak in potency, fragments
actually form high-quality interactions. (3) Ligand efficiency is a
way to judge the relative optimizability of differently sized
molecules. (4) Relatively small libraries of fragments are
required to sample chemical space (Figure 1). It also highlights
the following challenges: (1) Specialized methods are needed
to detect fragment binding. (2) Efficient optimization of
fragment hits is required.

Fragment-based drug discovery is based on the consideration
that the free binding energy of a protein ligand results from the
contributions of its molecular components. Therefore, small
contributions from molecular fragments can add up to yield a

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 2. Concepts in lead discovery. (a) High-throughput screening (HTS). A diverse library of chemical compounds is collected and tested against
the drug target. (b) Fragment-based lead discovery. The binding of small molecular fragments to the protein is detected. Low-affinity fragments can
be linked to provide high-affinity ligands.The binding constant K,p is an exponential function of the binding energy. (c) Dynamic strategies in
fragment-based drug discovery. Reactive fragments are incubated with the protein and form specific combinations of fragments on the protein
template, which facilitates fragment detection and linkage to a new ligand.

high-aflinity protein ligand. First, a small molecule fragment
that binds to the protein pocket of interest is identified. The
starting fragment is then chemically modified to generate a
binder of higher affinity, which is subsequently further
optimized to a lead structure. The concept has become very
popular for two main reasons. First, initial screening of
fragment libraries is expected to sample the chemical space
much more efficiently than traditional approaches ever could.”*
The second reason is that fragment-derived lead structures have
significantly higher ligand efficiency (free binding energy per
non-hydrogen atom of the ligand) than molecules discovered
by screening of large compound libraries. An investigation of
150 known natural and synthetic ligands revealed that the free
binding energy increased in proportion to ligand size up to a
maximum of 15 atoms. The maximum average free-energy
contribution per heavy atom was —1.5 kcal/mol. For molecules
larger than this, no further increase in ligand efficiency was
observed. These observations confirm how crucial limiting the
molecular size is for the efficiency of protein ligands, thereby
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supporting the preference of fragment hits (<12 heavy atoms
per molecule) over typical HTS hits. These results also indicate
easier optimization and hit-to-lead development of fragment
hits relative to that of HTS hits.”**"*

Many enzymes are known to possess multiple binding
pockets; yet conventional inhibitor developments generally
focus more on only the active site. However, in many cases, the
secondary/allosteric binding sites confer selectivity as well as
potency. Within this context, click chemistry, due to its highly
modular and efficient reaction nature, has been identified as
one of the most practical methods toward fragment-based
inhibitor assembly where N + M combinations of inhibitor
fragments lead to the generation of N X M potential bidentate
inhibitors (Figure 2). Because of the efficiency and water
compatible nature of the click reaction, in most cases, the
assembled products could be directly screened for inhibition
without the need for any purification.”””

3.1.3. Dynamic Template-Assisted Strategies in Frag-
ment-Based Drug Discovery. The major challenges of

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 3. Chemical structures of protein tyrosine phosphatase inhibitors synthesized via click chemistry.

fragment-based drug discovery are the identification of low- connects the fragments to form the final inhibitor. FBDD and
affinity fragments and efficient biologically active linkage of the TGS both have in common the fact that they capitalize on
fragments identified. Weakly binding ligands are difficult to molecular recognition patterns imprinted on molecular targets
detect. To address this problem, alternative so-called dynamic to select suitable molecular fragments “ex vivo”, which are then
and template-assisted strategies have been proposed for tethered through synthetic optimization (FBDD) or in situ self-
fragment-based drug discovery by researchers. All of these assembling to form the final ligands. These ligands can then be
methods use a target protein as a template for selection and/or resynthesized and scaled up for subsequent biological
assembly of optimal fragment combinations. All dynamic evaluations through the drug development stages (i.e., in vivo
template-assisted approaches covered here have in common a animal models and clinical development). However, when
chemical reaction (reversible or irreversible, enzymatic or considering Rideout’s ideas and recent developments in TGS
nonenzymatic), which is exploited for detection of the best together, one could shift this paradigm of fragment-based
fragment combination (Figure 2).*® approaches a step forward toward the use of molecular

For example, the azide and alkyne reagents are structurally fragments for direct clinical use (Figure 2). The approach
selected to partially interact with the enzymatic binding site. would allow for the in vivo—in situ synthesis of the final ligand
Thus, fragments that interact favorably with the enzyme are already in close proximity to its biological target (protein or
selected, and the 1,3-dipolar cycloaddition “click” reaction DNA) in the host. This innovative research envisages a gene/
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protein-specific pharmaceutical composition, which contains
the encoded combination of bioorthogonally fragmented
prodrugs (two or more than two) to be simultaneously or
sequentially administered for in vivo self-assembling of the drug
through a synergetic target-driven mechanism.”> As a
consequence, highly desirable pharmacological properties
associated with low molecular weight drugs could be
maintained, while biodistribution problems related to large
molecules could be minimized at the plasma level for an
optimal clinical application. Another potential benefit could be
evasion of drug resistance mechanisms associated with host
recognition/metabolization of nonfragmented drugs. In the
context of cancer, formation of the final drug only at close
proximity of its biological targeted can lead to amplification of
selectivity between neoplastic and normal cells. Thus, it is
foreseeable that in the future, purposely prepared pharmaceut-
ical compositions of closely related but different fragmented
prodrugs could be designed with the help of the click chemistry
precursor to synergistically interact with specific molecular
targets that have different isoforms (i, proteins) or poly-
morphism (ie, genes) within patients, paving the way for
personalized prodrugs. The template-assisted syn-trizole
formation was a more effective inhibitor than that antitrizole
for many enzymes using in situ click chemistry.® This is a
valuable aspect associated with the uniqueness of molecular
scaffolds constructed from fragment-based approaches that
could not only be maintained but also applied to current drugs
that could be retrosynthetically fragmented, thus creating an
attractive setting from the intellectual property standpoint.*

3.2. Synthetic Utility of Click Chemistry in the
Development of Enzyme Inhibitors

Enzymes are an integral part of biological systems. They
constitute a significant majority of all proteins expressed at an
estimated 18—29% within eukaryotic genomes. It thus comes as
no major surprise that enzymes have been implicated in many
diseases and form the second largest group of drug targets, after
receptors. Despite their involvement in a multitude of
physiological processes, only a limited number of enzymes
have thus far been well-characterized. Consequently, little is
understood about the physiological roles, substrate specificity,
and downstream targets of the vast majority of these important
proteins. Enzyme inhibitors play a significant role in curing
diseases, and they are drug targets for many diseases like cancer,
tuberculosis, and many uncurable diseases.>’ Within this
context, click chemistry, due to its highly modular and efficient
reaction nature, has been identified as one of the most practical
methods toward fragment-based enzyme inhibitor develop-
ment. Using fragment pro-inhibitor library screening and click
chemistry reaction, researchers developed a large class library of
efficient enzyme inhibitors of the following enzymes. Because
of the efficiency and water compatible nature of the click
reaction, in most cases, the assembled products could be
directly screened for inhibition without the need of any
purification.*>

3.2.1. Protein Tyrosine Phosphatase Inhibitors. Protein
tyrosine phosphatases (PTPs, protein tyrosine phosphatase
class enzyme) constitute an important class of signaling
enzymes that catalyzes the dephosphorylation of phosphotyr-
osine residues in a protein substrate. Among them, PTPI1B
(protein tyrosine phosphatase 1B, nonreceptor phosphor-
trosine PTP) has been identified as the major regulator of
both insulin and leptin signaling pathways. Malfunctioning of
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PTPI1B leads to various human diseases like cancer, diabetes,
obesity, and inflammation.*®

Zhang and co-workers prepared a highly potent and selective
mPTPB inhibitor using a novel, double click chemistry strategy.
The most potent mPTPB inhibitor (compound 1, Figure 3)
from this approach possesses a K; value of 160 nM and a >25-
fold selectivity for mPTPB over 19 other protein tyrosine
phosphatase inhibitors, and molecular docking study of the
enzyme—inhibitor complex provides a rationale for the high
potency and selectivity of the lead compound and reveals an
unusual binding mode (ICs, = 4.9 uM against PTP1B and 0.27
UM against mPTPB).34

Xie et al. reported new PTP inhibitor entities by simply
“clicking” alkynyl amino acids onto diverse azido sugar
templates. Triazolyl glucosyl, galactosyl, and mannosyl serine
and threonine derivatives were efficiently synthesized via click
reaction, one of which (compound 2, Figure 3) was identified
as a potent and selective PTP1B inhibitor against a panel of
homologous PTPs with ICs; = 5.9 + 0.4 uM for R, = H against
PTP1B and ICsy = 7.1 + 1.0 uM for R; = Me against PTP1B.*

Tang and co-workers recently reported a library of benzyl 6-
triazolo(hydroxy)benzoic glucosides via the Cu(I)-catalyzed
azide—alkyne 1,3-dipolar cycloaddition. These glycoconjugates
bearing alkyl chain, sugar, and (hydroxy)-benzoic derivatives
(compound 3, Figure 3) (ICs, = 8.7 + 1.4 uM for n = 2 and
ICgo = 6.7 + 0.5 uM for n = 3) were identified as new PTP1B
inhibitors with selectivity over T-Cell PTP (TCPTP), SH2-
containing PTP-1 (SHP-1), SHP-2, and leukocyte antigen-
related tyrosine phosphatase (LAR).*®

Zhou and co-workers recently reported a potent and selective
mPTPB inhibitor (compound 4, Figure 3) with highly
efficacious cellular activity, from a combinatorial library of
bidentate benzofuran salicylic acid derivatives assembled by
click chemistry. The inhibition of mPTPB with compound (4)
in macrophages reversed the altered host immune responses
induced by the bacterial phosphatase and prevents TB growth
in host cells with ICy; = 19 + 1.5 uM against PTP1B, 1.6 +
0.22 M against mPTPB, and 77.3 + 1.5 M against mPTPA.*’

Yao et al. reported a solid-phase reaction strategy for high-
throughput synthesis of a 96-member azide library. A 384-
member PTP inhibitor library was synthesized by clicking the
azide library with an alkyne-modified isoxazole warhead. The
entire operation was performed in 96/384-well plates without
any purification. From a homologous series of bidentate
inhibitors (compound 5, Figure 3) was identified a most
potent inhibitor of PTP1B with an ICg, of 11.1 xM.**

Triazole-linked phenylalanine and tyrosine-aryl C-glycoside
hybrids were synthesized via microwave-assisted click reaction
in high yields. The successive PTP1B biological assay found
from the glycoconjugates that contain carboxylic acid and
benzyl moieties as more active PTP1B inhibitors (compound 6,
Figure 3) is the most potentially successive specific PTP1B
inhibitor, which possess at least several-fold selectivity over
other homologous PTPs tested with ICsy = 5.6 uM for R = H
against PTP1B and ICy, = 5.5 uM for R = OH against
PTP1B.*

Yao and co-workers reported the design and synthesis of a
small library of protein tyrosine phosphatase (PTP) inhibitors,
via click chemistry from alkyne—azide coupling of 66 different
bidentate compounds. Subsequent in situ enzymatic screening
revealed a potential PTP1B inhibitor (compound 7, Figure 3),
which was 10—100-fold more potent (ICg, = 4.7 uM) than
other PTPs.*

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 4. Chemical structures of protein tyrosine phosphatase inhibitors synthesized via click chemistry.

Cu(I)-catalyzed “click” cycloaddition reactions were em-
ployed to generate two sequential libraries of PTP inhibitors by
Seto et al. In the first stage of the library synthesis, the
researchers clicked an azide-functionalized ketocarboxylic acid
with 56 different alkynes. The hit identified from this first
library was further modified to incorporate an azide
functionality and used for the second step click conjugation
with the library of 56 alkynes. Subsequent inhibitor screening
revealed a potent inhibitor (compound 8, Figure 3), with ICy,
values of 550 nM against Yersinia PTP and 710 nM against TC-
PTP.*

Solid-phase reaction for high-throughput synthesis of a 67-
member azide library was done for the development for PTP
inhibitor by Yao and co-workers. A 325-member PTP inhibitor
library was synthesized by clicking the azide library with an
alkyne-modified isoxazole. A trizole library of potential
bidentate inhibitors was developed against PTPs using the
azide library and several different alkyne warheads. Subsequent
high-throughput inhibition assays led to the discovery of highly
potent and selective inhibitors of Mycobacterium tuberculosis
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tyrosine phosphatase (MptpB), and compounds 9 and 10
(Figure 3) were identified as the most potent MptpB inhibitors
with K; = 150 and 170 nM.*

Zhang and co-workers reported a salicylic acid derivative-
based combinatorial library approach designed to target both
the PTP active site and a unique nearby subpocket for
enhanced affinity and selectivity. Screening of the library led to
the identification of SHP2 inhibitors (compounds 11 and 12,
Figure 4) with highly efficacious cellular activity with ICs, = 5.5
+ 0.4 and 7.8 + 0.8 uM. Compound 11 blocked growth factor
stimulated ERK1/2 activation and hematopoietic progenitor
proliferation, providing supporting evidence that chemical
inhibition of SHP2 might be therapeutically useful for
anticancer and antileukemia treatment.*

Protein tyrosine phosphatase 1B (PTP1B) inhibitors under
development are used in the treatment of type 2 diabetes,
obesity, and breast cancer. Chen et al. explored click chemistry
for the identification of a series of mono- and bis-phenylalaninyl
and tyrosinyl glucoside derivatives as novel PTP1B inhibitors.
The designed compounds bearing one or two phenylalanine or

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure S. Chemical structures of protein tyrosine phosphatase inhibitors synthesized via click chemistry.

tyrosine derivatives on the 6-, 2,3-, 2,6-, 3,4-, and 4,6-positions
of the glucosyl scaffolds were efficiently constructed via the
microwave-assisted Cu(I)-catalyzed azide—alkyne cycloaddition
in moderate-to-excellent yields. Successive biological assays
identified these compounds as novel PTP1B inhibitors, with the
4,6-disubstituted tyrosinyl glucoside being the most potent. A
kinetic study established that both mono- and bis-triazole-
linked glycosyl acids act as typical competitive inhibitors,
whereas the bis-triazolyl ester that also exhibited inhibitory
activity on PTP1B displayed a mixed-type inhibition pattern.
Compounds 13 and 14 (Figure 4) showed most potent activity
against PTP1B in the series with K; = 14.4 yM against PTP1B
and 8.7 uM against PTP1B. Also, compound 14 (Figure 4) was
effective against TCPTP (T cell protein tyrosine phosphatase)
inhibition with ICs, = 31.0 + 9.6 uM.**

Cell division cycle 25 (CDC2S) phosphatases regulate key
transitions between cell cycle phases during normal cell
division, and in the event of DNA damage they are key targets
of the checkpoint machinery that ensures genetic stability.
Duval et al. reported click chemistry for the rapid synthesis of
novel CDC25 phosphatase inhibitors. Triazolobenzylidene-
thiazolopyrimidine (TBTP) azide derivative and various
substituted alkynes were used for the generation of an 87-
member triazole library with good to quantitative yields and
high purities. The biological screening results showed that
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compound 15 (Figure 4) was the most potent inhibitor of
CDC25B when compared to other synthesized TBTP trizole
derivatives with ICgy = 3.0 + 0.1 uM.*

The synthesis of glycoconjugates of the triazolyl a-
ketocarboxylic acids derivatives was achieved via Cu(I)-
catalyzed azide—alkyne cycloaddition from O-propargyl glyco-
conjugate sugars and various diversely substituted azides. The
glycosyl a-ketocarboxylic acid derivatives (compounds 16 and
17, Figure 4) were identified as promising sugar-based PTP1B
inhibitors for several fold selectivities over a panel of
homologous PTPs with ICsy = 3.2 uM for compound 16,
ICsy = 11.1 uM when R = OH, and ICy, = 5.6 uM when R =
CO,H for compound 17.*

Yang et al. employed a microwave-accelerated Cu(I)-
catalyzed azide—alkyne 1,3-dipolar cycloaddition for the
preparation of a series of triazole-linked serinyl, threoninyl,
phenylalaninyl, and tyrosinyl 1-O-gluco- or galactosides with
high yield of products within only 30 min. Successive biological
assay identified these glycopeptidotriazoles as favorable PTP1B
and CDC2SB inhibitors with selectivity over TCPTP (T-cell
protein tyrosine phosphatase), LAR (leukocyte antigen-related
PTP receptor), SHP-1 (Src homology region 2 domain
containing phosphatase-1), and SHP-2 (Src homology region
2 containing a ubiquitously expressed tyrosine-specific protein
phosphatase), which upon subsequent screening revealed

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 6. Chemical structures of protein kinases inhibitors synthesized via click chemistry.

compound 18 (Figure 4) as a selective and potent inhibitor
PTP1B over other PTPs tested with ICs, = 5.1 gM.*

Xie et al. successfully synthesized dimeric acetylated and
benzoylated f-C-p-glucosyl and B-C-p-galactosyl 1,4-dimethoxy
benzenes or naphthalenes by click chemistry. These com-
pounds were further transformed into the corresponding S-
C-p-glycosyl-1,4-quinone derivatives by CAN oxidation. The in
vitro inhibition test of these compounds showed that dimeric
benzoylated f-C-p-glycosyl 1,4-dimethoxybenzenes (com-
pound 19a, Figure 4) or 1,4-benzoquinones (compound 19b,
Figure 4) were good inhibitors of PTP1B (ICs, = 0.62—0.88
uM), with no significant difference between gluco and galacto
derivatives.**

Monomeric and dimeric benzylated glycosyl benzenes were
synthesized via copper-catalyzed [3 + 2] azidealkyne cyclo-
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addition. These compounds were then identified as protein
tyrosine phosphatase (PTP) 1B inhibitors, which displayed at
several fold selectivity over other homologous PTP inhibitors.
The triazolyl glycosyl dimers of compounds 20a and 20b
(Figure 4) showed significant inhibition activity against PTP1B
and a panel of homologous PTPs including TCPTP (T-cell
protein tyrosine phosphatase) with ICg, values of 1.5 + 0.1 and
5.2 + 0.3 uM, respectively.*

Burke and his co-workers employed oxime-based click
chemistry for the development of 3-isoxazolecarboxylic acid
derivative-based inhibitors of Yersinia pestis protein tyrosine
phosphatase (YopH). The 3-isoxazolecarboxylic acid derivative
of compound 21 (Figure S) showed good inhibition against
YopH among homologue series using oxime-based library
diversification with ICgy = 3.1 + 0.2 #M.>°

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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The Gram-negative enterobacterium Yersinia pestis (Y. pestis)
has played an important role in human history as the causative
agent of plague, and more recently, it has gained attention
because of its possible use as a biological warfare agent. For
pathogenicity, Y. pestis requires the virulence factor Yersinia
pestis outer proteinH “YopH?”, a highly active PTP. Accordingly,
potent and selective YopH inhibitors could provide a basis for
new antiplague therapeutics. Burke and co-workers again
explored oxime-based click chemistry for the synthesis of a
library of nitrophenylphosphate derivatives for generating an
inhibitor lead against the Yersinia pestis outer protein
phosphatase (YopH).>® A high activity substrate (p-nitro-
phenylphosphate) identified by this method was converted
from a substrate into an inhibitor by replacement of its
phosphate group with difluoromethyl phosphonic acid and by
attachment of an aminooxy handle for further structural
optimization by oxime ligation. A cocrystal structure of this
aminooxy-containing platform in complex with YopH allowed
the identification of a conserved water molecule proximal to the
aminooxy group that was subsequently employed for the design
of furanyl-based oxime derivatives. By this process, a potent
(ICso = 190 nM) and nonpromiscuous inhibitor (compound
22, Figure S) was developed with good YopH selectivity
relative to a panel of phosphatases.>'

3.2.2. Protein Kinase Inhibitors. Protein kinases are key
regulators of cell function that constitute one of the largest and
most functionally diverse gene families. Kinases are widely
recognized as important drug targets involved in many serious
diseases, such as cancer and diabetes. Protein kinase
phosphorylating enzymes play a pivotal role in cellular signal
transduction, and many diseases are characterized by
abnormalities in a kinase or its expression level. Protein kinases
(PK) are a family of enzymes that are involved in controlling
the function of other proteins through the phosphorylation of
hydroxyl groups of serine and threonine amino acid residues on
these proteins. PK enzymes in turn are activated by signals such
as increases in the concentration of diacylglycerol or Ca®'.
Hence, PK enzymes play important roles in several signal
transduction cascades. Hence, a significant portion of dru
discovery efforts has made protein kinases as primary targets.®

Liskamp and co-workers employed bisubstrate-based kinase
inhibitors that target the more selective peptide-binding site in
addition to the ATP-binding site. Dynamic peptide microarrays
were used to find peptide binding site PKa inhibitors. These
active binding peptides were linked with chemo-selective click
chemistry to an ATP-binding site kinase inhibitor, and this led
to novel bisubstrate structures. The most promising potent
inhibitors (compounds 23 and 24, Figure 6) had nanomolar
affinity and selectivity toward PKC,,,, and PKC,, among
three isozymes. Compound 23 showed ICys, = 1.0 & 0.2 uM
against PKCyyp, and ICyy = 0.6 & 0.1 uM against PKC,,. On
the other hand, compound 24 showed ICy, = 0.43 + 0.03 uM
against PKCteta.53

Liskamp et al. employed click chemistry for the synthesis of
bisubstrate-based kinase inhibitors using arginine residues
featuring acetylene or azide moieties in their side chain.
Developed bisubstrate-based kinase inhibitor was tested for
affinity and selectivity toward three highly homologous PKC
isozymes. The resulting inhibitor (compound 25, Figure 6)
showed improved affinity and a highly interesting shift in
selectivity toward PKC,,, with ICs, = 0.17 + 0.029 uM.>*

Kumar et al. recently synthesized two classes of 14-
disubstituted 1,2,3-triazoles using one-pot reaction of a-
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tosyloxy ketones/a-halo ketones, sodium azide, and terminal
alkynes in the presence of aqueous PEG (1:1, v/v) using click
chemistry. 1,4-Disubstituted 1,2,3-triazoles (compounds 26 and
27, Figure 6) exhibited modest Src kinase inhibitory activity
among the synthesized 1,2,3-triazoles with ICs, values in the
range of 32.5 and 33.9 uM.>

Merrer and co-workers reported a library of pyrido[2,3-
d]pyrimidines as inhibitors of FGFR3 (fibroblast growth factor
receptor 3) tyrosine kinase allowing possible interactions with
an unexploited region of the ATP binding-site. This library was
built-up with an efficient step of click chemistry giving easy
access to triazole-based compounds bearing a large panel of
substituents. Among the 27 analogues synthesized, more than
one-half exhibited 55—89% inhibition of in vitro FGFR3 kinase
activity at 2 pM, and one of the pyrido[2,3-d]pyrimidine
derivatives (compound 28, Figure 6) was able to inhibit
autophosphorylation of mutant FGFR3-K650 M in transfected
HEK (human embryonic kidney) cells.>

Kumar and co-workers recently reported that a series of two
classes of 3-phenylpyrazolopyrimidine-1,2,3-triazole conjugates
were synthesized using the click chemistry approach. All of
these compounds were evaluated for inhibition of Src kinase
and human ovarian adenocarcinoma (SK-Ov-3), breast
carcinoma (MDA-MB-361), and colon adenocarcinoma (HT-
29). Hexyl triazolyl-substituted 3-phenylpyrazolopyrimidine
(compound 29, Figure 6) exhibited g)otent inhibition of Src
kinase with an ICj, value of 5.6 uM.®

Grotli and co-workers employed alkyne/azide-derivatized
purine analogues to click to different aromatic azides/alkynes.
These synthesized compounds tested against Plasmodium
falciparum protein kinase 7 (PfPK?7) inhibitors and subsequent
inhibition assays of the click-products revealed moderately
potent inhibitor 30 (Figure 6) of PfPK7 with ICg, = 10 uM.*®

Wang and his co-workers successfully synthesized bisaryl
maleimide derivatives for natural kinase inhibitors using click
chemistry as a synthetic tool. A novel kinase inhibitor
(compound 31, Figure 6) with ICs, = 0.10 uM against GSK-
3p kinase, which targeted only three out of 124 human kinases,
was identified, and docking studies revealed a z—x stacking
interaction with the Phe67 at the P-loop of GSK-3/ kinase.””

Yao and co-workers reported the click chemistry technique
to generate inhibitors of Abelson (Abl) tyrosine kinase. The
researchers first generated a 344-member library of azides, and
subsequent inhibition assays revealed a clear preference for
short-chain azide scaffolds by the Abl kinase. From the inhibitor
screening, the researchers identified compound 32, the most
potent hit identified in the screening, shown in Figure 6 with
moderate potency and 10—20-fold in selectivity for Abl as
compared to other synthesized homologous series with IC, =
704 nM.>*

3.2.3. Transferase Inhibitors. Transferase is a large class
of enzymes, which play a signicant role in many biological
processes. Transferase inhibitors are potential drug targets for
many diseases like cancer, and many viral and bacterial
infection diseases.®*%>

3.2.3.1. Glycosyltransferase Inhibitors. The glycosylation
and deglycosylation process conducted by glycosyltransferases
(GTs; EC 2.4.-) and glycoside hydrolase (GHs, carbohydrases,
glycosidases; EC 3.2.1.-) is one series of the important
biological processes in the post-translational modifications of
protein(s) and lipid(s) functions that greatly influence various
molecular recognitions including bacterial and viral infections,
cell adhesion, inflammation, immune response, cellular differ-

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 7. Chemical structures of transferase inhibitors synthesized via click chemistry.

entiation, development, regulation, and many other intercellular
communication and signal transductions. Conversely, the
biosynthesis of carbohydrates catalyzed by fucosyltransferases
involves the transfer of an L-fucose moiety from guanosine
diphosphate f-L-fucose (GDP-fucose) to a specific hydroxyl
group of sialyl N-acetyl-lactosamine. Selective inhibitors of
these enzymes might provide drugs by blocking the synthesis of
glycosyl and fucosyl end-products, and the pathology they
trigger.60

Nishimura and co-workers identified potent and selective
inhibitors of glycosyltransferases by high-throughput quantita-
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tive MALDI-TOFMS-based screening of focused compound
libraries constructed by 1,3-dipolar cycloaddition from the
desired azidosugar nucleotides with various alkynes.®!

A non-natural synthetic sugar nucleotide was identified to be
the first highly specific inhibitor (compound 33, Figure 7) for
rat recombinant a 2,3-(IN)-sialyltransferase (a 2,3ST, ICs, = 8.2
uM), while this compound was proved to become a favorable
substrate for rat recombinant @ 2,6-(N)-sialyltransferase (a
2,68T, K, = 125 uM, where K, is the kinetic parameter
(Michaelis—Menten constant)). Versatility of this strategy was
further demonstrated by identification of two selective

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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inhibitors (compounds 34 and 3S, Figure 7) for human
recombinant a 1,3-fucosyltransferase V (a 1,3-FucT, K; = 293
nM) and a 1,6-fucosyltransferase VIII (R1,6-FucT, K; = 13.8
/AM).“

Wong et al. reported a nanomolar a-1,3-fucosyltransferase
inhibitor was prepared by linking a GDP-derived acetylene to a
library of azides, using the copper(I)-catalyzed triazole
formation. The excellent yields of the inhibitors and the
absence of protecting groups allowed one to test 85
compounds that were rapidly prepared in water and screened
straight from the reaction mixture. Hit follow-up, conducted on
purified compounds against a panel of fucosyl and galactosyl
transferases and kinases, revealed biphenyl derivative (com-
pound 36, Figure 7) as the most potent inhibitor of human a-
1,3-fucosyltransferase VI, and it was also revealed to be selective
for this enzyme with K; = 62 nM.>

3.2.3.2. Nicotinamide Phosphoribosyltransferase Inhibi-
tors. Interfering with NAD levels might lead to cell death of
those cells that have a high usage rate of this pyridine
nucleotide, that is, tumoral cells with a high division rate.
Indeed, lowering NAD levels will not only hamper those
enzymatic reactions that require this pyridine nucleotide as a
cofactor but will also alter other cell signaling processes that
have been shown to be involved in cancer. Eukaryotic cells
possess several mechanisms to replenish NAD, including a de
novo synthesis pathway from the amino acid tryptophan and at
least two salvage/recycling pathways. One of these pathways
relies on the enzyme nicotinamide phosphoribosyltransferase
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(NMPRTase) that converts nicotinamide into nicotinamide
mononucleotide (NMN) that is subsequently converted to
NAD by NMN adenylyltransferase (NMNAT). NMPRTase is
the target for the small molecule inhibitor FK866 (APO866)
that has been shown to induce apoptosis in tumoral cells and in
the same context to lower significantly NAD levels. Indeed,
inhibition of this enzyme alone appears to have an important
impact on NAD levels in a number of cell types. The inhibition
of NAD synthesis or salvage pathways has been proposed as a
novel target for antitumoral drugs.*®

Colombano et al. recently reported copper-catalyzed [3 + 2]
cycloaddition between azides and alkynes to synthesize 185
novel analogues. The most promising compound 37 displayed
an ICy, for cytotoxicity in vitro of 3.8 & 0.3 nM and an ICs for
NAD depletion of 3.0 + 0.4 nM. Compound 37 (Figure 7),
which presents a 2-aminobiphenyl aromatic group, was the
potential inhibitor of nicotinamide phosphoribosyl trans-
ferase.®

Canonico et al. successfully constructed a small library of
triazole analogues of antitumoral drug FK866 using click
chemistry techniques. Among the synthesized triazole ana-
logues, compound 38 (Figure 7) displayed nanomolar potency
against depletion of NAD levels. Th e effect of compound 38
on NAD levels was also consistent with a cytotoxic effect, with
an ICy, value of approximately 5.7 + 1.3 nM and a reduction
down to the detection limit at concentrations over 100 nm.**

3.2.3.3. O-GlcNAcase Inhibitors. Glycosyl transferases are
ubiquitous enzymes that catalyze the assembly of glycoconju-

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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gates throughout all kingdoms of nature. A long-standing
problem is the rational design of probes that can be used to
manipulate glycosyl transferase activity in cells and tissues. The
human glycosyltransferase is responsible for the reversible post-
translational modification of nucleocytoplasmic proteins with
O-linked N-acetyl glucosamine residues (O-GlcNAc). Protein
O-GlcNAcylation has been shown to play an important role in
a number of biological processes, including regulation of the
cell cycle, DNA transcription and translation, signal trans-
duction, and protein degradation. O-GlcNAcase (OGA) is
responsible for the removal of O-linked S-N-acetylglucosamine
(OGIcNAc) from serine or threonine residues, and thus plays a
key role in O-GlcNAc metabolism. Potent OGA inhibitors are
useful tools for studying the cellular processes of O-GlcNAc
and may be developed as drugs for the treatment neuro-
degenerative diseases.®®

Wang and his co-workers recently reported that Cu()-
catalyzed “click” cycloaddition reactions between glycosyl
azides and alkynes were exploited to generate inhibitory
candidates of O-GlcNAcase. Enzymatic kinetic screening
revealed that compound 39 (Figure 7 was a most potent
competitive inhibitor of human OGlcNAcase (K, = 185.6 uM)
among the screened compound series.”®

3.2.4. Glycogen Phosphorylase Inhibitors. Glycogen
phosphorylase (GPa), a key regulatory enzyme present in most
mammals, catalyzes the phosphorolysis of glycogen main-chain,
linked through an a-1,4-glucosidic bond, to glucose-1-
phosphate (Glc-1-P) that is subsequently converted to a-p-
glucose. In view of the pharmaceutical applications in
improving glycaemic control in type 2 diabetes, the design of
inhibitors of glycogen phosphorylase (GPa) is a promising
therapeutic strategy.*®

Recently, oleanolic acid was found to be an inhibitor of
glycogen phosphorylase. Cheng et al. synthesized several
dimers of oleanolic acid by using amide, ester, or triazole
linkage with click chemistry. The synthesized oleanolic acid
derivatives were screened against rabbit muscle glycogen
phosphorylase. Among the synthesized homologous series of
compounds, analogue 40 (Figure 8) was found to be the most
potent inhibitor against rabbit muscle glycogen phosghorylase
(RMGPa), and displayed an ICg, value of 2.59 UM.S

Xie et al. reported the synthesis and biological evaluation of
glucoconjugates of oleanolic acid, linked by either a triazole
moiety or an ester function, as novel inhibitors of glycogen
phosphorylase. Several synthesized triterpene—glycoside con-
jugates exhibited modest inhibitory activity against RMGPa.
Compound 41 (Figure 8) showed the good inhibition with an
ICy, value of 1.14 M. Structure—activity relationship (SAR)
analysis of these inhibitors was also discussed, and possible
binding modes of compound 41 were explored by molecular
docking simulations.®”

Propargyl esters of the C-28 carboxylic acids of pentacyclic
triterpenes (oleanolic, ursolic, and maslinic acids) were coupled
with 2,3,4,6-tetra-O-acetyl-f-D-glucopyranosyl azide as well as
N-(w-azido-[C-2, C-6, and C-11]alkanoyl)-f-p-glucopyranosyl-
amines under conditions of copper(I)-catalyzed azide—alkyne
cycloaddition (CuAAC) to give D-glucose—triterpene hetero-
conjugates. The newly synthesized compounds were assayed
against RMGPa a or b enzymes. The heteroconjugate derivative
42 (Figure 8) showed moderate inhibition against RMGPa with
IC,, = 26 uM.%®

Loganathan and his co-workers reported the crystallographic
and computational studies on 4-phenyl-N-(f-p-glucopyrano-
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syl)-1H-1,2,3-triazole-1-acetamide (43), an inhibitor of glyco-
gen phosphorylase with K; = 17.9 uM. Xie and his co-workers
also employed click chemistry for the synthesis of novel
nucleoside conjugates between uridine and N-acetylglucos-
amine or oleanolic acid derivatives.*’ Compund 44 (Figure 8)
showed good inhibitox;y activity against glycogen phosphorylase
with ICgy = 13.6 uM.”°

Chrysina and his co-workers reported that the reaction of
per-O-acetylated S-p-glucopyranosyl azide and substituted
acetylenes gave 1-(f8-p-glucopyranosyl)-4-substituted-1,2,3-tri-
azoles in Cu(I)-catalyzed azide—alkyne cycloadditions. Depro-
tection of these products by the Zemplén method furnished f-
D-Glc,-NHCO-R derivatives as well as 1—(ﬁ—D—GIcP)-4—R-1,2,3—
triazoles, which were evaluated as inhibitors of rabbit muscle
glycogen phosphorylase b. Pairs of amides versus triazoles with
the same R group displayed similar inhibition constants.
Compound 45 (Figure 8) showed most potent against
inhibition of rabbit muscle glycogen phosphorylase b when
comy lared to newly synthesized compounds with K; = 13.7
HM.

3.2.5. Serine Hydrolase Inhibitors. Serine hydrolase is
one of the largest and most diverse enzyme classes in
eukaryotic and prokaryotic proteomes, with a membership
that includes lipases, esterases, thioesterases, peptidases,
proteases, and amidases. Mammalian serine hydrolases are
nearly equally divided into two major subgroups of ~125 serine
proteases, mostly from the chymotrypsin and trypsin class, and
another ~110 “metabolic” enzymes, mostly from the a,f-
hydrolase class (Pfam class assignment AB_hydrolase
(CL0028)), that hydrolyze metabolites, peptides, or post-
translational ester and thioester modifications on proteins.
Because of the biological importance of serine hydrolases,
clinically approved drugs target members of this enzyme class
to treat diseases such as obesity, diabetes, microbial infections,
and Alzheimer’s disease.”

Cravatt et al. recently developed a click chemistry that
generated triazole urea derivatives with ultra potent inhibition
for serine hydrolase with in vivo activity. Rapid lead
optimization by click chemistry-enabled synthesis and com-
petitive activity-based profiling identified 1,2,3-triazole ureas
that selectively inhibit enzymes from diverse branches of the
serine hydrolase class, including peptidases (acyl-peptide
hydrolase, or APEH), lipases (platelet-activating factor
acetylhydrolase-2, or PAFAH2), and uncharacterized hydro-
lases (a,b-hydrolase-11, or ABHD11), with exceptional potency
in cells (subnanomolar) and mice (<1 mg kg™'). APEH
inhibition leads to accumulation of N-acetylated proteins and
promotes proliferation in T cells. The triazole urea inhibitors
46, 47, and 48 (Figure 9) were highly potent inhibitors against
their respective serine hydrolase targets in mouse T-cell
proteomes, showing ICs, values of S, 3, and 1 nM for APEH,
PAFAH?2, and ABHD11, respectively, in competitive gel-based
ABPP assay. These data indicate 1,2,3-triazole ureas are a
pharmacologically privileged chemotype for serine hydrolase
inhibition, combining broad activity across the serine hydrolase
class with tunable selectivity for individual enzymes.”

3.2.6. Cysteine and Serine Protease Inhibitors. Many
cysteine proteases are essential in regulation of physiological
processes and disease propagation, and the proteases play
important roles in treatment of cardiovascular diseases,
oncology, osteoporosis, and arthritis. In plants also, cysteine
proteases play an important role in the growth and develop-
ment, in senescence and programmed cell death, and in
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Figure 9. Chemical structures of serine hydrolase inhibitors

accumulation and mobilization of storage proteins such as in
seeds. In addition, they are involved in signaling pathways and
in the response to biotic and abiotic stresses. In humans they
are responsible for apoptosis, MHC class II immune responses,
prohormone processing, and extracellular matrix remodeling
important to bone development. The ability of macrophages
and other cells to mobilize elastolytic cysteine proteases to their
surfaces under specialized conditions may also lead to
accelerated collagen and elastin degradation at sites of
inflammation in diseases such as atherosclerosis and
emphysema. Many researchers developed the inhibitors of
cysteine protease for new drug discovery for the above
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A library consisting of about one-half of the 800 000 possible
peptidotriazoles on 450 000 beads was prepared by solid-phase
peptide synthesis combined with a regiospecific copper(I)-
catalyzed 1,3-dipolar cycloaddition between a resin-bound
alkyne and a protected amino azide. The library was screened
on solid phase for inhibitory effect against a recombinant
cysteine protease, Leishmania mexicana CPB2.8¢CTE, and
sorted by a high-throughput instrument, COPAS beadsorter
(up to 200000 beads/h). Forty-eight hits were analyzed by
MALDI-TOF MS providing structural information about the
protease specificity, and 49 (Figure 10) peptidotriazoles were
resynthesized and evaluated in solution, with the best inhibitor
displaying a K; value of 76 nM.”®

Trypanosoma cruzi parasite is the etiological agent of Chagas
disease; treatment is still plagued by limited efficacy, toxicity,
and the emergence of drug resistance. The development of
inhibitors of the major T. cruzi cysteine protease, cruzain,
demonstrated to be a promising drug discovery avenue for this
neglected disease.”**" The 1,2,3-triazole-based tetrafluorophe-
noxymethyl ketone irreversible inhibitor S0 (Figure 10) was
found to completely eradicate the T. cruzi parasite in cell
culture with ICsy = 5.1 uM and K = 0.46 + 0.4 uM. In addition
to the nonpeptidic nature of inhibitor 50, the tetrafluorophe-
noxymethyl ketone functionality represents a very promising
mechanism-based pharmacophore due to its high selectivity for
cysteine protease inhibition, as well as the lack of toxicity in
animal studies, which was established for a tetrafluorophenox-
ymethyl ketone-based caspase inhibitor that has entered phase
I clinical trials.”*

Ellman and his co-workers recently employed click chemistry
for the synthesis of 1,4-disubstituted-1,2,3-triazole cruzain
inhibitor analogues from aryloxymethyl ketone azide and
enantiomerically pure propargyl amine. 1,4-Disubstituted-
1,2,3-triazole analogues were screened against T. cruzi-infected
C3H mice, and tetrafluorophenoxymethyl ketone inhibitor 51
(Figure 10) was found to be the most potent inhibition against
T. cruzi cysteine protease with ICsy = 3.1 yM and K; = 0.10 +
0.03 uM.”®

Yao et al. successfully developed a click chemistry strategy for
the synthesis of small molecule inhibitor—peptide conjugates,
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which were subsequently used for organelle-specific delivery of
inhibitors into cancer cells. Biological testing showed that
compound 52 (Figure 10) was successfully delivered to the
lysosomes of HepG2 cells, where a greater inhibitory profile
against cysteine cathepsins was observed with ICyy = 9.1 + 1.1
UM

Freire and his co-workers recently reported a small library of
2§ triazole/tetrazole-based sulfonamides had been synthesized
and further evaluated for their inhibitory activity against
thrombin, trypsin, tryptase, and chymase. The triazole-based
sulfonamides inhibited thrombin more efficiently than the
tetrazole counterparts. Particularly, compound 53 (Figure 10)
showed strong thrombin inhibition (K, = 880 nM) and
significant selectivity against other human-related serine
proteases class enzymes such as trypsin (K; = 729 //LM).77

Caspases are a class of cysteine proteases, which specifically
cleave after the aspartic acid residue of protein substrates. As
they are the enzymes responsible for apoptotic mode of cell
death, inhibitors of caspases may have the potential to be
developed into therapeutic agents for both acute cellular
degenerative diseases as well as chronic neurodegenerative
diseases.”®

Yao and co-workers employed click chemistry for high-
throughput synthesis of caspase inhibitors containing aldehyde
and vinyl sulfone warheads. A total of 198 caspase inhibitors
were assembled by using click chemistry, and subsequent
enzymatic screening with caspases 3 and 7 led to the
identification of a moderately potent reversible inhibitor, 54
(Figure 10) (ICs, = 4.67 and 7.70 uM against caspases 3 and
7), and an irreversible vinyl slufone-based inhibitor, 55 (Figure
10) (ICs, = S.0 uM against caspase 7), for caspases 3 and 7,
respectively.

Mohapatra and co-workers reported one-pot synthesis of
novel tetracyclic scaffolds that incorporate a fusion of a proline,
1,2,3-triazole ring with [1,4]-benzodiazepin-8(4H)-one ring
systems following click chemistry. The new triazole fused
benzodiazepine derivatives were screened for thier efficacy as
enzymatic protease inhibitors such as serine protease, cysteine
protease, and aspartase protease. Compound 56 (Figure 10)

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 12. Chemical structures of carbonic anhydrase inhibitors explored via click chemistry.

showed good serine protease inhibition activity with ICs, =
1082 uM.”’

Gil-Parrado and his co-worker developed the novel activity-
based probe (ABP) for in-cell selectivity profiling of serine
protease inhibitors. Probe 57 (Figure 10) was cell-permeable
and achieved labeling of enzymes within living cells with
efficiency similar to that observed for the corresponding lysate
fraction with IC; = 4 nM in cell and IC;;, = 14 nM in lysate
against serine protease. Several endogenous serine hydrolases
whose activities were detected upon in-cell labeling were
identified by two-dimensional gel and MS analyses. Cell-
permeable inhibitors of an endogenous serine protease were
assessed for their potency and specificity in competing for the
in situ labeling of the selected enzyme.*

3.2.7. Metalloproteinase Inhibitors. Matrix metallopro-
teinases (MMPs) are proteolytic enzymes that are involved in
many physiological and pathological processes. The field of
MMP research is very important due to the implications of the
distinct paralogues in both human physiology and pathology.
Overactivation of these enzymes results in tissue degradation,
producing a wide array of disease processes such as rheumatoid
arthritis, osteoarthritis, tumor growth and metastasis, multiple
sclerosis, congestive heart failure, and others. Thus, MMP
inhibitors are candidates for therapeutic agents to combat a
number of diseases.*"**

Ramos and his co-workers recently employed click chemistry
for the synthesis of a new series of MMP2 (matrix
metalloproteinase-2) inhibitors using fragment-based drug
design approach. A click chemistry reaction was used to
connect the azide to lipophilic alkynes selected to interact
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selectively with the S1’ subunit of MMP2. The most potent
compounds 58 and 59 displayed an ICsy of 1.4 and 0.3 nM
against MMP2, respectively, and showed negligible activity
toward MMP1 (matrix metalloproteinase-1) and MMP7
(matrix metalloproteinase-7), two metalloproteinases that had
a shallow S1’ subsite. Compound 58 (Figure 11) also showed a
promising selectivity profile against some antitarget metal-
loproteinases, such as MMP8 (matrix metalloproteinase-8), and
considerably less activity against MMP14 (matrix metal-
loproteinase-14) (ICs, = 65 nM) and MMP9 (IC,, = 98 nM).*'

Yao and co-workers reported a panel of 96 metalloprotease
inhibitors assembled using click chemistry by reacting eight
zinc-binding hydroxamate warheads with 12 azide building
blocks. Screening of the bidentate compounds against
representative metalloproteases provided discerning inhibition
fingerprints, revealing compounds with low micromolar
potency against MMP7. Compound 60 (Figure 11) inhibited
MMP7 and MMP13 (matrix metalloproteinase-13) strongly
with an ICj, value of 24 and 36 uM, respectively.*

Forino and co-workers reported a small molecule MMP-click
inhibitor library equipped with rhodanine as the zinc-binding
scaffold. The inhibition assays revealed moderately potent
inhibitors against MMP7 and MMP13 over other MMPs
(compound 61, Figure 11) (ICs, = 6.5 uM against MMP7).%

VIM-2 is an Ambler class B metallo-f-lactamase (MBL)
capable of hydrolyzing a broad spectrum of f-lactam antibiotics.
Hodder and his co-workers reported a compound library
screening approach used to identify and characterize VIM-2
inhibitors from a library of pharmacologically active compounds
as well as a focused “click” chemistry library. The four most

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 13. Chemical structures of aspartic protease inhibitors generated via click chemistry.

potent VIM-2 inhibitors resulting from a VIM-2 screen were
characterized by kinetic studies to determine K; and the
mechanism of enzyme inhibition. Compound 62 (Figure 11)
was found to be most potent inhibitor for VIM-2 with a
reported K; = 0.41 + 0.03 uM.**

The zinc-containing enzymes carbonic anhydrases (CA) are
very efficient catalysts for the reversible hydration of carbon
dioxide to bicarbonate and hence play an important
physiological role. Several of the 16 human isoforms are
druggable targets considered as drug targets, and the design of
selective inhibitors is a long-standing goal that has captured the
attention of researchers for 40 years and has led to clinical
applications against different pathologies such as glaucoma,
epilepsy, and cancer. The clinical use of a highly active
carbohydrate-based CA inhibitor, that is, topiramate, con-
stitutes an interesting demonstration of the validity of this
approach. Carbohydrate-based trizole compounds also demon-
strate promising potential for the treatment of ophthalmologic
diseases.®

Aryl and heteroaryl sulfonamides (ArSO,NH,) are ther-
apeutically used to inhibit the catalytic activity of carbonic
anhydrases. Kolb and his co-workers employed click chemistry
for the synthesis of carbonic anhydrase inhibitors using
sulfonamide derivatives. Novel sulfonamide compounds were
particularly active in inhibiting carbonic anhydrase (CA), and
compound 63 (Figure 12) was identified as the most potent
inhibitor of hCA-II and hCA-IX (h = human) with K; values of
0.5 and 5.0 nM, respectively. These derivatives were useful for
the development of in vivo positron emission tomography
(PET) imaging agents for the diagnosis of diseases such as
cancer.

Using a “click-tail” approach, a novel class of glycoconjugate
benzene sulfonamides was synthesized that contains diverse
carbohydrate—triazole tails. These compounds (64—66, Figure
12) were assessed for their ability to inhibit three human CA
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isozymes in vitro: cytosolic hCA-I, hCA-II, hCA-XII, hCA-X],
and transmembrane, tumor-associated hCA-IX with K; = 4.3
nM against alpha hCA-XII (64), K; = 7.0 nM against alpha
hCA-I (65), K, = 5.3 nM against alpha hCA-IIC (66), and K; =
8.6 nM against alpha hCA-XI (66). This isozyme was a minimal
expression in normal tissue, but it was overexpressed in hypoxic
tumors. The human CA isozymes’ inhibition is a current
approach toward the development of a new drug in cancer
therapies. The qualitative structure—activity for all derivatives
demonstrated that the stereochemical diversity present within
the carbohydrate tails effectively interrogated the CA active site
topology, to generate several inhibitors that were potent and
selective toward hCA-IX, an important outcome in the quest
for potential cancer therapy applications based on CA
inhibition.** =%

A novel series of benzenesulfonamides that contain
ferrocenyl or ruthenocenyl moieties were synthesized and
investigated for their ability to inhibit the enzymatic activity of
physiologically relevant carbonic anhydrase (CA) isozymes:
hCA-I, II (h = human), and tumor-associated IX. These
metallocene derivatives (67,68, Figure 12) were nanomolar
inhibitors against hCA-I, hCA-II, and hCA-IX with inhibition in
the range of 9.0—10.3 nM, respectively. Compound 67 showed
K; = 9.0 nM against alpha hCA-I, and compound 68 showed K;
= 10.3 nM against alpha hCA-IX and K, = 9.7 nM against alpha
hCA-IL®

The mitochondrial membrane is impermeable to HCO3™.
Mitochondrial CAs (isozymes VA and VB) provide HCO3™ as
substrate for the mitochondrial enzyme pyruvate carboxylase.
Eventually, this biosynthetic pathway leads to the formation of
citrate from pyruvate. Citrate is translocated from mitochondria
to the cytoplasm, and through another biosynthetic pathway
leads to de novo lipogenesis. A library of 10 novel
benzenesulfonamides containing triazole-tethered phenyl “tail”
moieties was synthesized by CuAAC (copper(I)-catalyzed

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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azide—alkyne cycloadditions) reaction between 4-azido benze-
nesulfonamide and variously substituted phenyl acetylenes.
These compounds (69,70, Figure 12) represent some of the
first potent mitochondrial CAls reported, and their inhibition
profiles should prove valuable lead work in the discovery of
isozyme selective CAIs targeting the mitochondrial CA
isozymes with potential application as antiobesity agents.”’
Compound 69 showed K; = 7.7 nM against alpha hCA-I and K;
= 9.3 nM against alpha hCA-VA. On the other hand, compound
70 showed K; = 10.5 nM against alpha hCA-VB.

3.2.8. Aspartic Protease Inhibitors. Aspartic proteases
constitute one of the major protease subclasses that share a
common mechanism of catalysis. Aspartic proteases play
important roles in several diseases such as AIDS (HIV
protease), neoplastic disorders (cathepsin D and E), malaria
(plasmepsins), and Alzheimer disease (8 and y secretase).
Increased expression of human lysosomal cathepsin D is
associated with a number of pathological conditions including
neoplastic disorders and inflammatory diseases.”"”*

Carlier and his co-workers recently employed click chemistry
for the preparation of f-site APP-cleaving enzyme 1 (BACE1)
inhibitors from 120 reduced amide isostere inhibitors using a
high-throughput in situ screening protocol. Compound 71
showed most potent inhibition of BACE1 when compared to
the synthesized homologues with ICs, = 2.0 uM!
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Fischer and his co-workers recently reported the synthesis,
SAR, and evaluation of aryl triazoles as novel gamma secretase
modulators (GSMs). 1,2,3-Caryl-triazoles were identified as a
suitable replacement for gamma secretase modulators, which
exhibited good modulation of y-secretase activity, excellent
pharmacokinetics, and good central lowering of Af42 in
Sprague—Dawley rats (Figure 13, compounds 72 and 73) (ICs,
= 2.0 uM against AB42 for compound 72, ICs, = 0.77 uM
against AR40 for compound 73).”

Yao and co-workers reported a click assembly of azido
precursors of AfBPs of plasmepsins in malarial parasites with a
library of aromatic azides, which led to the discovery of
compound 74 (Figure 13), that showed good inhibition against
all four PMs and parasite growth in infected RBCs with good
membrane permeability and minimum cytotoxicity with ECs, =
1.04 uM against aspartic protease.93

Wong and co-workers employed click chemistry for the first
time to generate inhibitors of HIV-1 protease. The researchers
first synthesized two azides equipped with hydroxyethyl
transition state analogues of aspartic proteases and sub-
sequently click chemistry with a library of alkynes. Subsequent
in situ screening in a microplate format revealed two potent
inhibitors 75 and 76, of HIV-1 protease (Figure 13) with K; =
1.7 and 4.5 nM, respectively.”**

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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3.2.9. Oxidoreductase Inhibitors. Zhu and his co-workers
developed an efficient strategy for the fast construction of 108
compounds using click chemistry for monoamine oxidases-A/B
inhibition. The fingerprint of inhibitory activity toward
monoamine oxidases-A/B against this library was obtained,
and four hit compounds were identified as selective inhibitors
toward monoamine oxidases-A (MAO-A). Compound 77
(Figure 14) was the most potent inhibitor of MAO-A among
the four hit compounds with ICg, of 0.83 UM

Novel cinnamoyl and caffeoyl clusters were synthesized by
multiple Cu(I)-catalyzed [1,3]-dipolar cycloadditions, and their
anti-S-lipoxygenase inhibitory activity was tested. Caffeoyl
cluster showed an improved S-lipoxygenase (LO-S) inhibitory
activity as compared to caffeic acid, with caffeoyl tetramer 78
(Figure 14) showing the good LO-S inhibitory activity with
ICgo = 0.66 uM.”

Human lactate dehydrogenase-S (hLDH-S) has emerged as a
promising target for antiglycolytic cancer chemotherapy. Moses
et al. reported the synthesis of a small library of bifunctional
compounds using a fragment-based click chemistry approach,
specifically designed to target hLDH-S. Promising lead
structure 79 (Figure 14) was identified with impressive
selectivity and activity against hLDH-5 with ICy, = 14.8 +
1.2 uM against hLDH-S and ICg, = 10.0 & 1.0 uM against
rLDH-5 (rat lactate dehydrogenase-S). These ligands represent
a new generation of bifunctional inhibitors specifically designed
to target the hLDH-S isozyme with a means to interfering with
tumor metabolism.”®

Cryptosporidium parvum is an important human pathogen
and potential bioterrorism agent. This protozoan parasite
cannot salvage guanine or guanosine and therefore relies on
inosine S0-monophosphate dehydrogenase (IMPDH) for
biosynthesis of guanine nucleotides and hence for survival.
Because C. parvum IMPDH is highly divergent from the host
counterpart, selective inhibitors could potentially be used to
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treat cryptosporidiosis with minimal effects on its mammalian
host. Cuny and co-workers synthesized a series of 1,2,3-triazole
containing CpIMPDH inhibitors using click chemistry reaction.
Compound 80 (Figure 14) showed most efficient inhibitor for
CpIMPDH in BSA among the synthesized library with ICs, = 9
+ 1 nM against in (—) BSA and ICs, = 30 = 1 nM in (+)
BSA.”

Nicotinamide adenine dinucleotide (NADa)-dependent
inosine monophosphate dehydrogense (IMPDH), which
converts inosine monophosphate (IMP) into xanthosine
monophosphate (XMP), is a key enzyme in the de novo
synthesis of guanine nucleotides. Inhibition of IMPDH depletes
the supply of guanine nucleotides that are required for the
growth and proliferation of cells and constitutes a powerful
strategy for the treatment of cancers and autoimmune diseases,
as well as viral, protozoal, and bacterial infections. Chen et al.
employed click chemistry for the synthesis of triazole-linked
inhibitors of inosine monophosphate dehydrogenase from
human and Mpycobacterium tuberculosis. The synthesis and
evaluation of these inhibitors led to identification of low
nanomolar inhibitor 81 (Figure 14) of human IMPDH and
more importantly the first potent inhibitor of IMPDH from
Mycobacterium tuberculosis (mtIMPDH) with ICs, = 0.070 M
against WIMPDH1 (human IMPDHI1) and ICy, = 0.044 uM
against FIMPDH2 (human IMPDH?2).'®

In the past year, there has been significant interest in the
design and synthesis of type II dehydroquinase (DHQase II)
inhibitors. This is due, in major part, to the operation of this
enzyme in a number of pathogenic bacteria including
Mycobacterium tuberculosis and Helicobacter pylori, the etio-
logical agents of tuberculosis, and gastric ulcers and gastric
cancer, respectively. It is therefore viewed as a potential target
for the development of broad spectrum antibacterial agents.
Payne and co-workers reported the design and synthesis of a
novel series of triazole-based type II dehydroquinase inhibitors

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 16. Chemical structures of glucocerebrosidase inhibitors synthesized via click chemistry.

using CuAAC reactions between a key quinate-derived ene-yne
and a variety of aryl- and heteroaryl-azides. These were
screened against S. coelicolor, H. pylori, and M. tuberculosis type
II dehydroquinases (DHQase II). The majority of the
compounds proved to be potent inhibitors of all three type II
dehydroquinases (DHQase II) with inhibition constants in the
low to mid nanomolar range. In particular, compound 82
(Figure 14) bearing terminal phenyl and 3-pyridyl rings directly
linked to the triazole moiety represents the most potent
inhibitor of the type II dehydroquinases (DHQase II) from S.
coelicolor, H. pylori and M. tuberculosis ever synthesized with K;
= 5.7 + 0.9 nM against S. coelicolor DHQase II, K; = 39 + 5 nM
against M. tuberculosis DHQase II, and K; = 225 + S1 nM
against H. pylori DHQase '

Sirtuins are NAD"*-dependent deacetylases that modulate
various essential cellular functions. The development of
peptide-based inhibitors of Sir2 would prove useful both as
pharmaceutical agents and as effectors by which downstream
cellular alterations can be monitored. Click chemistry permits
attachment of novel modifications onto the side chain of lysine.
Balaram and his co-workers reported the synthesis of peptide
analogues prepared using click reactions on N-g-propargylox-
ycarbonyl protected lysine residues and their characterization as
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inhibitors of Plasmodium falciparum Sirtuins-2 (Sir2) activity.
The peptide-based inhibitor 83 (Figure 14) exhibited parabolic
competitive inhibition with respect to acetylated-peptide
substrate and parabolic noncompetitive inhibition with NAD*
(nicotinamide adenine dinucleotide) supporting the formation
of EI, (enzyme inhibitor) and E-NAD" I, (enzyme inhibitor +
nicotinamide adenine dinucleotide) complexes with K; = S8 + 7
UM against Sir2.'*

Histone deacetylase (HDAC) plays a critical role in the
regulation of gene transcription by cleaving the acetyl groups
from specific e-amino acetylated lysine residues in nucleosomal
histone tails and nonhistone proteins. Although the precise
roles of HDAC isoforms in cellular function and tumorigenesis
are not yet completely understood, the inhibition of HDAC
activity has emerged as a promising approach in anticancer
chemotherapy. An interesting family of nonribosomal cyclic-
tetrapeptide natural products, including the apicidins, trapoxins,
microcins, and chlamydocin, exerts potent cytotoxic activities
against cancer cells by inhibiting HDACs. So HDACs’ inhibitor
plays a significant role in developing anticancer drugs.'®*

A click chemistry-based approach to the synthesis of a novel
series of cinnamyl derivatives of histone deacetylase (HDAC)
inhibitors is discussed. Among the prepared compounds, t-butyl

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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derivative 84 (Figure 15) exhibited excellent potency against
HDACs enzyme, with an IC, value of 18 nM.'*

Wang et al. reported click chemistry-based approach for the
synthesis of histone deacetylase inhibitors. Fourteen com-
pounds were synthesized from the combination of two alkyne
and seven azido precursors. The inhibition of HDAC1 and
HDACS was then determined by in vitro enzymatic assays, after
which the cytotoxicity was evaluated in the human cancer cell
line screen. A lead compound 85 (NSC746457, Figure 15) was
discovered that inhibited HDAC1 at an IC, value of 104 + 30
nM and proved quite potent in the cancer cell line screen with
Gl values ranging from 3.92 uM to 10 nM.'%

Ghadiri and co-workers reported the synthesis of cyclic
pseudotetrapeptides containing 1,4- or 1,5-disubstituted 1,2,3-
triazoles analogues to a naturally occurring cyclic tetrapeptide
inhibitor of HDACs called apicidin using click chemistry. The
1,4- and 1,5-substituted triazoles act as surrogates for trans and
cis amide bonds, respectively, and the resultant molecules (86
and 87, Figure 15) provide useful for identifying the most
bioactive conformation (cis—transtrans—trans) of the original
cyclic-tetrapeptide inhibitor of HDAC with ICs, values of 25, 7,
and 75 nM, respectively.'®

Kozikowski et al. employed click chemistry for the synthesis
of triazole-based ligands, which were screened against a panel of
pancreatic cell lines that consisted of BxPC-3, Hup T3, Mia
Paca-2, Pan 04.03, and SU 86.86 cells and Plasmodium
falciparum strains for their anticancer and antimalarial activity,
respectively. The screening results showed that the nature of
substitution on the phenyl ring plays a main role in their
selectivity for HDAC1 versus HDACG6, with low to moderate
selectivity (2—51-fold). In light of the valuable selectivity and
potency that were identified for the triazolylphenyl ligand 88a
(Figure 15) in the inhibition of HDAC6 (IC, = 1.9 nM) were
significant anticancer and antimalarial activities."

Opyelere and co-workers synthesized a small library of SAHA-
like hydroxamates using click chemistry. The amide bond in
SAHA was replaced with a triazole ring. Both the linker chain
length and the aromatic ring were varied, and series HDAC
inhibitors were synthesized. Inhibition assays revealed several
HDAC inhibitors (88b, Figure 15) with improved potency as
compared to SAHA.'"

3.2.10. Glycosidase Inhibitors. Ferreira and his co-
workers reported the synthesis of a series of 4-substituted
1,2,3-triazoles conjugated with sugars, including Dp-xylose, D-
galactose, Dp-allose, and D-ribose. These compounds were
screened for a-glucosidase inhibitory activity using yeast
maltase (MALI2) as a model enzyme. Methyl-2,3-O-
isopropylidene-f-p-ribofuranosides, such as the 4-(1-cyclo-
hexenyl)-1,2,3-triazole derivative (compound 89, Figure 16),
were among the most active compounds, showing up to 25-fold
higher inhibitory potency than the complex oligosaccharide
acarbose with ICgy = 3.8 + 0.5 uM.'*®

New N-alkylaminocyclitols bearing a 1,2,3-triazole system at
different positions of the alkyl chain were prepared as potential
glucocerebrosidase pharmacological chaperones using click
chemistry approaches. Among them, compound 90a (Figure
16) (K; = 0.06 uM), with the shorter spacer (n = 1) between
the alkyltriazolyl system and the aminocyclitol core, was the
most active as glucocerebrosidase inhibitor, revealing a
determinant effect of the location of the triazole ring on the
activity.'” Recently, the same research group developed new
glucocerebrosidase inhibitors by diversity of N-substituted
aminocyclitols using click chemistry and in situ screening. A
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click chemistry approach based on the reaction between N-
propargyl aminocyclitol and a series of azides was optimized for
the synthesis and in situ screening of a variety of N-substituted
aminocyclitols as glucocerebrosidase inhibitors. The highly
aqueous content of the reaction media made possible the direct
screening of the products by simple dilution of the crude
reaction mixtures in the adequate buffer. The process was
suitable for its implementation into a micro liter plate format
and, hence, amenable to combinatorial protocols. Maximum
diversity among the library members was secured by application
of a proper selection algorithm from an initial collection of 343
compounds. Library members with ICs, values below 3.5 M
were individually synthesized and tested as glucocerebrosidase
inhibitors and also for their ability to induce enzyme thermal
stabilization, an in vitro indication of their potential as
pharmacological chaperones. Compounds 90b (K| 0.05
uM) and 90c (K; = 0.06 uM) (Figure 16) with a linear aliphatic
side chain showed the highest enzyme stabilization ratios and
were promising candidates for further development.''

Linhardt and his co-workers reported that a small library of
1,2,3-triazole-linked sialic acid derivatives was synthesized using
click chemistry. These novel sialic acid derivatives were then
evaluated as potential neuraminidase inhibitors using a 96-well
plate fluorescence assay. Compound 91 (Figure 16) showed
potent inhibition activity against Neuraminidase with an ICg,
value of 17 pM.M!

Gouin and his co-workers recently developed an efficient
click procedure to tether hydrophobic substituents to N-
azidopropyl-1-deoxynojirimycin."'> A set of 14 original
iminosugars was synthesized and evaluated for inhibition of
commercially available glucosidases. Most of the compounds
were micromolar inhibitors of those enzymes. In vitro
inhibition assays with the N370S B-GCase revealed that the
sublibrary containing the derivatives with aromatic aglycons
displayed the highest inhibitory potency. Chaperone activity of
the whole set of synthetic compounds was also explored in
mutant Gaucher cells. The most active compound (92a, Figure
16) gave a nearly 2-fold increase in enzyme activity at 20 uM, a
value significantly higher than the 1.33-fold recorded for the
reference compound N-nonyl-1-deoxynojirimycin (N-nonyl-
DNJ).'"? Compound 92a showed K; = 9 uM against beta
glucosidase (bovine liver), K; = 1 M against beta glucosidase
(almond), K; = S7 uM against alpha glucosidase, and K; = 16
UM against amyloglucosidase.

Kovensky et al. reported the synthesis of multivalent
iminosugars from a click chemistry reaction between oligo-
ethylene scaffolds and N-substituted DNJ derivatives.'"> These
series of compounds screened against glycosidase inhibitory
activities and resultant compounds (92b, 93, and 94, Figure 16)
showed good inhibition against glycosidase.'"* Compound 92b
showed a K; value of 47 + 2 uM against beta glucosidase when
n = 1 (Figure 16) and K; = 95 = S uM against alpha
glactosidase when n = 4 (Figure 16). The dimer version of
compound 93 showed K; = 17 = 1 uM against
amyloglactosidase when n = lin Figure 16 and K; = 55 + 2
U“M against niringinase when n = 4 in Figure 16. Trimer version
of compound 94 showed K; = 35 + 2 uM against alpha
mannosidase.

Gouin and his co-workers recently developed an efficient
click procedure to tether hydrophobic substituents to N-
azidopropyl-1-deoxynojirimycin."'* A set of 14 original
iminosugars was synthesized and evaluated for inhibition of
commercially available glucosidases. Most of the compounds

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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were micromolar inhibitors of those enzymes. In vitro
inhibition assays with the N370S B-GCase revealed that the
sublibrary containing the derivatives with aromatic aglycons
displayed the highest inhibitory potency. Chaperone activity of
the whole set of synthetic compounds was also explored in
mutant Gaucher cells. The most active compound (94, Figure
16) gave a nearly 2-fold increase in enzyme activity at 20 uM, a
significantly higher value than the 1.33-fold recorded for the
reference compound N-nonyl-1-deoxynojirimycin (N-nonyl-
DNJ) with K; = 35 + 2 uM."**

4. IN SITU CLICK CHEMISTRY

The conventional approach used by medicinal chemists in drug
discovery consists of the synthesis of a collection of compounds
and subsequent biological screening. The procedure would be
shortened and optimized if the biological target could actively
choose its best ligand. Indeed, the target would act as the ideal
template to generate the perfect hit. In this specific context, it is
therefore possible to envisage that, at room temperature, an
enzyme could bring azide and alkyne containing molecules in
close proximity so as to overcome the high energetic barrier
allowing the click chemistry reaction to occur.'’® In this
manner, only compounds that fit correctly into the active site of
the enzyme should react to give new potent ligands of the
enzyme. The schematic pictorial representation of in situ click
chemistry of enzyme inhibitor is shown in Figure 17.

A subset of the combinatorial enterprise that is highlighted
here is target-guided synthesis (TGS), in which the biological
target (protein or DNA) is directly involved in the choice of
ligands assembled from a pool of smaller fragments. Two
general forms of TGS had been tested, each involving
incubation of the target with mixtures of reactive building
blocks. The “equilibrium” or “thermodynamic” approach is
frequently given the label “dynamic combinatorial chemistry”
(DCC) and is distinguished by the reversible joining of pairs of
blocks, and the sampling of those combinations by the target
(Figure 17).'® Those molecules that bind most tightly are
retained, skewing the equilibrium toward a different distribution
than would be observed in the absence of the target. In the
“nonequilibrium” or “kinetic” approach, the reaction that joins
the building blocks was irreversible, and selectivity for one or
more products over others was a function of differential
acceleration of that reaction by the target. The simultaneous
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binding of blocks to the target certainly contributes to that
acceleration, increasing the local concentration of reactive
blocks with respect to each other. As discussed below, however,
other factors affecting the rate of the process can come into
play. The compounds that are created by both styles of TGS
are, at the very least, highly likely to bind to the target template
with greater affinity than their individual components, because
two- or multiple-point connections slow off-rates by virtue of
the chelate effect. The use of the click chemistry reaction in
TGS has been dubbed “click chemistry in situ”. Representative
examples of in situ click chemistry are described below.

In principle, the “click chemistry” approach to drug design is
applicable to almost any target. If it is possible to use a pure
enzyme, the function of which can be measured easily, then the
techniques are easier to apply. However, Finn stresses, “the in
situ approach has the virtue of being potentially useful when
these conditions were not met.” If everything works perfectly,
one can even imagine administering a set of pieces of a drug to
a patient and having the drug assemble itself at the desired site
(e.g, a tumor) in response to the specific nature of the target
(Figure 18) Further development work with enzyme inhibitors
is now in progress in many research groups, on a variety of
diseases including AIDS, cancer, anthrax, and Huntington’s
disease.""”

4.1. Mycobacterial Transcriptional Regulator

Tuberculosis is a major cause of morbidity and mortality
worldwide. This infectious disease caused by Mpycobacterium
tuberculosis kills each year between 1.2 and 1.8 million people.
Although the combined use of four first-line antibiotics
(izoniazid, rifampicin, pyrazinamid, and ethambutol) known
as directly observed treatment short-course (DOTS) claims to
successfully treat 85% of the patients, multidrug-resistant strains
of the mycobacteria rapidly emerge.""® Ethionamide, a second-
line antibiotic, is one of the most widely used drugs for the
treatment of multidrug-resistant tuberculosis; however, its use
is hampered by severe side effects. Ethionamide (EthA) itself is
inactive and requires activation by the mycobacterial mono-
oxygenase EthA to active NAD-adduct that inhibits, in humans,
the enoyl-ACP reductase involved in mycolic acid biosynthesis.
The expression of ethA is controlled by the transcriptional
repressor (EthR), a member of the TetR family of transcrip-
tional regulators."'”"*® Genetic inactivation of ethR logically

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 18. Schematic representation of in situ click chemistry used for
drug development.

leads to overexpression of EthA and consequently to
hypersensitivity of the mycobacteria to ethionamide. Deprez
and his co-workers postulated that synthetic inhibitors of EthR
would increase transcription of ethA and thus improve
ethionamide bioactivation and efficacy. The first inhibitor of
EthR, BDM14500, was identified through the screening of 131
compounds designed on the basis of the crystal structure of
EthR. Hitto-lead optimization was then performed via a rational
design."”! During the hit-to-lead process, EthR binding of
potent inhibitors was monitored by X-ray crystallography.
Surprisingly, one compound (BDM31381) adopted a new
orientation as compared to the initial hit by pointing its thieno
acetyl substituent to the bottom of the pocket.'”® This
observation stimulated one to design new analogues to explore
the ligand binding pocket of the protein and experimentally
probe its ability to adopt new conformations upon binding of
more extended ligands.

Deprez and his co-workers successfully applied in situ click
chemistry to probe the ligand binding domain of EthR, a
mycobacterial transcriptional regulator known to control the
sensitivity of Mycobacterium tuberculosis to several antibiotics.'**
Specific protein-templated (EthR-template with or without
BSA) ligands were generated in situ from one azide and six
clusters of 10 acetylenic fragments using previous literature
results. From LC—MS single ion monitoring, the formation of
compounds 95 and 96 (Figure 19) via in situ click chemistry
was confirmed, and the resultant compounds 95 and 96
showed most potent inhibition against EthR with IC, values of
580 nM and 7.4 yM. From the inhibition results, it is clear that
1.4-substituted trizole was the most potent inhibitor of EthR.
Protein-directed in situ chemistry allows medicinal chemists to
explore the conformational space of a ligand-binding pocket
and is thus a valuable tool to %ulde drug design in the complex
path of hit-to-lead processes.
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95

1, 5-subsituted trizole
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Figure 19. Chemical structures of EthR inhibitors synthesized via in
situ click chemistry.

4.2. Histone Deacetylase Inhibitors

Histone deacetylase is a class of enzymes that remove acetyl
groups from an e-N-acetyl lysine amino acid on a histone. Its
action is opposite of that of histone acetyl transferase. HDAC
proteins are now also being referred to as lysine deacetylases
(KDAC), as to more precisely describe their function rather
than their target, which also includes numerous nonhistone
proteins. HDAC inhibitors are attractive drug candidates for
cancer, inflammation, and neurodegenerative disorders. HDAC
inhibitors consist of a Zn-binding group (ZBG) that
coordinates with the Zn ion in the active site, a capping region
that interacts with residues on the rim of the active site, and a
linker that connects the cap and ZBG at an appropriate
distance.'>¥'?*

Finn and his co-workers prepared two alkynes with
hydroxamic acid and 15 alkgrl azides as building blocks for in
situ assembly screening.”” In conventional in situ click
chemistry, a mixture of an alkyne and an azide is incubated
in the presence of the target. The convenient assay of HDAC
was chosen to see if enough of an inhibitor could be generated
by in situ assembly to measurably affect enzyme function. We
incubated a mixture of each known alkyne ligand (at a
concentration approximately equivalent to its ICgy) with each
candidate azide (in large excess) in the presence of HDAC and
subsequently carried out a fluorometric assay for HDAC
activity directly on the reaction mixture. These experiments
were conducted in parallel in 96-well microtiter plates using
human recombinant HDACS, which was shown separately to
be stable under the incubation and assay conditions.

The experiment revealed that the syn-triazole isomer proved
to be a better HDACS inhibitor 97 (ICsy = 0.51 uM) than anti-
3 98 (ICy, = 4.0 uM) (Figure 20). These factors suggested that
the rapid and regioselective formation of anti-3 in the presence
of HDACS was consistent with acceleration of the reaction by a
small amount of enzyme containing Cu(I) instead of Zn(II)."*®
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Figure 20. Chemical structures of histone deacetylase inhibitors
synthesized via in situ click chemistry.
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Figure 21. Chemical structures of protein—protein interaction modulators synthesized via in situ sulfo click chemistry.

4.3. Protein—Protein Interaction Modulators

Protein—protein interactions (PPIs) are central to a large
number of vital biological processes and thus represent
attractive targets for the development of novel therapies for a
variety of diseases. The development of small molecules, which
specifically modulate or disrupt a particular PPI, remains a
challenging and risky undertaking. Commonly, protein—protein
interfaces are large and flat and lack deep cavities that might
serve as good binding sites for small molecules. Protein—
protein interfaces bury 500—3000 A of total surface area, which
exceeds the potential binding area of low-molecular-weight
compounds. Wells and co-workers demonstrated that only a
fraction of the amino acid residues at the protein—protein
interface contributes to the major portion of the binding free
energy,lz‘s’127 with the discovery of small molecules modulating
or disrupting PPIs. Often, small molecule design is aimed at
mimicking a pegtide or a protein secondary structure in a
truncated form.'*® Alternatively, fragment-based drug discovery
strategies using biomolecular NMR, X-ray crystallography, or
surface plasmon resonance (SPR) lead to the identification of
fragments with good ligand efficiencies, which are further
developed into 8potent protein—protein interaction modulators
(PPIMs).' 26712

Manetsch and his workers recently employed kinetic target-
guided synthesis (TGS) and in situ sulfo-click chemistry for the
development of protein—protein interaction modulators.'*® In
kinetic TGS and in situ click chemistry, the target is directly
involved in the assembly of its own gpotent, bidentate ligand
from a pool of reactive fragments."* Use and validation of
kinetic TGS based on the sulfo-click reaction between thio
acids and sulfonyl azides was screened. Starting from a
randomly designed library consisting of 9 thio acids and 9
sulfonyl azides leading to 81 potential acylsulfonamides, the
target protein, Bcl-XL, selectively assembled four PPIMs,
acylsulfonamides (compounds 99—102, Figure 21), which
were shown to modulate Bcl-XL/BH3 interactions. Compound
99 (Figure 21) showed a nanomolar PPIM activity with K;
value of 37.5 + 5.0 nM. Remaining compounds (100—102)
showed micromolar PPIM activity with K; values of 11.5 + 1.4,
11.6 + 1.6, and 14.6 = 1.0 uM, respectively. To further
investigate the Bcl-XL templation effect, control experiments
were carried out using two mutants of Bcl-XL. In one mutant,
phenylalanine Phel31 and aspartic acid Asp133, which were
critical for the BH3 domain binding, were substituted by
alanines, while arginine Argl39, a residue identified to play a
crucial role in the binding of ABT-737, a BH3 mimetic, was
replaced by an alanine in the other mutant. Incubation of these
mutants with the reactive fragments and subsequent LC/MS-
SIM analysis confirmed that these building block combinations
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yield the corresponding acylsulfonamides at the BH3 binding
site, the actual “hot spot” of Bcl-XL. These results validate
kinetic TGS using the sulfo-click reaction as a valuable tool for
the straightforward identification of high-quality PPIMs."*’

4.4, Antibody-like Protein-Capture Agents

Most protein-detection methods rely upon antibody-based
capture agents. A high-quality antibody exhibits high affinity
and selectivity for its cognate protein. However, antibodies are
expensive and can be unstable toward chemical and
biochemical processes. Several alternative protein-capture
agents, including oligonucleotide aptamers and phage-display
peptides, were reported, each of which had advantages as well
as significant limitations."*°

Heath and his co-workers recently reported accurate
MALDI-TOF/TOF sequencing of one-bead-one-compound
peptide libraries to the identification of multiligand protein
affinity agents using in situ click chemistry screening.'*
Semiautomated sequencing algorithm was used for the accurate
use of MALDI-TOF/TOF for the sequencing of peptides
cleaved from single TentaGel beads. The initial 44%
sequencing success rate of the standard de novo sequencing
software was improved to nearly 100%. The MS/MS approach
was validated in two ways. First, single beads, randomly chosen
from a comprehensive OBOC S-mer peptide library, were split
in half and sequenced using both the MS/MS approach and
Edman degradation. Excellent agreement was found between
the two methods. Second, the sequencing approach was utilized
to successfully identify two biligand affinity agents against
bCAII through the approach of in situ click/ OBOC screening.
On the basis of this screening, two triazole-coupled peptide
biligands were synthesized in bulk, and their binding affinities
against bCAII were characterized using SPR. Note that the best
of these biligands exhibited an affinity for bCAII in the 0.5—5
UM range, which was as good as those of the biligands
identified previously through the use of in situ click/OBOC
library screening (compound 103, Figure 22a). The sequencing
approach and algorithm reported here should provide a
valuable tool for making the approach of sequential in situ
click/OBOC screening a high-throughput approach toward the
identification of high-affinity, high-selectivity protein-capture
agents.

The same research group again reported a poly peptide-based
multiarmed capture agent for proteins. The researchers used
the in situ click chemistry approach toward the construction of
multiligand protein-capture agents and triligand capture agent
evaluated against human bovine carbonic anhydrase II
(h(b)CAII) as a model system."*'* Standard methods for the
bead-based combinatorial synthesis of oligopeptides were

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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employed, with the installation of an alkyne group at the protein most strongly, followed by Edman sequencing. The
terminus of each library member. An initial hexa peptide anchor dissociation constant of this peptide was approximately 500
structure was identified by determining which beads bound the uM, but this interaction was enough to allow for an in situ
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Figure 23. Chemical structures of acetylcholinesterase inhibitors synthesized via in situ click chemistry.

assembly of a triazole-linked bivalent ligand incorporating a
second hexapeptide from a large library of combinatorial
possibilities. The biligand exhibited a 3 ym binding affinity for
bCAII, as measured by surface plasmon resonance (SPR). The
process was repeated a second time, giving structure 104
(Figure 22a), which contained 18 amino acids and two
triazoles. Triligand capture agent 104 exhibited 64 and 45
nm binding affinities against bCAII and hCAII, respectively, as
determined by SPR.

Heath and his co-workers reported in situ click chemistry for
the development of Akt-specific branched peptide triligand
(compound 105, Figure 22b) that was a drop-in replacement
for monoclonal antibodies in multiple biochemical assays. Each
peptide module in the branched structure makes unique
contributions to affinity and/or specificity resulting in a Ky =
200 nM afhinity ligand that efficiently immunoprecipitates Akt
from cancer cell lysates and labels Akt in fixed cells."3®

4.5. Acetylcholinesterase Inhibitors

AChE catalyzes the hydrolysis of neurotransmitter acetylcho-
line at the synaptic cleft, facilitating nerve impulse transmission
across the synaptic gap. Alzheimer’s disease (AD) is a
progressive, degenerative disorder of the brain and is the
most common form of dementia among the elderly especially
in industrialized countries. According to the cholinergic
hypothesis, the decreased levels of acetylcholine in the brain
areas dealing with learning, memory, behavior, and emotional
responses (neocortex and hippocampus) are of critical
importance in AD. The reduced levels of neurotransmitter
acetylcholine are due to its rapid hydrolysis by an enzyme,
acetylcholinesterase (AChE). There were several reports
showing that the enzyme AChE plays a key role in the
development of the senile plaques by accelerating amyloid-f
deposition. Thus, AChE inhibition plays a significant role as a
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critical target for the effective management of AD by an
increase in the availability of acetylcholine in the brain regions
and decrease in the deposition of f-amyloid."**~"** The first
target used for in situ click chemistry was the enzyme
acetylcholinesterase (AChE), selected for its biological
importance as a key component of neurological function and
therefore a drug target, and for the structure of its active site.
AChE has two distinct binding sites in close proximity to each
other, at either end of an active site “gorge” lined by 14
conserved amino acid residues. Several site-specific ligands have
been developed that inhibit the catalytic cycle by binding to the
catalytic site at the bottom of the gorge as well as peripheral site
at the top. Bivalent ligands synthesized to address both sites
simultaneously were found to be effective. Sharpless and co-
workers applied in situ click chemistry, for the first time, via
mixing 49 building block combinations of tacrine molecules
equipped with alkyl azides and phenanthridinium molecules
equipped with alkyl acetylenes in the presence of the enzyme.
The researchers found that only one product, syn-TZ2PAS6,
which was a femtomolar inhibitor, was chosen by the
enzyme.'>

Kolb and co-workers further optimized this approach with
the help of liquid chromatography—mass spectrometry in
selected ion mode (LC—MS-SIM)."** The same group, in a
subsequent report, employed a tacrine azide as an anchor
molecule at concentrations sufficient to saturate the active site,
and this enzyme—inhibitor complex was found to recruit the
most preferred peripheral binding group from a mixture of
alkynes, leading to the identification of four compounds 106a—
107b (Figure 23), which were the most potent noncovalent
inhibitors of AChE."*** Compounds 106a and 106b (Figure
23) of the syn-trizole derivatives showed good binding affinity
to AchE with Ky values of 99 and 100 nM, respectively, whereas
compound 107a (Figure 23) of the R- and S-isomers of syn-
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trizole was exhibiting even lower nanomolar affinity to AChE
with K vaules of 33 (for S-isomer) and 36 nM (for R-isomer).
Finally, compound 107b showed moderate binding affinity
toward AChE with K3 = 96 nM.

Fokin et al. reported successfully the combination of CuAAC
and in situ click chemistry for the synthesis of a highly potent
and selective ligand (compound 108, Figure 23) for Lymnaea
stagnalis acetylcholine binding protein (AChBPs). The
researchers compared the preference of anti and syn
regioisomer formation on acetylcholinesterase with the
equilibrium affinities of the respective triazoles. The syn
regioisomer of the triazole showed higher affinity to AChBPs
due to an induced change in conformation that enhanced
aromatic 7—7 association at the peripheral site, whereas a
change in conformation did not occur in the anti-isomer with
the lower affinity (K; = 0.96 nM) against Lymnaea stagnalis
AChBPs. The researchers used homomeric AChBPs from
Lymnaea and Aplysia snails as in situ templates for the
generation of novel and potent ligands that selectively bind to
these proteins. The researchers successfully demonstrated that
the in situ click reaction can take place at the subunit interfaces
of an oligomeric protein and can thus be used as a tool for
identifying a novel candidate for nicotinic acetylcholine
receptor ligands. The crystal structure of one of the in situ-
formed triazole—AChBP complexes showed binding poses and
molecular determinants of interactions Predicted from
structures of known agonists and antagonists.'>*°

4.6. HIV Protease Inhibitors

The aspartic protease of HIV-1 is a major therapeutic target in
the fight against AIDS. The high rate of mutational adaptation
by the virus to drug challenge makes methods for the discovery
of new inhibitors of protease (and other viral enzymes or
necessary functions) a high priority.'*®

Sharpless et al. prepared two focused libraries of 50
compounds each, based on hydroxyethylamine peptide
isosteres. Azide-bearing scaffolds were united via the new
copper-catalyzed process with acetylenes, for library produc-
tion. These libraries, which were already in aqueous solution
from the synthesis step, were used directly, for screening against
wild type HIV-1 protease and three mutants (G48 V, V82F,
V82A). As was predicted by molecular modeling, two of these
compounds strongly inhibited all four proteases tested, with
activities in the low nanomolar range (purified compounds).
Especially compound 109 (Figure 24) showed most potent
inhil?étéion against HIV protease in the series with K; = 1.7
nM.

4.7. Chitinase Inhibitors

Chitinases catalyze the hydrolysis of chitin, a linear
homopolymer of N-acetyl-p-glucosamine(GlcNAc), which is
present in a wide range of organisms, including bacteria, fungi,
insects, viruses, higher plants, and animals. Chitin is found in

Figure 24. Chemical structures of HIV protease inhibitors synthesized
via in situ click chemistry.
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fungal cell walls, the exoskeletons of crustaceans and insects,
and the microfilarial sheaths of parasitic nematodes, making
chitinases potential targets for antifungal, insecticidal, and
antiparasitic activity. Chitinase inhibitors identified as potential
anti-inflammatory agents against asthma and allergic diseases,
including atopic dermatitis and allergic rhinitis."*”

Omura and co-workers reported a chitinase templated
formation of a potent triazole inhibitor marrying a biologically
active azide-containing compound with structurally unrelated
alkyne fragments."*” Compound 110 based on a motif excised
from a natural cyclic peptide binder of blowfly and Serratia
marcescens chitinases (SmChi) was used as an anchor molecule
for in situ click reactions with a library of alkynes, each in the
presence of a mixture of three SmChi subtypes. Syn-trizole 110
(Figure 25) displayed high inhibitory activity against SmChiB
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Figure 25. Chemical structures of chitinase inhibitors synthesized via
in situ click chemistry.

(ICs, value of 0.022 uM), which is approximately 30-fold
stronger than that of the precursor (approximately 300-fold
potency as compared to natural product precursor). Syn—anti
selection for the in situ screening by LCMS-SIR revealed that a
combination of azide and alkyne had led to the accelerated
formation of syn-trizole in the presence of pure (His) 6-
SmChiB in an enzyme-dose-dependent manner, thereby
validating syn-50 as an in situ “hit” and confirming that its

formation required the enzyme active site to be accessi-
ble, 137138

4.8. Carbonic Anhydrase Inhibitors

Carbonic anhydrases (CA) are a family of metalloenzymes that
catalyze the interconversion of HCO;~ and CO,. They play
essential roles in respiration, pH balancing of blood and other
tissues, transport of CO, and protons, tumorigenicity, etc. Most
of the CA contain a zinc ion at the active site, and the majority
of inhibitors for this class of enzymes are aromatic or
heteroaromatic sulfonamides, which act by coordinating to
the zinc ion."*

Kolb and his co-workers employed the in situ click chemistry
with acetylenic benzenesulfonamide as the reactive scaffold and
24 different azides to identify potent inhibitors of CA. The in
situ click experiments were performed in a 96-well micro liter
plate with each well containing a mixture of bovine CA II (bCA
II), an acetylenic benzenesulfonamide at a concentration
enough to saturate the enzyme active site, and an azide.
Analysis of the crude reaction mixture with LCMS-SIM
revealed that 12 out of the 24 reagent combinations led to
triazole formation (compound 111, Figure 26) and all of the
observed triazoles were of an anti-regiochemistry, which is a
consequence of the inhibitor selection by the enzyme active site
with a K; value of 0.2 + 0.3 nM.'*

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 26. Chemical structures of carbonic anhydrase binders and
inhibitors synthesized via in situ click chemistry.

4.9. Cell Imaging

Protein prenylation is a common post-translational modifica-
tion present in eukaryotic cells. Many key proteins involved in
signal transduction pathways are prenylated, and inhibition of
prenylation can be useful as a therapeutic intervention.
Significant progress was made in understanding protein
prenylation in vitro, by researchers interested in studying this
process in living cells. This modification involves the addition
of a C15 (farnesyl) or C20 (geranylgeranyl) isoprenoid moiety
onto a cysteine residue near the C-terminus of proteins that
bear a “CAAX” box motif, catalyzed by either the
farnesyltransferase or the geranylgeranyltransferase enzyme.
This natural modification serves to direct a protein to the

plasma membrane of the cell. A recently discovered application
of prenylated peptides is that they have inherent cell-
penetrating ability, and are hence termed cell-penetrating
prenylated peptides. These peptides are able to efficiently cross
the cell membrane in an ATP independent, nonendocytotic
manner, and it was found that the sequence of the peptide does
not affect uptake, so long as the geranylgeranyl group is still
present."*" This information may be useful for applications
utilizing cell-penetrating peptides to deliver cargo across
membranes. The nonendocytotic mechanism that functions in
the uptake of these peptides may also prove to be useful
because it avoids potential endosomal localization/degradation
of cargo.'*!

Distefano and his co-workers recently reported evaluation of
a cell-penetrating prenylated peptide using ﬂuorophore via in
situ click reaction for cell imaging applications."** The cell-
penetrating prenylated peptide was synthesized using standard
Fmoc coupling conditions on an automated synthesizer with
rink-amide resin to afford the C-terminal amide peptides. The
N-terminal lysine side chain was acetylated, followed by
acylation with an alkyne-containing acid (4-pentynoic acid)
on the amino group to give the resulting N-terminal alkyne.
Geranylgeranylation of that peptide was performed in solution
using acidic Zn(OAc), coupling conditions to afford peptide
112a. Peptide 112b (Figure 27) was prepared in an analogous
manner except that the e-amino group of the N-terminal lysine
was acylated with S-Fam. Thus, peptide 112a contains an
alkyne but no fluorophore, whereas peptide 112b contains both
an alkyne and a fluorophore.
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Figure 27. HeLa cells incubated with peptide 112 for 1 M for 2 h. (A) Peptide 112 visualized by click reaction with 5-Fam-PEG-Nj on fixed cells.
(B) Peptide 112 visualized by click reaction with TAMRA-Nj; on fixed cells.
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The ability of both of these peptides to enter cells was first
established using confocal laser scanning microscopy (CLSM).
Because peptide 112b contains the S-Fam fluorophore,
visualization after uptake in HeLa cells is easily accomplished
after a 2 h incubation of the peptide at 1 uM. A copper-
catalyzed click reaction was then conducted using tetrame-
thylrhodamine azide (TAMRA-Nj) to form a covalent triazole
linkage between the peptide-alkyne and the tetramethylrhod-
amine (TAMRA) fluorophore; when 112a enters cells, it could
be visualized through the TAMRA fluorophore using CLSM
(Figure 27), while control experiments in which HeLa cells
were treated with TAMRA-N; (without prior peptide treat-
ment) manifested no background labeling. Incubation of 112b
with HeLa cells and subsequent click reaction to TAMRA-Nj;
resulted in strong colocalized fluorescence in the cells (yellow
color, 113A, Figure 27); this observation also confirmed that
little background reaction occurs in the TAMRA-N; labeling
process because the red TAMRA fluorophore is only present
where the green 5-Fam of the peptide was observed.

The incorporation of bulky, hydrophobic fluorescent groups
inevitably perturbs the chemical and physical properties of the
molecules under study and hence complicates structure/
function analysis. For example, the addition of the 5-Fam
fluorophore to a lysine residue alters the calculated partition
coefficient (c log P) by 3 units, illustrating a large change in the
hydrophobic properties of the parent molecule (113B, Figure
27). The method reported here provides a simple solution to
this problem. The incorporation of a small alkyne-containing
moiety into the peptide results in minimal alteration of the
properties of the parent peptide. The ¢ log P value of Lys(S-
Fam) with either an acetylated N-terminus or an N-terminal
alkyne differs by only approximately 0.5 units, indicating the
addition of the alkyne is a rather benign change to the
hydrophobicity of the peptide. However, the presence of the
alkyne allowed for facile visualization via click-mediated
fluorescent labeling.

5. SYNTHETIC UTILITY OF CLICK CHEMISTRY IN
RECEPTOR-LIGAND BINDING STUDIES

The early pioneers of the receptor concept, notably Langley
and Ehrlich, and later Clark, clearly recognized the importance
of receptors in understanding diverse biological phenomena,
and with great insight, they also anticipated its potential for
pharmacotherapy. Receptors that couple to G-proteins
communicate signals from a large number of hormones,
neurotransmitters, chemokines, and autocrine and paracrine
factors. G-proteins play a significant role in signaling pathways.
It regulates important cellular components, such as metabolic
enzymes, ion channels, and the transcriptional machinery. The
resulting alterations in cellular behavior and function are
manifested in many critical systemic functions, including
embryonic development, learning and memory, and organismal
homeostasis."*> This results in the propagation of regulated
activities through increasingly complex layers of organization to
serve as the basis of integration at the systemic level. Among
the many receptors, GPCRs in humans are all potentially very
important drug targets. For example, glucagon and glucagon-
like peptide receptors are involved in glucose metabolism;
calcitonin and parathyroid hormone receptors regulate calcium
homeostasis; and the CRF R receptor is a key regulator of the
hypothalamic-pituitary-adrenal axis. All class B GPCRs bind
endogenous large peptide hormones (30—40 amino acid
residues) and are characterized by relatively long (up to
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~160 residues) extracellular N-terminal tail domains (N'TDs).
Their helical trans membrane domains (TMDs) have very little
primary structural conservation with respect to the more widely
“drugged” class A, or rhodopsin-like, family of GPCRs.
Therefore, G protein-coupled receptors (GPCRs) are the
largest single class of molecular targets for therapeutic agents.
However, developing synthetic ligands for one particularly
attractive class of GPCRs, class B (also known as the secretin-
like family of GPCRs), has been surprisingly challenging,'**~'4¢

CRF R receptor is taken as model receptor to explain the
ligand—receptor interactions and ligand generated via click
chemistry reactions. Two decades of structure—activity studies
of class B GPCRs and their peptide agonist ligands have led to a
model in which the C-terminal region of the ligand binds to the
NTD of the receptor with high affinity. This primary docking
step allows the N-terminal region of the ligand to interact with
the TMD of the receptor so as to facilitate some type of
conformational change in the receptor, leading to activation.
One interesting approach used to demonstrate the independ-
ence of the functional domains involved “tethered ligands”,®
which were expressed as fusion proteins with a sin$1e
transmembrane helix linked to a peptide hormone fragment."*’

Although the structures of several class B receptor NTDs in
complex with ligands or analogues have been solved, either by
NMR or by X-ray crystallography, the situation is complex. For
two class B receptors, the calcitonin receptor and calcitonin
receptor-like receptor, ligand specificity is defined by the
heterodimerization of the NTD with one of three receptor
activity-modifying proteins (RAMPs). The key point, however,
is that the NTD of class B GPCRs can generally fold
independently and bind ligand, even in the absence of its
TMD 144146

To exploit the apparently independent nature of the binding
and activation domains of CRF, Perez-Balderas et al. separately
prepared two peptidic constructs. One represented the basic
binding domain and contained an azide group, and the second
represented the activation domain and contained a comple-
mentary alkyne.'*” The “click” chemistry, of course, worked;
but, more importantly, the resulting peptide—peptide conjugate
CRF analogue was active in cell-based receptor activation
assays. Not only did the purified conjugates achieve this, but
crude preparations made from libraries of “variable probe”
activation domain fragments did as well, once the copper
catalyst from the click step was diluted out. This approach
allowed efficient structure—activity relationship studies on the
activation domain that showed that Ser6 and Asp8 were
essential for activation. The idea behind these experiments was
to design a ligand with enhanced agonist properties, and this
exercise was so spectacularly successful, first with three
substitutions, and then with an additional three, that a
hexasubstituted full-agonist peptide was produced with low
nanomolar efficacy. Of note is that five of the six substitutions
involved hydrophobic, unnatural amino acids. Strikingly, the
optimized activation domain analogue worked even in the
absence of a coupled binding domain: no further increase in
potency was observed when the high-affinity carrier was
restored (Figure 28).

This observation alone is interesting because it has been
suggested that click chemistry is an emerging power tool for the
development of ligands for the receptor activation and binding
studies.

Several research groups used the click chemistry reaction for
the development of selective agonist, antagonist, and efficient
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Figure 28. Peptide—peptide conjugates bind to and activate the
corticotropin-releasing-factor receptor 1 (CRFIR). (a) The C-terminal
binding domain of the CRF analogue ligand interacts with the
extracellular N-terminal domain of CRF1R, whereas the N-terminal
activation domain causes receptor activation by interacting with its
helical bundle region. (b) A “clickable” link is introduced between two
independent functional units of the CRF analogue, which facilitates
optimization of agonist activity of the N-terminal activation domain.

binding ligands for various GPCR receptors. These develop-
ments of the new agonist, antagonist, and eflicient binding
ligands are very useful in the new drug discovery for uncured
diseases. Here, we are presenting some of the click chemistry
literature used in selective agonist, antagonist, and efficient
binding ligands development.

5.1. Selective Agonists

The adenosine receptor (AR) is a G protein-coupled receptor,
found in myocytes, astrocytes, neurons, neutrophils, eosino-
phils, and other cell types. Both A;AR agonists and antagonists
are proposed for the treatment of cancer and inflammatory
diseases. An antiischemic effect of A;AR agonists also suggests
their use in the protection of skeletal muscle and cardiac
muscle."**

Calenbergh and his workers explored click chemistry to
synthesize two series of 2-(1,2,3-triazolyl)adenosine derivatives.
Binding affinity at the human A,, A,, and A;ARs (adenosine
receptors) and relative efficacy at the AjAR of these
compounds were determined. Some triazol-1-yl analogues
showed A;AR affinity in the low nanomolar range, with a
high ratio of A;/A,A selectivity, and a moderate-to-high A;/A,
ratio. The 5’-OH ethyluronamide analogues showed increased
A AR affinity and behaved as full agonists, that is, compound
114 (Fi%ure 29), with 910-fold A;/A, selectivity with K; = 1.8 +
0.6 nM.™**

Jacobson et al. employed click chemistry for the synthesis of
2-dialkynyl derivatives of N-methanocarba trizole nucleosides
for A; adenosine receptor-selective agonists” development. The
most potent and selective novel compound was a 1-adamantyl
derivative 115 (K; = 6.5 nM, Figure 29), which suggested the
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existence of a hydrophobic binding pocket in this region of the
receptor. Curiously, this compound proved to be a partial
agonist of the A;AR with only 27.8% of the maximal efficacy in
comparison to 5'-N-ethylcarboxamidoadenosine.'*’

The same research group also developed a series of potent
and selective A; adenosine receptor (AR) agonists (north-
methanocarba nucleoside 5’-uronamides) containing dialkyne
groups on extended adenine C2 substituents. Polyamidoamine
(PAMAM) dendrimer trizole conjugate series was prepared
using click chemistry reaction of alkyne of a 2-octadiynyl
nucleoside and azide-derivatized G4 (fourth-generation)
PAMAM dendrimers. A;AR activation was preserved in these
multivalent conjugates, which bound with an apparent K; of
0.1-0.3 nM. A bifunctional conjugate 116 (Figure 29)
activated both A; and A, with selectivity in comparison to
other ARs receptors."°

Ten 1,4-disubstituted 1,2,3-triazoles were prepared and
tested for their ability to increase oleic acid oxidation in
human myotubes using a high-throughput multiwell assay.
Compound 117 (Figure 29) exhibited potent agonist activities
with peroxisome proliferator-activated receptors (PPAR).
Compound 117 exhibited dual agonist effects for both
PPARa and PPARY in a luciferase-based assay with an ECy,
value of 0.85 nM."!

A series of new l-aryl-3-benzazepine derivatives containing
an arylpiperazinyl function as the N3 substituent were
synthesized by combining a D1 receptor agonistic pharmaco-
phore and a SHT,, receptor pharmacophore through click
reaction. Compound 118 (Figure 29) showed the highest
affinity at the SHT,, receptor with a K; value of 85 nM.
Functional assays indicated that compound 118 showed full
agonistic activity with S-HT, receptor.152

The cytokine MIF is involved in inflammation and cell
proliferation via pathways initiated by its binding to the trans
membrane receptor CD74. MIF also promotes AMPK
(adenosine monophosphate-activated protein kinase) activation
with potential benefits for response to myocardial infarction
and ischemia-reperfusion. Jorgensen and his co-workers
reported the design and synthesis of agonists for MIF-CD74
receptors using click chemistry. The three compounds (119a,
119b, and 119c, Figure 29) showed full agonist effect with
MIF-CD74 receptor.">

The 4l-amino acid peptide corticotropin releasing factor
(CRF) is a major modulator of the mammalian stress response.
Upon stressful stimuli, it binds to the corticotropin releasing
factor receptor 1 (CRF1R), a typical member of the class-B G-
protein-coupled receptors (GPCRs) and a prime target in the
treatment of mood disorders."*”'>*

Hausch and his co-workers employed click chemistry for the
development of peptide—peptide conjugates ligand synthesis
for full activator of CRF1R using a high-throughput approach.
An acetylene-tagged peptide library was synthesized and
conjugated to an azide-modified high-affinity carrier peptide
derived from the CRF C-terminus using copper-catalyzed
dipolar cycloaddition. The resulting conjugates reconstituted
potent agonists and were tested in situ for activation of the
CRF1 receptor in a cell-based assay. Compound 120 (Figure
29) showed good activation and binding affinity toward CRF1
receptor. Some unnatural aminoacid peptide—peptide con-
jugates also were synthesized using click chemistry, and these
unnatural amino acid peptide—peptide conjugates showed good
binding affinity and activation with CRF1 receptor with ICs,
values of 1.6 & 1.0 nM. By use of this approach, researchers
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Figure 29. Chemical structures of agonist effect on various receptors synthesized via click chemistry.

achieved the following outcomes: (i) defined the minimal
sequence motif that is required for full receptor activation, (ii)
identified the critical functional groups and structure—activity
relationships, (iii) developed an optimized, highly modified
peptide probe with high potency (ECs, = 4 nM) that is specific
for the activation domain of the receptor, and (iv) probed the
behavioral role of CRF receptors in living mice.'>*

5.2. Selective Antagonists

Jacobson and his co-workers prepared GPCR ligand—
dendrimer (GLiDe) conjugates from a potent adenosine
receptor (AR) antagonist for treating Parkinson’s disease,
asthma, and other diseases. Xanthine amine congener (XAC)
was appended with an alkyne group on an extended C8
substituent for coupling by Cu(I)-catalyzed click chemistry with
azide-derivatized G4 (fourth-generation) PAMAM dendrimers
to form triazoles. These conjugates also contained triazole-
linked PEG groups (8 or 22 moieties per 64 terminal positions)
for increasing water-solubility and optional prosthetic groups
for spectroscopic characterization and affinity labeling. Human
AR binding affinity increased progressively with the degree of
xanthine substitution to reach K; values in the nanomolar range.
The order of affinity of each conjugate was hA,AR > hA;AR >
hA,AR, while the corresponding monomer was ranked hA,AR
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> hAjAR > hA;AR. The antagonist activity of the most potent
conjugate 121 (Figure 30) (34 xanthines per dendrimer) was
examined at the Gj-coupled A)AR, and it showed significant
binding affinity toward A,AR at low nanomolar concentration.
Conjugate 122 (Figure 30) showed most potent antagonist
activity toward A,AR with a K; value of 62 + 0.9 nM.">

“Click chemistry” was explored to synthesize two series of 2-
(1,2,3-triazolyl)adenosine derivatives. Binding affinity at the
human A;, A), and A;ARs (adenosine receptors) and relative
efficacy at the A;AR were determined. 2-Triazole analogues
with an unmodified ribose moiety 123 (Figure 30) showed
good antagonist activity at the A;AR."*®

Chaiken and his co-workers explored click chemistry for the
synthesis of high-affinity dual antagonist for HIV-1 envelope
glycoprotein gp120. The peptide 124 (Figure 30) of (25,4S)-4-
(4-phenyl-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxylic acid
(Kg = 12.7 nM) at residue position 6 was binding to gp120
with an affinity 2 orders of magnitude greater than that of the
parent peptide and strongly inhibits the interaction of gp120
with both CD4."%

A series of peptide conjugates was constructed via click
reaction of both aryl and alkyl acetylenes with an internally
incorporated azidoproline derived from the parent peptide.

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 30. Chemical structures of antagonist effect on various receptors synthesized via click chemistry.

These conjugates (compound 125, Figure 30) were found to
exhibit several orders of magnitude increase in both affinity for
HIV-1 gp120 and inhibition potencies at both the CD4 and the
coreceptor binding sites of gp120 with Ky = 9 nM. Structural
factors in the added triazole grouping were responsible for the
increased binding affinity and antiviral activity of the dual
inhibitor conjugates. Peptide conjugate potencies were
measured in both kinetic and cell infection assays. High affinity
was sterically specific, being exhibited by the cis- but not the
trans-triazole. The results demonstrated that aromatic, hydro-
phobic, and steric features in the residue 6 side-chain are
important for increased affinity and inhibition (compound 125,
Figure 30)."%

De novo design of small molecules to bind to the MIF
tautomerase active site was carried out using the program
BOMB (biochemical and organic model builder) and aryl-1,2,3-
triazole derivatives were discovered that also showed 1 yM
potency in inhibiting the binding of MIF to its receptor CD74.
Compound 126 (Figure 31) showed antagonist effect with
CD74 receptor with ICs, = 0.9 uM.'>?

Gmeiner and his co-workers employed click chemistry for
the synthesis of 1,1’-substituted ferrocene trizole derivatives for
the development of novel antagonist for dopamine receptor.
The 1,1"-substituted ferrocene triazole derived appendages
were used for the fine-tuning of biological activity and for the
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attachment of linker units generating bivalent GPCR ligands.
Receptor binding was evaluated by radio-ligand displacement
experiments, revealing super affinity with sub- to single-digit
nanomolar K; values for particular test compounds. As a neutral
antagonist at the dopamine receptors D3 and D4 and a potent
partial agonist at the D2 subtype (intrinsic activity = 57%, ECs,
= 2.5 nM), the bifunctional ferrocene 127 (Figure 31) revealed
a novel and unique activity profile.'>®

Dopamine D2 receptor homo dimers might be of particular
importance in the pathophysiology of schizophrenia and, thus,
serve as promising target proteins for the discovery of typical
antipsychotics. A highly attractive approach to investigate and
control GPCR dimerization may be provided by the exploration
and characterization of bivalent ligands, which can act as
molecular probes simultaneously binding two adjacent binding
sites of a dimer. The synthesis of bivalent dopamine D2
receptor ligands was described, incorporating the privileged
structure of 1,4-disubstituted aromatic piperidines/piperazines
(1,4-DAPs) and triazolyl-linked spacer elements. Radioligand
binding assays revealed that the bivalent ligands exhibited a
distinct binding profile as compared to monovalent analogues
containing capped spacer and asymmetric “dummy ligands”
incorporating one original pharmacophore, while the second
pharmacophore is replaced by a structurally similar nonbinding
motif. Bivalent ligands 128 and 129 (Figure 31) revealed a

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 31. Chemical structures of antagonist effect on various receptors synthesized via click chemistry.

most potent binding affinity toward the D2 receptors with K = ration of a fluorophore (Lissamine Rhodamine B), a non-
22 + 2.4 and 67 + 12 nM binding affinity toward thlong.lsg fluorescent dye (Patent Blue VF), or biotin into a muscarinic

Ozoe and his co-workers recently reported the synthesis and antagonist scaffold was derived from pirenzepine using click
docking studies of 1-phenyl-1H-1,2,3-triazoles as selective chemistry. The affinity of the compounds for the human M1
antagonists for 3 over alf2y2 GABA receptors. Among all muscarinic receptor fused to EGFP (enhanced green
tested trizole compounds, the 4-n-propyl-5-chloromethyl fluorescent protein) was checked under classical radioligand
analogue of 1-(2,6-dichloro-4-trifluoromethylphenyl)-1H-1,2,3- and FRET (fluorescence resonance energy transfer) binding

triazole (compound 130, Figure 31) showed the highest level of assays. The pirenzepine constructs (131, Figure 31) displayed a
affinity for both B3 over alf2y2 receptors, with K; values of nanomolar affinity (K; = 16.3 nM) for the M1 receptor. In

0.659 and 266 nM, respectively.'* addition, both dye-labeled derivatives behave as potent
Tagged biologically active molecules represent powerful acceptors of energy from excited EGFP with a very high

pharmacological tools to study and characterize ligand receptor quenching efficiency.'®'

interactions. Click chemistry was used as a tool to facilitate the The expression and function of endothelin (ET) receptors

access to labeled novel pirenzepine derivatives. The incorpo- are abnormal in cardiovascular diseases, tumor progression, and
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Figure 32. Chemical structures of receptor-selective binding ligands explored via click chemistry.

tumor metastasis. Michel and his co-workers explored click
chemistry for the synthesis of new high affinity ET, selective
receptor ligands with ¢ log D values ranging from 1.50 to 3.90,
which allow systematic investigations of pharmacokinetic
properties and metabolic stability. The compound 132 (Figure
31) showed good selectivity toward ETp/ET, with K; = 37 +
22 nM for ETy and K, = 3.5 + 2.4 nM for ET,.'®

Wang and his co-workers employed click chemistry for the
synthesis of cyclopeptidic Smac (second mitochondria-derived
activator of caspase) mimetics. These two compounds (133, R
Ph, Bz) bind to XIAP (X-linked inhibitor of apoptosis
protein) and cIAP-1/2 (Cellular Inhibitor of Apoptosis-2) with
low nanomolar affinities, and restore the activities of caspase-9

and caspase-3/-7 inhibited by inhibitors of apoptosis proteins
(XIAP). Compound 133 (Figure 31) (IC;, = 0.43 nM
antagonist effect with XIAP4 (R = phenyl), IC5, = 1.3 nM
antagonist effect with XIAP4 (R = benzyl)) potently inhibits
cancer cell growth and is 5—8 times more potent than the initial
lead compound.'®®
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5.3. Selective Binding Ligands

The histamine Hy; (H3R) and H, (H,R) receptors attract
considerable interest from the medicinal chemistry community.
It is playing an important role in inflammation and immune
responses with possible applications in diseases such as
inflammatory bowel disease, allergic asthma, and pruritis.
Interrogated H,R/H;R selectivities use ligands with a triazole
core. Wijtmans and co-workers employed Cu(I)-assisted “click
chemistry” to assemble diverse triazole compounds containing a
peripheral imidazole group. The imidazole ring posed some
problems in the click chemistry putatively due to Cu(Il)
coordination, but Boc protection of the imidazole and removal
of oxygen from the reaction mixture provided effective
strategies. Pharmacological studies of triazole scaffold proved
remarkably sensitive H,R affinities. With subtle changes in the
aliphatic group, 134 and 135 (Figure 32) were obtained, which
boosted high H,R affinity (pK; = 8.08 and 7.12) and a good
H,R/H;R selectivity of 15 and 10 noteworthy for a mono-
substituted imidazole compound. In contrast, a replacement of
both peripheral groups by piperidines led to compound 136

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 33. Chemical structures of efficiently receptor binding ligands synthesized via click chemistry.

with good H;R affinity (pK; = 6.92) and excellent H;R/H,R
selectivity (320).'%*

Human histamine H, receptors (hH;R) in the central
nervous system (CNS) are auto- and heteroreceptors
modulating the synthesis and the release of histamine as well
as the liberation of various other neurotransmitters. Hence,
histaminergic neurons, which spread from the tuberomamillary
nucleus into most parts of the brain, influence the neuro-
transmitter balance in the respective compartments in the
dependence of colocalized neurons. Central functions like
vigilance, attention, and learning are affected. Modulation of
this neuronal interplay by hH;R antagonists/inverse agonists
might be an effective approach in the therapy of neuronal
diseases, for example, cognitive impairment, sleep/wake
disorders, epilepsy, and obesity. The diversity of potential
indications gives a hint of the complexity of #H;R modulation.
Stark and his co-worker employed click chemistry for the
synthesis of human histamine Hj receptor (hH3R) binding
ligands using w-piperidinylalkayl azide derivatives. Compound
137 (Figure 32) (pK; = 6.6) showed the most binding affinity
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toward hH3R within this series, showing receptor bindin,
affinity in the nano- and subnanomolar concentration range."

Dopamine (DA) D, receptor belongs to the D,-like
subfamily of dopamine receptors, including D,, D;, and D,,
functionally distinct from the D,-like subfamily (D, and D). D,
receptor is implicated in a variety of brain functions and
proposed as a promising therapeutic target for a number of
neurological and psychiatric disorders, including schizophrenia,
depression, drug abuse, Parkinson’s disease, and restless leg
syndrome. Zhang and co-workers explored click chemistry for
the synthesis of a series of new aporphine analogues
(aporlogues) prepared from appropriate precursors and aryl
piperazines. Compound 138 (Figure 32) displayed good to
high affinity at the D; receptor, and low or no affinity at the D,
and D, receptors with K; = 1.14 nM against D; receptor.
Compound 139 (Figure 32) was identified as the most potent
at the D; and D, receptors among our newly synthesized
analogues with K| values of 1.9 and 0.206 yM against D, and D,
receptor, respectively.166

Gmeiner et al. successfully applied click chemistry for a
parallel synthesis of dopaminergic phenyltriazoles utilizing the

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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triazolylmethylcatechol (TMC) resin. A focused model library
of 20 test compounds revealing three points of diversity was
generated by a three-step SPOS (solid-phase organic synthesis)
approach. Product purification was performed employing a
solid-supported carboxylic acid anhydride as a scavenger.
GPCR-ligand binding screening revealed dopamine D; ligand
(140, Figure 32) with K; values in the single digit nanomolar
range. Also, compound 141 showed good binding affinity
toward Pal with a K; value of 6.5 nM.'®’

Gmeiner and his research group employed click chemistry
for a parallel solid-supported synthesis of formylaryloxymethyl-
triazole (FAMT) resins. A library of 60 test compounds
revealing three points of diversity was generated by a four-step
BAL-based strategy including reductive amination, acylation,
1,3-dipolar cycloaddition, and TFA-induced cleavage. The
target compounds were screened for neuroreceptor binding
employing eight different GPCRs, whereas high-affinity
dopamine D3 and al-receptor binders were identified. The
library members 142, 143, and 144 (Figures 32 and 33)
revealed K; values (K; = 56 pm for compound 142, K; = 58 pm
for compound 143, and K; = 58 pm for compound 144) for the
Pal receptor in the medium picomolar range.'®®

Integrin receptors constitute a large family of proteins with
structural characteristics of noncovalent heterodimeric glyco-
proteins formed of a and S subunits. One important
recognition site for many integrins is the arginine-glycine-
aspartic acid (RGDa) tripeptide sequence, found in a series of
peptide-based ligands such as vitronectin, fibronectin, and
osteopontin. Regarding RGD-dependent integrins, a,f; and
a,fs receptors have received increasing attention as therapeutic
targets, as they are expressed in various cell types and are
involved in inflammatory and tumor-related processes. a,f;
integrin expression is up-regulated in many solid tumors and
contributes to the mechanisms involved in tumor growth and
metastatic dissemination. During the progression from a benign
melanocytic disease to a metastatic malignant melanoma,
melanocytes undergo a series of changes in the expression of
cell-surface molecules, including a,f; integrin. Guarna and his
co-workers employed click chemistry for the discovery of
triazole-based arginine-glycine-aspartate (RGD) mimetics,
which showed binding affinity properties toward a,f;/a,fs
integrins. Biological assays showed compound 145 (Figure 33)
capable of binding a,f; integrin with nanomolar affinity (K =
1.35 + 0.25 nM binding affinity toward a,f; and K; = 1.02 +
0.12 nM binding affinity toward a,f;) according to a two-sites
model, and molecular modeling studies revealed a peculiar 7-
stacking interaction between the triazole ring and Tyr178 side
chain. Accordingly, compound 145 inhibited the adhesion of
integrin-expressing human melanoma cells to RGD-containing
proteins of the extracellular matrix, such as vitronectin,
fibronectin, and osteopontin, and also angiogenesis in the in
vitro and in vivo experimental models. The relevant biological
effects exerted by compound 145 suggest its potential
application as an antiangiogenic agent in the diagnosis and
therapy of tumors where «f; integrin expression is up-
regulated.'®

The wide range of pharmacological effects of cannabinoid
and endogenous cannabinoid ligands is mediated by two
subtypes of transmembrane G-protein coupled receptors: CB1
and CB2. CB1 receptors are expressed in the central nervous
system (CNS) with high density in the cerebellum, hippo-
campus, and striatum. CBl receptors are found in some
peripheral tissues (urinary bladder, testis, and ileum) as well.
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CB2 receptors are predominantly located in the immune
system (tonsils, spleen, and immune cells) with very low
concentration in the CNS.° CB1 agonists have potential
therapeutic applications in developing drugs for pain, nausea,
glaucoma, stroke, cancer, and neurological disorders such as
multiple sclerosis and Parkinson’s disease. The potential
applications of CB1 antagonists include the therapeutic
treatment of obesity and related metabolic disorders as well
as medications for drug addiction. Trudell and his workers
employed click chemistry for the synthesis of a series of 4-
alkoxycarbonyl-1,5-diaryl-1,2,3-triazoles and evaluated them as
a novel class of potent cannabinoid receptor ligands. The n-
propyl ester 146 (K; = 4.6 nM, Figure 33) exhibited the most
potent binding affinity toward cannabinoid receptor of the
series.

AMPA receptors are heterotetrameric combinations of
GluR1—4 subunits that provide the major fast excitatory inputs
in the CNS. Regulation of AMPA receptor number at the post
synaptic membrane contributes to changes in synapse strength
and to synaptic plasticity. Such regulation requires a synaptic
infrastructure that controls the trafficking and localization of
receptors, such as through the interaction of receptors with
synaptic scaffolding proteins. The central nervous system
glutamate receptors are an important target for drug discovery.
Abell and his co-workers reported the synthesis and glutamate
receptor activity of 1,4- and 1,5-disubstituted 1,2,3-triazolyl
amino acid glutamate homologues. In vitro screening indicated
selective binding for 147 (Figure 33) at AMPA receptors of the
series with an ICq, value of 49 uM."”!

Neurotensin (NT) is an amino acid containing neuro peptide
expressed within the central nervous system and in peripheral
tissues like the gastrointestinal tract system. NT binds to the
neurotensin receptor (NTR) where three different subtypes,
NTRI1, NTR2, and NTR3, are characterized. NTRI and NTR2
belong to the family of G-protein coupled receptors, and their
internalization mechanism via receptor-mediated endocytosis is
well described by Mazella et al.'’>® In the past decade,
numerous studies described NTR as a promising target for
cancer diagnosis and therapy. Wuest and co-workers employed
click chemistry for the synthesis of neurotensin containing
peptide heterodimers analogues. Neurotensin-containing pep-
tide dimers analogues were used in an in vitro binding assay to
determine binding affinity toward the neurotensin receptor-1
(NTR1). The determined ICy, values of 0.7 uM indicated only
very low binding affinity of the neurotensin (compound 148,
Figure 33)-containing peptide hetero dimer toward the
NTRL.'7?

The growth factor receptor-bound protein 2 (Grb2) is an
SH2 domain-containing signal transducer that represents an
attractive therapeutic target. For Grb2 SH2 domains, where
open-chain “pTyr-Xxx-Asn” sequences are preferentially
recognized in type-I f-turn conformations, induction of turn
geometries through macrocyclization using ring-closing olefin
metathesis2 (RCM) has resulted in a number of potent binding
inhibitors. Burke and his workers employed click chemistry for
the synthesis of triazole-containing macrocycles based on the
Grb2 SH2 domain-binding motif, “Pmp-Ac6c-Asn”, where Pmp
and Ac6c stand for 4-phosphonomethylphenylalanine and a-
amino cyclohexane carboxylic acid, respectively. In Grb2 SH2,
domain-binding assays revealed that compound 149 (Figure
33) showed the most binding affinity toward Grb2 SH2 of the
series with Ky, = 1.8 nM and Ky, = 4.0 nM.'”
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Figure 34. Chemical structures of anticancer drugs constructed via click chemistry.

Ghadiri and co-workers also reported 1,4-substituted triazole-
based peptidomimetics as ligands for the somatostatin receptor
(SSTR). Here, the triazole was used to mimic a trans-peptide
bond within a tetrapeptide. Sixteen stereoisomeric peptidomi-
metics were synthesized by CuAAC, using the ligand TBTA to
suppress competing homodimer formation (compound 150,
Figure 33). NMR analysis showed that all compounds existed
in a single conformation on the NMR time scale. The
compounds exhibited diverse selectivity against the five
human SSTR subtypes 1—5. In an attempt to define the
three-dimensional pharmacophoric requirements for receptor
binding, the most potent human SSTR subtype 4 peptidomi-
metic was overlaid with all of the other peptidomimetics. Three
ligand groups were thus identified: selective ligands, broad
spectrum binders, and low affinity ligands. Compound 150
displayed a ICy, value of 67 + 30 nM blndmg affinity toward
hSSTR, (human somatostatin receptor-3).'7*

6. CLICK CHEMISTRY IN DRUG DEVELOPMENT USING
FRAGMENT-BASED DRUG DISCOVERY

The main target in medicinal chemistry is to synthesize
compounds or libraries of compounds during the process of
drug discovery or lead optimization, and for this reason, this
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field is particularly attracted to synthetic methodologies that
allow rapid construction of molecules. The identification of
such rapid synthetic strategies should allow the medicinal
chemist to assemble a large number of biologically active
compounds in a very short period of time, speeding up the
process of discovery and lead optimization. Click chemistry is
one of the powerful tools to synthesize many drugs using
fragment-based drug screening methods."”>'7® This click-
FBDD-based screening allows for more eflicient lead
identification and lead optimization procedures in medicinal
chemistry. In this context, it is easy to predict the usefulness of
this reaction in fragment-based ligand design. Triazole
peptidomimetic fragments are generated, and these could act
as building blocks to be used in the fragment-based approach to
drug discovery, thereby rendering this technique feasible in
drug discovery. Hence, we are describing some potential
applications of the click chemistry reaction found in the
literature toward novel drug development for many incurable
diseases such as anticancer, anti-TB, etc.'”>™178

Blagg and his co-workers employed click chemistry for the
synthesis of a series of triazole-containing novobiocin
analogues. These compounds contain a triazole ring in lieu of
the amide moiety present in the natural product. The

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 35. Chemical structures of anticancer drugs generated via click chemistry.

antiproliferative effects of these compounds were evaluated
against two breast cancer cell lines (SKBr-3 and MCF-7), and
manifested activities similar to those of their amide-containing
counterparts. In addition, Hsp90-dependent client protein
degradation was observed via Western blot analyses, supporting
a common mode of Hsp90 inhibition for both structural classes.
Compounds 151 and 152 showed most potent inhibition
against SKBr-3 and MCF-7 among homologous series with ICs,
=13.16 + 3.85 M against MCF-7 and ICsy = 21.22 + 5.99 uM
against SKBr-3 for compound 151. Compound 152 exhibited a
ICs, value of 18.33 + 4.67 uM against MCF-7 and ICy, = 8.17
+ 0.11 M against SKBr-3.'"°

A series of benzo-macrolactone dervatives were prepared by
click chemistry reaction and evaluated as inhibitors of heat
shock protein 90 (Hsp90), an emerging attractive target for
novel cancer therapeutic agents. A new synthesis of these
resorcylic acid macrolactone analogues of the natural product
radicicol is described in which the key steps are the acylation
and ring-opening of a homophthalic anhydride to give an
isocoumarin, followed by a ring-closing metathesis to form the
macrocycle. The novel triazole-macrocyclic lactones were
evaluated for Hsp90 inhibition in two Hsp90 binding assays:
the fluorescence polarization (FP) assay and the TR-Fret assay.
Their growth inhibitory potency in HCT116 human colon
cancer cell line, as measured by the SRB assay, was also
determined. Compound 153 (Figure 34) showed good
inhibition of Hsp90 in the FP assay in the series with ICs, =
2.7 + 1.3 uM."®°

1,2,3-Triazole-based molecules are useful pharmacophores
for several DNA-alkylating and cross-linking agents. A series of
A/C8, C/C2, and A/C8-C/C2-linked 1,2,3-triazole-pyrrolo-
[2,1-c][1,4]benzodiazepines (PBD) conjugates was synthesized
by employing “click” chemistry. These molecules exhibited
promising DNA-binding affinity and were evaluated for their in
vitro anticancer activity in selected human cancer cell lines of
breast (Zr-75-1, MCF7), oral (KB, DWD, Gurav), ovary
(A2780), colon (Colo205), lung (AS49), prostate (PC3), and
cervix (SiHa) by using the sulforhodamine B (SRB) method.
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Especially, compound 154 (Figure 34) showed good inhibition
(Glso = 0.15 uM against DWD, Glg, = 0.16 M against A2780,
Gl = 0.17 uM against PC3, and Gl = 0.12 yM against SiHa)
against various cancer cells such as oral, ovary, colon, lung,
prostate, and cervix.'®'

Chang and his co-workers employed click chemistry for the
synthesis of a library of carbohydrate—cyclopamine conjugates.
The synthetic protocol is suitable for generating cyclopamine
derivatives with various structural motifs for exploring the
desired activity. From this initial library, we have observed one
derivative that exhibits improved activity against lung cancer
cell as compared to cyclopamine. Compound 155 (Figure 34)
expressed potent activity against lung cancer cell lines with ICs
value of 33 uM.'**

Ryu and his co-workers developed click fragment-based
approach for rapid synthesis of Lavendustin-mimetic small
molecules modifying the linker —CH,—NH— with a 1,2,3-
triazole ring. Two pharmacophoric fragments of lavendustin
were varied to investigate chemical space, and the auxophoric
—CH,—NH-— was altered to a 1,2,3-triazole for rapid click
conjugation. The small molecules were evaluated against
HCT116 colon cancer and CCRF-CEM leukemia cell lines.
Among 28 analogues, 3-phenylpropyl ester 156 (Figure 34)
inhibited CCRF-CEM leukemia cell growth with a G, value of
0.9 uM.'®

A series of 4f-[(4-alkyl)-1,2,3-triazol-1-yl] podophyllotoxin
derivatives were synthesized by employing the click chemistry
approach and were evaluated for cytotoxicity against a panel of
human cancer cell lines (SF-295, A-549, PC-3, Hep-2, HCT-1S,
and MCF-7). The majority of the compounds proved to be
more potent than etoposide, and select compounds 157 and
158 (Figure 34) exhibited significant anticancer activity with
ICs, values in the range of 0.001—1 yM. DNA fragmentation
and flow-cytometric results reveal that 4f-[(4-alkyl)-1,2,3-
triazol-1-yl] podophyllotoxin derivatives induce dose-depend-
ent apoptosis. Docking experiments showed a good correlation
between their calculated interaction energies with the

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 36. Chemical structures of antimicrobial, antibiotic, and some other drugs constructed via click chemistry.

topoisomerase-II and the observed ICs, values of all of these
compounds.'**

Kumar and co-workers reported the synthesis of a series of
novel 4f-[(4-substituted)-1,2,3-triazol-1-yl]podophyllotoxin
derivatives by employing Cul-catalyzed click chemistry and
evaluated for their anticancer activity against a panel of seven
human cancer cell lines (HT-29, HCT-15, 502713, HOP-62, A-
549, MCF-7, and SF-295). Compound 159 (Figure 35) showed
significant cytotoxic activities especially against HT-29, HCT-
15, 502713, and HOP-62 cell lines with ICy, = 0.34 M against
HT-29, ICsy = 0.53 uM against HCT-15, 1C5, = 0.32 uM
against 502713, and ICy, = 0.5 uM against HOP-62."%

Kim and his co-workers employed click chemistry for the
synthesis of CS-modified nucleosides from 5-iodo-2'-deoxyur-
idine and their activity against six types of human cancer cell
lines (HCT15, MM231, NCI-H23, NUGC-3, PC-3, ACHN).
Researchers synthesized several azides from benzylic bromides,
and their click reactions with S5-ethynyl-2’-deoxyuridine
provided triazole derivatives. Compound 160 (Figure 35)
revealed good inhibition against lungs cancer lines (NCI-H23)
with ICy, = 77.2 uM."®¢

Danishefsky et al. employed click chemistry for the synthesis
of novel heat shock protein 90 (Hsp90)-based anticancer agent,
triazole-cycloproparadicicol derivative. The key step involved
an eflicient cross coupling reaction using a “click” type
construction. Preliminary biological evaluations revealed
triazole-cycloproparadicicol 161 (Figure 35) as a potent
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inhibitor of Hsp90, with ICy, = 400 nM. Triazole-cyclo-
proparadicicol 161 also displayed significant in vitro inhibitory
activity against the leukemia cell line Kasumi-1 (IC, = 650
nM).1¥7

STATS3 (signal transducers and activators of transcription 3)
is a promising molecular target for the design of new anticancer
drugs. Wang and co-workers reported the synthesis of
conformationally constrained macrocyclic peptidomimetic
analogues via click chemistry. Compound 162 (Figure 35)
was revealed to bind to STAT3 with a K, value of 7.3 uM in a
competitive fluorescence-polarization-based binding assay,
representing a promising initial lead compound.'®*'®

Herczegh and his co-workers employed click chemistry for
the synthesis of sugar derivatives of ristocetin from azido-
ristocetin aglycon and various propargyl glycosides. Some of
the sugar derivatives were found active against Gram-positive
bacteria and showed favorable antiviral activity against the
HINI subtype of influenza A virus. Compound 163 (Figure
36) showed good inhibition activity against HIN1 subtype of
influenza A virus with an ECy, value of 4.0 uM."”°

DNA intercalators have found great utility as antitumor
agents, from natural products such as doxorubicin and
actinomycin D to synthetic agents such as mitoxantrone and
amsacrine. Amsacrine is an acridine that binds to DNA and
inhibits the enzyme topoisomerase. A small set of 9-
aminoacridine-3- and 4-carboxamides were synthesized effi-
ciently using benzyne/azide click chemistry. The synthesis of
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threading intercalators was bound to DNA with reasonable
affinity and had up to low micromolar antitumor activity.
Compound 164 (Figure 36) revealed good antitumor activity
with HL60 cell line with ICgy = 5.4 uM."!

Caamaflo et al. reported the synthesis and biological
evaluation as antiviral agents of a series of racemic 4-aryl-
1,2,3-triazolo-2,3’-dideoxy-2"-iodocarbanucleosides and 4-aryl-
1,2,3-triazolo-2",3’-dideoxy-2’,3’-didehydrocarbanucleosides
using the click chemistry reaction. These compounds were
evaluated for their inhibitory activities against cytomegalovirus
(CMV Davis strain) and varicella-zoster virus (TK'VZV,
thymidine kinase positive strain, and TK"VZV, thymidine
kinase deficient strain) in human embryonic lung (HEL) cells.
Compound 165 (Figure 36) exhibited specific inhibitory
potential against TK*'VZV (ECs = 4.5 pg/mL™").""

Boechat and co-workers reported the synthesis of 4-
substituted N-phenyl-1,2,3-triazole derivatives using click
chemistry. The derivatives were screened in vitro for
antimicrobial activity against Mycobacterium tuberculosis strain
H37Rv (ATCC 27294) using the Alamar Blue susceptibility
test. The activity was expressed as the minimum inhibitory
concentration (MIC) in pg/mL (uM). Derivatives of isoniazid
(INH), (E)-N’-[(1-aryl)-1H-1,2,3-triazole-4-yl)methylene] iso-
nicotinoyl hydrazides (166, Figure 36), exhibited significant
activity with MIC values ranging from 2.5 to 0.62 pg/mL. In
addition, they displayed low cytotoxicity against liver cells
(hepatoma HepG2) and kidney cells (BGM), thereby
providing a high therapeutic index.'”

Among the best-known examples of triazole-containing
structures is tazobactam, a f-lactamase inhibitor that is
marketed in combination with the broad spectrum antibiotic
piperacillin. Tazobactam (167a) and related triazole-containing
compounds (167b and 167c; Figure 36) turned out to be
potent f-lactamase inhibitors with higher potency than
clavulanic acid and sulbactam, and the triazole ring appears to
play a pivotal role for its potency.'**

Epilepsy is a neurological disorder characterized by
unprovoked seizures affecting at least 50 million people
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worldwide. There is a continuing demand for new anti-
convulsant agents as it has not been possible to control every
kind of seizure with the currently available antiepileptic drugs.
Compound 168 (Figure 36) exhibiting antiepileptic activity was
generated via click chemistry.'*>*

Genazzani et al. employed click chemistry to generate
triazole-substituted resveratrol analogues. Resveratrol possesses
numerous therapeutic actions including cytotoxic activity, and
therefore the rapid synthesis of these triazole-containing
resveratrol analogues was utilized to generate an enormous
chemical database for preliminary screening of analogues with
an antitumoral potential. Some of the compounds screened
were found to be more potent (compound 169, F'ggure 36)
than resveratrol as cytotoxic/antiproliferative agents." >

7. CLICK CHEMISTRY AND BIOORTHOGONAL
CHEMISTRY

Understanding many biological structures and functions in the
living system is essential for uncovering the secrets of biology,
but it remains extremely challenging because of the high
complexity of biological processes networks and their wiring.
The daunting task of elucidating these interconnections
requires the concerted application of methods emerging from
different disciplines. Chemical biology integrates chemistry,
biology, and pharmacology and has provided novel techniques
and approaches to the investigation of biological processes.
Among these, site-specific protein labeling with functional
groups such as fluorophors, spin probes, and affinity tags has
greatly facilitated both in vitro and in vivo studies of protein
structure and function.'”®

The ability to achieve high selectivity in the modification of a
protein or cell that exists within a complex sample represents an
extremely advantageous skill needed for studies conducted in a
broad range of chemical and biological systems. In particular,
the selective derivatization of biomolecules long presented a
significant barrier due to the vast array of functionality present
in biological systems, rendering side reactions and nonspecific
labeling all but unavoidable. Recently, a series of chemical
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reactions that are orthogonal to functional groups present
within biological systems have revolutionized this field through
the unprecedented selectivity they exhibit in the tag%ing of
biological targets within complex samples (Figure 37)."”

A prime example of the advantages of orthogonal reactivity is
presented by a family of reactions collectively termed “click
chemistry”. The attributes of these transformations render them
particularly advantageous for achieving the selective coupling of
molecules within a complex biological environment. This ability
has opened the door to a range of applications in chemical
biology that have greatly enhanced the efliciency of biological
studies aimed at understanding natural systems. This current
topic provides an introduction to the profound effects that click
chemistry and bioorthogonal reactions had on state-of-the-art
biological applications, including biomolecule labeling and
imaging, and activity-based protein proﬁling.l%_198

The bioorthogonal nature of click chemistry components
lends these reactions as valuable tools for the selective labeling
and detection of biological molecules in complex samples such
as cellular extracts and ultimately in vivo (Figure 38). Such
studies are necessary to understand the complex nuances of
spatial and temporal aspects of biomolecule localization and
function within the cell. The Staudinger ligation and azide—
alkyne cycloadditions have both proven to be effective for these
challenging tasks and have now been employed for selective
derivatization of a wide range of biomolecules, including
proteins, viruses, sugars, DNA, RNA, and lipids (Figure 38)."

Bioorthogonal chemistry encompasses a broad arena of
science at the interface between molecular biology and
chemistry. Bioorthogonal chemistry techniques generally
involve the covalent attachment of synthetic labels to a
biomolecular framework. Examples include the modification
of proteins and nucleic acids by incorporation of fluorophores,
ligands, chelates, radioisotopes, and affinity tags, or modifica-
tions such as fusing two or more proteins together or linking a
complex carbohydrate with a peptide. The power of
bioorthogonal chemistry extends to the labeling of biomole-
cules in vivo. The bioorthogonal chemical reporter technique
has been employed to probe enzymes in living systems as a
function of their catalytic activity. Standard biochemical
techniques such as in situ hybridization, which probes for
mRNA, or antibody staining, cannot distinguish between active
and inactive pools of enzymes. Yet, knowledge of when a
particular enzyme was active could be critical to understanding
physiological processes as diverse as cancer, apoptosis, and
inflammation. Cravatt has pioneered the use of activity-based
protein profiling (ABPP), a technique in which enzymes were
covalently labeled with a mechanism-based inhibitor derivatized
either directly with an affinity tag or fluorophore or with a
bioorthogonal chemical reporter. In the latter case, a second
step, the bioorthogonal click reaction, was employed to append
the desired biophysical probe (Figure 39).'*77>*

Azide or alkyne tags are often easily introduced into small
molecules via chemical synthesis, the site-specific introduction
of these labels into more complicated structures; particularly
site-specific labeling proteins is significant challenge.>**~>%
One approach developed by Tirrell and co-workers exploited
the inability of certain tRNA synthetases employed for protein
biosynthesis to differentiate between natural amino acids and
analogues with closely related structures. Click chemistry was
used to improve the efficiency of this method by screening the
extent of unnatural amino acid incorporation by mutant tRNA
synthetases through post-translational modifications.**”

4945

Actiye site
tag

Peptide tag
- Amino S "
. arget IPYST K71 d ite-specific
Lipid N ¢ -_* Labeling

Residue-specific

Glycan
Labeling

tag

tag

- . N
] *
Figure 39. Strategies for labeling biomolecules with chemical reporters
in vitro and in vivo. (Clockwise from top left) Enzymes that are
catalytically active can be specifically labeled with activity-based probes
bearing chemical reporters. Proteins can be labeled with a chemical
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reporters using unnatural monosaccharide precursors. Lipids can be
metabolically labeled with chemical reporters using unnatural lipids.

Schultz and co-workers applied a site-specific incorporation
used for codon-reassignment of the amber stop codon UAG
and its corresponding tRNA (called the amber suppressor) in
combination with an orthogonal aminoacyl-tRNA synthetase to
place a noncanonical amino acid at precisely one position in the
selective modification protein (Figure 40a).”°* A number of
noncanonical amino acids incorporated into nascent proteins as
many mutants were generated using high-throughput screening
for the directed evolution of these enzymes. The amber
suppressor methodology requires substantial genetic manipu-
lations and, therefore, might be not readily applicable to
complex cellular systems or in vivo approaches. Schultz and co-
workers developed a powerful technique for site-specific
installation of unnatural amino acids by reengineering protein
synthesis. An orthogonal tRNA/mutant tRNA synthetase pair
was exploited to introduce a noncanonical amino acid at a
prescribed location. This was initially performed in Escherichia
coli and then subsequently expanded to eukaryotic and
mammalian cells by harnessing the amber codon in concert
with suppressor tRNA synthetases that were genetically
engineered to accept unnatural amino acids as substrates.
Using this strategy, an impressive array of amino acid
derivatives bearing various reactive or reporter groups,
including and bearing azide and alkyne tags, respectively, was
site-specifically incorporated into protein targets, the latter of
which can be subsequently modified via click chemis-
try, 200204205

Residue-specific replacement of natural amino acids with a
functionalized noncanonical surrogate is much simpler (Figure
40b). Key to this methodology is the recognition of
noncanonical amino acid surrogates by its corresponding
amino acyl tRNA synthetase (AARS), which guarantees the
fidelity of amino acid incorporation during translation, as the
ribosomes do not exert any quality control toward the charged
amino acid. Tirrell and co-workers showed that the methionyl
tRNA synthetase (MetRS) was promiscuous in accepting the
conservatively modified noncanonical amino acids azidoho-
moalanine (AHA) andhomopropargylglycine (HPG) in place
of methionine. AHA-charged or HPG-charged methionyl

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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tRNAs were used by ribosomes for translation in the absence of
the competing natural substrate methionine with this residue-
specific incorporation technology. Tirrell and co-workers
successfully labeled overexpressed proteins in Escherichia coli.
Later, this technology was expanded by the laboratories of
Schuman and Tirrell with the introduction of BONCAT
(bioorthogonal noncanonical amino acid tagging) to monitor
global de novo protein translation in different cell types and
culture systems with high specificity. During metabolic labeling
(that is very similar to traditional labeling with radioactive
methionine or cysteine), proteins were endowed with a novel
azide or alkyne functionality that serves to distinguish them
from the pool of pre-existing proteins. Employing either
copper-catalyzed azide—alkyne ligation (commonly referred to
as “click chemistry”) or strain-promoted cycloaddition, the
reactive azide group of AHA is covalently coupled to an alkyne
bearing tag in the second step, enabling subsequent imaging,
affinity purification, and MS identification procedures of tagged
proteins.zos_208
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Tirrell and Schuman refined the residue-specific incorpo-
ration of non-natural methionine surrogates to exclusively
target specified prokaryotic cells in a complex cellular mixture
(Figure 40c). Expression of a mutant MetRS and using the
noncanonical amino acid azidonorleucine (ANL), which is
excluded by the endogenous MetRS due to its long side-chain,
restricted the visualization of de novo synthesized proteins to
cells expressing the mutant MetRS only.**®

Metabolic labeling of proteins using bioorthogonal chemical
reporters was not restricted to monitor global de novo protein
synthesis as analogous techniques capitalize on the manifold
potential of alkynes and azides to target other classes of
biomolecules such as glycans and lipids (Figure 40d).
Bioorthogonal chemical reporters in combination with azide—
alkyne ligation have been applied to track lipid-containing
molecules via azido lipid precursors tackling N-myristoylation,
S-palmitoylation, or farnesylation in living systems. Palmitoy-
lation was the most frequently observed lipid modification for
neuronal proteins and occurs with a few exceptions at cysteine

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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residues via the formation a labile thioester bond with saturated
palmitic acid. With the use of the palmitic analogue 17-
octadecynoic acid in a bioorthogonal metabolic labeling
approach, a total of 125 palmitoylated proteins were identified
in Jurkat cells, and the corresponding approaches were
described for myristoylated or farnesylated proteins as well.**

The basis of metabolic incorporation using unnatural sugar
analogues relies on the finding that certain metabolic pathways
were shown to tolerate minimally modified sugar precursors
(Figure 41). This was originally reported by Reutter and co-
workers, who successfully demonstrated the incorporation of
chemically synthesized N-propanoyl-p-mannosamine intomem-
brane and serum glycoproteins. Bertozzi and co-workers
adopted this approach with a ketone-modified N-acetyl-
mannosamine. They showed the unnatural sugar was efficiently
taken up by mammalian biosynthetic pathways and incorpo-
rated into sialic acid, which was eventually incorporated into
glycoproteins. The unnatural sugar bearing glycoconjugates on
the cell surface was subsequently labeled by a biotin-derivatized
hyrazide. Bertozzi’'s group further refined this strategy by
utilizing the azide-modified N-acetylmannosamine, and selec-
tive labeling of the azide-modified cell surface glycoconjugates
was observed with a modified Staudinger ligation using a

biotinylated triarylphosphine‘197,19s
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7.1. Site-Specific Labeling of Cells, Live Organisms, and
Proteins

The recent development of bioorthogonal click chemistry has
led to an explosion of interest in the selective covalent labeling
of biomolecules in cells and living organisms. In these labeling
reactions, one of the two bioorthogonal functional groups is
first incorporated into target biomolecules via genetic or
metabolic approaches. A biophysical probe, functionalized in a
complementary fashion, is introduced in the second step,
allowing detection or isolation of the target of interest. To
minimize perturbations to the physiological state of the cells or
organisms probed, an ideal ligation reaction must proceed in
water at neutral pH and at temperatures between 25 and 37 °C
without any cytotoxic effects. Further, the reactive partners
participating in this transformation must be inert to the native
functional groups present in the biological system. Many
research groups developed site-specific labeling methods for
labeling of cells, live organisms, and proteins. 210-216 gome
recent examples are presented blow.

A major advance in chemo-selective ligation on virus surfaces
used copper(I)-catalyzed azide—alkyne [3 + 2] cycloaddition
(CuAAC or dlick chemistry), where both virus nano particles
and the desired substrate can be specifically coupled in an
orthogonal manner without the use of protecting groups. One
particularly striking application of click chemistry was reported
by Finn et al,, in their studies on the conjugation of fluorescein
dye molecules onto the cowpea mosaic virus. The virus itself

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 43. Surface modification of proteins and tobacco mosaic virus of BSA and TMV to give fluorescent labeling products using click chemistry
reaction.
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resembles a cage-like molecule, formed from 60 identical copies
of a two-protein asymmetric unit, which surrounds the genetic
information in the core. The virus particle presented
functionality on its exterior surface, including the free amines
found in lysine, and thiols found in cysteine residues. The virus
particle was decorated with azide and alkyne functionality, via
peptide coupling (Figure 42) and thio-ether formation.”'*~>'?

The same research group again developed click chemistry-
based site-specific labeling of virus-like particle using NHS-ester
(aminothioester functional group) azide and fluorescein alkyne.
The polyvalent azide-decorated capsid was prepared by
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acylation of surface lysine and N-terminal amine groups (4
per subunit; 720 per particle) with a large excess of S-(3-
azidopropylamino)-S-oxopentanoic acid NHS ester. Subse-
quent click reaction of VNP (virus nano particle)-azides (1
mg mL™! protein, 0.4 mm in particles, approximately 280 mm
in azide) with only 2 equiv of fluorescein alkyne 13 per azide
(250 mm CuSO,, 1.25 mm 3, 5 mm aminoguanidine 4, S mm
sodium ascorbate, pH 7 phosphate buffer) for 1 h gave an
excellent yield of particles bearing an average of 630 dyes per
capsid, determined by MALDI-TOF.*'**'*!** The researchers
initially measured the mass of TMV surface-modified acetylenes

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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with m/z value of 17 664. After the click chemistry reaction,
TMV surface-modified trizoles exhibited the m/z range of 17
804—18 894.>'°

Alkyl sulfonium salts (ASS) can act as powerful alkylating
agents for biomolecules. Few studies have addressed the
application of sulfonium salts to the modification of
biomolecules such as nucleic acids and proteins. Xi and co-
worker developed a tandem method of sulfonium alkylation
and click chemistry for modification of biomolecules like
cowpea mosaic virus and BSA. Fluorescent labeling of proteins
and virus was successfully performed after simple incubation of
biomolecules with sulfonium salts followed by azido-containing
compound at room temperature. The mild and biocompatible
conditions of sulfonium alkylation followed by click chemistry
reactions used efficiently bioconjugate and a wide range of
compounds and/or functional groups to the surface of proteins
and virus (Figure 43).”"

Members of the Bacteroidales order are among the most
abundant gram-negative bacteria of the human colonic
microbiota. These species decorate their cell-surface glyco-
proteins with fucosylated glycans, which are believed to play
important roles in host intestinal colonization. Baughn and his
co-workers applied click chemistry for the chemical approach
directed toward labeling and detecting fucosylated glycopro-
teins from cultured Bacteroidales species, Bacteroides fragilis and
Parabacteroides distasonis. These bacteria were treated with an
alkyne-bearing fucose analogue, which was metabolically
integrated into the bacterial surface fucosylated glycoproteins.
FucAl, an alkynyl analogue of fucose, was metabolized by
Bacteroidales species and incorporated into the cell-surface
glycoproteins. The alkyne-tagged glycoproteins reacted with
azide-bearing biophysical probes via bioorthogonal click
chemistry for detection or glycol-proteomic analysis using
LC—MS analysis or fluorescent assay analysis (Figure 44)21

Finn and his co-workers employed click chemistry for rapidly
label of mammalian cells in culture with no loss in cell viability
in biological molecules in aqueous buffers.*'> Metabolic uptake
and display of the azide derivative of N-acetylmannosamine
developed by Bertozzi,'””"*® followed by CuAAC ligation using
sodium ascorbate and the ligand tris(hydroxypropyltriazolyl)-
methylamine (THPTA), gave rise to abundant covalent
attachment of dye-alkyne reactants. The toxicity commonly
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attributed to copper results from the production of reactive
oxygen species by Cu, ascorbate, and atmospheric oxygen. The
important features of the cell labeling protocol were the use of a
water-soluble accelerating ligand (THPTA) that also acts as a
sacrificial reductant for oxidative species as they are produced in
the coordination sphere of the metal and aminoguanidine to
intercept strongly electrophilic byproducts of dehydroascor-
bate. THPTA serves both to accelerate the CuAAC reaction
and to protect the cells from damage by oxidative agents
produced by the Cu-catalyzed reduction of oxygen by
ascorbate, which was required to maintain the metal in the
active +1 oxidation state (Figure 45a). The various fluorescent
dyes were used to label glycol proteins shown in Figure 4Sb.
This procedure was extended for the application of this fastest
of azide-based bioorthogonal reactions to the exterior of living
cells.***

Wu and his workers applied click chemistry for in vivo
imaging of glycans using zebrafish early embryogenesis®'®
(Figure 45c). The Cu(I)-catalyzed azide—alkyne cycloaddition
(CuAAC) is the standard method for bioorthogonal con-
jugation. However, current Cu(I) catalyst formulations are
toxic, hindering their use in living systems. The researchers
employed a tris(triazolylmethyl)amine-based ligand (BTTES)
for Cu(I), which promotes the cycloaddition reaction rapidly in
living systems without apparent toxicity that allows the imaging
of glycan biosynthesis during zebrafish early development. This
catalyst was used for the first time, in noninvasive imaging of
fucosylated glycans during zebrafish early embryogenesis. The
researcher microinjected embryos with alkyne bearing GDP-
fucose at the one-cell stage and detected the metabolically
incorporated unnatural sugars using the biocompatible click
chemistry. Robust labeling, which requires 1 h of reaction time
when using cyclooctyne-based copper-free click chemistry, was
achieved within minutes. Labeled glycans were imaged in the
enveloping layer of zebrafish embryos between blastula and
early larval stages (Figure 45c). The BTTES-Cu(l) catalyst,
combined with yolk-cell microinjection, allowed for the rapid
imaging of fucosylated glycans in the enveloping layer of
zebrafish embryos as early as 2.5 h post fertilization. This new
method paves the way for rapid, noninvasive imaging of
biomolecules in living organisms.**®

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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7.2. Site-Specific in Vitro and in Vivo Incorporation of
Molecular Probes To Study G-Protein-Coupled Receptors

Over the past decade, advances in the structural biology of
GPCRs and their signaling partners have provided significant
information about the molecular mechanism of trans
membrane signaling by GPCRs. However, although a crystal
structure provides invaluable information, it represents only
one particular conformation of one component of a complex
allosteric machine. To further understand with chemical
precision the molecular pharmacology and dynamics of
GPCR signaling, a tool kit of molecular approaches is required
to incorporate informative probes that allow for monitoring
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receptor activation and real-time interrogation of active
signaling complexes.”'”?'®

Unnatural amino acid (UAA) mutagenesis is now widely
used to introduce unique chemical handles into a protein of
interest. In site-directed UAA mutagenesis, a “blank codon”,
typically the amber stop codon, UAG, is introduced into the
gene of interest. In one formulation of the UAA mutagenesis
strategy, an engineered suppressor tRNA is synthetically amino
acylated and microinjected into Xenopus oocytes, a method that
was originally developed by Dougherty and colleagues to
perform whole-cell electrophysiology on ion channels.”>> This
technique facilitated the introduction of fluorinated aromatic
amino acids into the agonist binding pockets of M2 muscarinic

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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acetylcholine receptor and D2 dopamine receptor to study
cation—7 interactions.”'”**°

Chemical modification of proteins has a rich history in
biochemistry and chemical biology. However, studies of
membrane protein function, especially in cases where functional
expression is low and purification and reconstitution are not
feasible, present unique challenges. Heptahelical G-protein-
coupled receptors (GPCRs) are a particularly important class of
cell-surface receptors that represent targets of more than a
quarter of all therapeutic drugs. Understanding with chemical
precision how GPCRs function in biological membranes
remains a central problem in biology. Recently, a number of
creative strategies have been developed that allow site-specific
attachment of chemical probes or tags directly on expressed
receptors or on biologically active peptide ligands or substrates.
One particularly important advance was the genetic encoding of
unnatural amino acids (UAAs) with unique small bioorthog-
onal tags using amber codon suppression in mammalian cells.
This method should allow site-specific labeling of GPCRs with
various molecular probes to facilitate cell-based studies of
protein—protein or protein—ligand interactions and the visual-
ization of conformational changes using fluorescence spectros-
copy or single-molecule imaging (Figure 46).>*

7.3. Activity-Based Protein Profiling versus Affinity-Based
Protein Profiling

Activity-based protein profiling (ABPP) has been emerging as a
powerful chemical proteomic method toward the analysis of
functional states of proteins in a complex proteome. ABPP is a
chemical method that employs active site-directed probes to tag
proteins and monitor their expression levels and function in
complex proteomes; however, the bulky reporter tags used
require cell homogenization before analysis, thereby preventing
measurements in living organisms.221 Activity-based protein
profiling (ABPP), originally developed by Cravatt and co-
workers, is a novel technique that enables one to selectively
target and elucidate the functional state of one particular
enzyme or enzyme class from a crude proteome, in an activity-
based manner, by using the so-called activity- or affinity-based
small molecule probes (ABPs).>** This strategy was developed
as a complementary method to conventional comparative
proteomic methods such as two-dimensional gel electro-
phoresis coupled with mass spectrometry (2DE-MS) as the
latter could provide only information about protein abundance.
The general designs of activity-based probes (ABPs) contain
three parts (Figure 47): active site-targeting reactive group
(e.g., warhead or WH) that directs the probe to the active site
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and causes covalent reaction with the protein; (2) a reporter
unit, which is typically a fluorophore or biotin for the direct
readout of the protein’s activity; and (3) a linker/spacer, which
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Table 1. Advantages and Disadvantages of Using AfBPs and ABPs

technique advantages
affinity-based can screen complex samples—simple procedure;
probes (AfBPs) generalizable method
activity-based accesses enzyme activity directly—high

probes (ABPs) sensitivity; applicable to in vivo studies

disadvanages

low abundance proteins difficult to detect; time consuming; nonspecific binding to resin;
immobilization may affect binding or pharmacological properties

requires nucleophile in active site of protein; limited coverage of proteome; indirect read-out
of drug—target interactions

minimizes the possible disruption from the reporter tag in the
protein reactivity/recognition of the reactive unit, or in some
cases serves as an additional recognition element.*>**"*** In
this approach, a crude proteome was treated with the activity-
based probe, which bears a reactive group or warhead (W,
shown in yellow) and the reporter unit (R, shown in red). The
probe covalently reacts with the active site of the target protein,
and the labeling is visualized by in-gel fluorescence scanning
following separation of proteins on SDS-PAGE. The range of
proteins that can be detected by ABPP is quickly expanding
with the development of novel probes. Probes have been
generated for proteases, lipases, methylesterases, glycosidases,
kinases, phosphatases, cytochrome P450s, histone deacetylases,
and many other protein families.*”***

Affinity-based probes (AfBPs) is a useful technique for
elucidating direct protein binders of bioactive small molecules.
Yao’s group achieved labeling by binding at a specific site on a
protein (not necessarily an enzyme active site) followed by a
nonspecific covalent bond-forming event, for example, photo-
chemical cross-linking or spontaneous trapping of a nearby
(noncatalytic) protein functional group.”*® Careful design of an
AfBP could result in the generation of a functional ABP, for
example, a substrate mimic that binds preferentially to a well-
formed active site coupled to a photoactivated linker. The
distinction resides in the need for a catalytically active enzyme:
if a catalytic site residue that is essential for enzyme chemistry
but nonessential for substrate recognition is inactivated (e.g., by
mutation), an AfBP may be able to function as normal
However, an ABP would not, as labeling relies on the specific
chemistry that the enzyme performs for its activation. AfBPs lie
largely outside the scope of this Review, but they can be potent
tools for the identification/validation of the targets (and off-
targets) of drugs and inhibitors, and for general protein-
labeling. In this approach, the crude proteome was treated with
an AfBP whose warhead (W, shown in brown) first recognizes
the target protein’s active site via noncovalent interactions.
Subsequently upon UV irradiation, a reactive intermediate
generated from the photoreactive unit (depicted as pink oval)
covalently reacts with suitable residues near the active site. The
labeled protein is separated by SDS-PAGE and visualized by in-
gel fluorescent scanning.”*****> The advantages and disadvan-
tages of activity-based probes and affinity-based probes are
tabulated in Table 1.

ABPs and AfBPs Used for Targeting Various Protein
Classes in Conjunction with Click Chemistry Bioorthog-
onal Labeling. Chemical probes appended with detection tags
are providing new opportunities to analyze complex proteomes
and characterize small molecule inhibitor specificities. The
attachment of detection tags (radioactive isotope, affinity tag, or
fluorophore) onto covalent inhibitors or photoaffinity agents
has enabled the analysis of discrete protein families in complex
mixtures. To target specific protein families selectively, chemical
probes typically contain a reactive functional group for covalent
labeling of proteins and a unique chemical scaffold to confer
binding affinity to subsets of proteins.”**

4952

The direct visualization of small molecule—protein inter-
actions with chemical probes has provided new tools to
accelerate drug discovery. Certain small molecule—protein
interactions might require factors only present in living systems
that are not preserved in cell lysates. Detection tags such as
biotin or fluorophores, however, can influence the specificity of
chemical probes and also limit their utility in living cells. The
emergence of two chemo-selective reactions that function
under physiological environments of click chemistry (Figure
47) has enabled the installation of detection tags after chemical
probes have reacted with target proteins. Herein, we survey the
union of chemical probes with bioorthogonal labeling methods,
which has yielded new chemical probes with enhanced
selectivity and improved pharmacological properties for
selective labeling of protein targets in living cells.”*'~>**

Several azide/alkyne-modified chemical probes were devel-
oped to target y-secretase, cysteine proteases, glycosidases,
metalloproteases, histone deacetylases, methionine amino-
peptidases, kinases, as well as a variety of other protein classes
(Table 2). Of note, the decoupling of detection tags from
chemical probes alters and often improves the specificity of
protein labeling as compared to directly modified chemical
probes, which is readily apparent with cysteine proteases,
metalloproteases, kinases, and methionine aminopeptidases.
The diversity of azide/alkyne-modified chemical probes listed
above highlights the utility of this two-step labeling approach

for targeting various protein classes.
7.4. Labeling and Sequencing of DNA

The discovery and development of the “click reaction” in water,
the potential for facile introduction of varying functionality into
the biomolecular environment, has been realized. As a result,
numerous biomolecules including DNA, peptides proteins,
oligosaccharides, and glycoconjugates were labeled with various
appendages using click chemistry reaction. Many of these new
molecular entities were proved extremely useful in the study of
biological systems.”>® Bioorthogonal labeling methods are
valuable tools in nucleic acid research to study their cellular
behaviors, in particular, recent bioorthogonal assays developed
to measure DNA and RNA syntheses inside cells. Bioorthog-
onal labeling methods rely on chemical or photochemical
strategies to study DNA modification and interactions involving
nucleic acids. In eukaryotes, the genomic information is
encoded by the primary DNA sequence. The DNA
modification has a greater impact with a broad range of
biological functions, including gene expression, maintenance of
genome integrity, parental imprinting, X-chromosome inacti-
vation, regulation of development, aging, and cancer (Figure
48).253_257

High density functionalization of modified DNA was carried
out by many research groups, wherein the “click reaction” was
used to postsynthetically decorate alkyne-modified DNA. The
DNA was synthesized by standard means using phosphor-
amidite chemistry, but with the incorporation of the modified
nucleosides (Figures 49 and S0). The fluorescent labeled

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Table 2. Survey of Chemical Probes Used for Targeting Various Protein Classes in Conjunction with Bioorthogonal Labeling

Chemical probe Protein targets References
o protein tyrosine
N g_04®_}'3 226
5 phosphatase®
N 1
\\/\/\O/ﬁ’\/\/\/
lipases® 227
NO,
(o]
N UDP-N-
P 0N\ .
o acetylglucosamine 1- 228
/ O
7 carboxyvinyltransferase®
HO OH
? (0
Ns\;\/N\S
CTS U
H\ ] 229
OH ; b
LT e
H d o 230
Ph
uw o N
mdwﬁr
o * o ]
! U
N o
/_o/ AN
O,N .
2 Serine hydrolases® 231,232
0./
/—o’ N,
o
R o _
= 0/\//
Cl
R =NOy, H, NH,, NHBz, NH-CO-CH,NH;,
NH-CO-CH,NH-C(NH)-NH,
5 serine proteases® 233
A H
A
\/\[(N o)
[¢] = OR
Cl
R = Me, CHoCH,Ph, CH,CHBr,
CH,CH3-S-C(NH)-NH;
>‘ Cysteine proteases
E /
D G 234
o M ~N (cathepsins)*
o o
- Serine and cysteine
o 235
4 hydrolases®

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979



Chemical Reviews

Table 2. continued

Chemical probe Protein targets References
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Table 2. continued

Chemical probe Protein targets References
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modified DNA was extremely useful to study many functions of
nucleic acids and intercellular processes.

The labeling of both DNA and RNA using bioorthogonal
chemistry was successfully performed by several research
groups.”> DNA alkylation has also been probed through
click derivatization of an alkynyl nucleotide cofactor analogue.
Modified nucleotide analogues were developed containing a
propargyl group introduced onto the uracil and other nitrogen
bases moiety. These nucleotide derivatives were effectively
incorporated into DNA and RNA biosynthesis, respectively,
and subsequently labeled with fluorescent tags via click
chemistry to achieve optical detection and sequencing of
DNA and RNA.

7.5. Analysis of G-Quadruplex Structure Using Click
Chemistry and G-Quadruplex Stabilizing Ligands

Guanine-rich (G-rich) stretches of DNA have a high propensity
to self-associate into planar guanine quartets (G-quartets) to
give unusual structures called G-quadruplexes. The association
of G-quartets could also happen in solution by stacking the
planar tetramers on top of each other.

G-quadruplex DNA plays an important role in telomere
maintenance and is a potential tumor-selective target for
chemotherapy in cancer.”>®

With the advance methods of X-ray crystallography, nuclear
magnetic resonance spectroscopy (NMR), and other powerful
technologies, the structures of many G-quadruplexes were
resolved. The common structural characteristic of G-quad-
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ruplexes was that the G-rich nucleic acid sequences tend to
adopt the G-quadruplex conformation, which is a structure
consisting of flat G-quartets of hydrogen-bonded guanines.
Recent structural studies of various G-quadruplexes revealed
the conformational polymorphism of these structures. For
example, human telomeric sequences in physiological ion (K*
or Na*) solution have been found to fold into different
quadruplex conformations.**

Komiyama and his co-workers successfully applied click
chemistry for identification of many G-quadruplex structures,
and they discovered the existence of DNA—RNA G-
quadruplex.® The researchers used differently modified
nucleotides bearing azide and alkyne functional groups.

CuAAC reaction of a 5'-alkyne with a §'-azide, of a 3’-alkyne
with a 3’-azide, and of a S’-alkyne with a 3’-azide can form
different types of G-quadruplex structures. This method was
used to probe the structures of G-quadruplexes, the most
important finding being that a DNA—RNA hybrid G-
quadruplex structure formed from human telomeric DNA
and RNA sequences. The isolation of “all- DNA” and “all-RNA”
quadruplexes was avoided by using alkyne-labeled RNA and
azide-labeled DNA in the reaction. The advantage of the click
reaction in this context is that it can trap a particular species, or
produce a snapshot of the various interconverting structures
that are present in a complex solution. Click method enables a
snapshot to be taken of the existing species in solution. The
species trapped by the click reaction can be separated and

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 48. Use of modified nucleosides to label DNA in cells. (A) Schematic of the click reaction for detecting modified nucleosides incorporated
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analyzed. This approach is greatly facilitating G-quandruplex
analysis in solution under various conditions (Figure S1).

The researchers initially investigated the telomere RNA G-
quadruplex structures using the click chemistry reaction. The
two possible structures of RNA G-quadruplex are shown in
Figure 51: (a) the parallel dimeric telomere RNA G-quadruplex
formed by 12-mer telomere RNA, and (b) the antiparallel
dimeric G-quadruplex formed by the 12-mer Oxytricha nova
sequence d(G4T4G4).

The researchers prepared the 12-mer 2'-OMe oligoribonu-
cleotides (ORNs) ORN-1, with a 5'-alkyne, and ORN-2, with a
5'-azido group (Figure 52a), for structural analysis of parallel
dimeric telomere RNA G-quadruplex. The RNA G-quadruplex
was formed from S5’-alkyne and 5’-azido of modified
oligoribonucleotides using the click chemistry reaction in the
presence of CuSO,/sodium ascorbate. The formation of RNA
G-quadruplex confirmed gel electrophoresis and MALDI-TOF
MS spectral analysis. This result indicates clearly that the
formation of the G-quadruplex promotes the click reaction by
bringing the 5’-alkyne and 5'-azido reaction partners into close
proximity to one another.

Antiparallel G-quadruplex formed by an Oxytricha nova
sequence was investigated using click chemistry reactions. The
5'-alkyne- and 3’-azido-labeled 12-mer oligodeoxyribonucleo-
tide (ODN) ODN-S was used for the synthesis of antiparallel
G-quadruplex using Cu(I)-mediated click chemistry cyclo-
addition. The formation of antiparallel G-quadruplex was
confirmed from gel gel electrophoresis and MALDI-TOF MS
analysis (Figure 52b).

4956

Next, the researchers applied click chemistry for establishing
DNA G-quadruplexes structures. Two possible G-quadruplex
structures are (i) (3 + 1) dimeric DNA G-quadruplex formed
by 16-mer and 6-mer human telomeric and (ii) a DNA—RNA
hybrid G-quadruplex formed by 12-mer human telomere DNA
and 12-mer human telomere RNA sequences (Figure 53).

The researcher synthesized the 5’-alkyne- and 3'-azido-
labeled 16-mer oligonucleotide ODN-7, and the 5'-azido- and
3’-alkyne-labeled 6-mer oligonucleotide ODN-8. A click
reaction between ODN-7 and ODN-8 was performed in the
presence of KCI and analyzed by polyacrylamide gel electro-
phoresis. When the copper catalyst was added, a new product,
likely to be the circular oligonucleotide derived from the two
linear precursors, was generated from the click reaction. This
result indicates that the formation of a (3 + 1) dimeric DNA G-
quadruplex between ODN-7 and ODN-8 promotes the click
reaction to form the circular oligonucleotide. The formation of
(3 + 1) dimeric DNA G-quadruplex was further confirmed by
using a photo cleavable linker with gel electrophoresis analysis
(Figure 54).

The researcher believed that click chemistry is a powerful
emerging tool for analyzing and detecting a DNA—RNA hybrid
G-quadruplex. So the researcher designed a click reaction in
which only the DNA—RNA hybrid G-quadruplex could
undergo an azide—alkyne cycloaddition, even in the presence
of the corresponding DNA—DNA or RNA—RNA dimeric G-
quadruplex. A 5’-azido ODN, ODN-12, and a 5'-alkyne-labeled
ORN, ORN-1, were prepared as substrates for the click
reaction. In the gel electrophoresis analysis, a new band
appeared with a mobility shift between that of the 20-mer

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979



Chemical Reviews

(@]
%
NH
N

HW

\/\/\ﬁ\ /\/\/\f]\ o o o
TR TR
P =000y
—| PO—) o o
W Q
ELNH
o \/\f:ro o, | . /go
k J OR 7
R - DNA CHAIN R - DNA CHAIN
< 0
\\ DNA

5'DN
M
N3

O

HN
155

3'DNA

Figure 49. Azide- and alkyne-modified nucleosides used for DNA and RNA functionalization via click chemistry reaction.

oligonucleotide marker and that of the 30-mer marker in
presence of CuSO,/sodium ascorbate solution. This band
confirmed the formation product of a click reaction between
the S’-alkyne-labeled RNA and the 5’-azido DNA in a DNA—
RNA hybrid G-quadruplex. Moreover, the 5'-alkyne-labeled 12-
mer ORN-4 without the telomere sequence and 5’-azido ODN-
12 were subjected to the same reaction conditions; no reaction
occurred, which suggests that DNA—RNA G-quadruplex
formation is required for the click reaction. This result indicates
strongly that human telomere 12-mer DNA and 12-mer RNA
could form a hybrid-type DNA—RNA G-quadruplex (Figure
55).

The conformations of G-quadruplexes provide selective
recognition sites for small molecules, and thus these structures
have become important drug-design targets for the treatment of
various human disorders like viral infections and cancer. Many
research groups developed G-quadruplexes stabilizing ligands.
Click chemistry is also a powerful tool for generating G-
quadruplexes stabilizing ligands.

4957

Balasubramanian and co-workers employed click chemistry
for the synthesis of novel 1,2,3-triazole-linked diethynylpyridine
amides and trisubstituted diethynyl- pyridine amides as
promising G-quadruplex binding ligands.”®" The researchers
studied the binding properties of the ligands with four distinct
G-quadruplexes found in the promoter regions of the proto-
oncogenes k-ras, c-myc, and ckit. These results reveal significant
correlations between structural features and binding aptitudes
of these ligands. Ligands of the trisubstituted series were found
to be strong stabilizers and tight binders. All ligands showed
excellent selectivity for quadruplexes over duplex DNA and
some diversity in G-quadruplex recognition with K; (quad-
ruplex) values varying from 120 nm to 19 mm (2-fold to SO-
fold specificity). Compound 170 showed the most potent
stabilizing ligand in the trizole series with high binding affinity
toward the c-myc and c-kit2 quadruplexes with submicromolar
equilibrium dissociation constants (Kj) of 200 and 350 nM,
respectively (Figure 56).

Moses and co-workers explored click chemistry for the
synthesis of highly selective stabilization of G-quadruplex ligand

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure S51. Schematic representation of possible human telomeric

RNA G-quadruplex structures. (a) The parallel dimeric telomere RNA Figure 53. Schematic representation of two possible DNA G-

G-quadruplex formed by 12-mer telomere RNA. (b) The antiparallel

dimeric G-quadruplex formed by the 12-mer Oxytricha nova sequence
d(G4T4G4).

from 1,3-diethynylbenzene precursors.”®*> First generation of
synthesized compounds showed excellent affinity and selectivity

quadruplex structures: (a) A (3 + 1) dimeric DNA G-quadruplex
formed by 16-mer and 6-mer human telomeric sequences; and (b) a
DNA—RNA hybrid G-quadruplex formed by 12-mer human telomere
DNA and 12-mer human telomere RNA.

for the G-quadruplex. The ability of these compounds to
stabilize G-quadruplex DNA was investigated using a high-
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Figure 52. Click chemistry reaction of RNA G-quadruplex formation. (a) Parallel dimeric telomere RNA G-quadruplex formed by 12-mer telomere
RNA using click chemistry reaction. (b) Antiparallel dimeric G-quadruplex formed by the 12-mer Oxytricha nova sequence d (G4T4G4) using click

chemistry reaction.
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Figure 56. Chemical structures of G-quadruplex stabilizing ligand generated via click chemistry.

throughput FRET (fluorescence resonance energy transfer) 8. COPPER-FREE CLICK CHEMISTRY REACTIONS FOR
BIOLOGICAL SYSTEMS

Cells and organisms are highly dynamic entities involving a very
diverse array of biomolecules to conduct intercellular and
intracellular processes throughout life. To monitor and
understand these cellular process both in time and in space
has sparked tremendous interdisciplinary developments in
UM, respectively (Figure 56). biology, chemistry, and physics. Chemical labeling is one of

assay. Using this assay, compounds 171a, 171b, and 171c

showed high activity with *'ECg, values of 13.3, 17.1, and 23.5

4959 dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Table 3. Chemical Reporters, Probes, and Reactions Used in Imaging Approaches®

Chemical receptor Probe

Reaction type,
R . . covalent or non-
Bioconjugation product
covalent

binding target

X =N, ReAsH

o]

Arsenic-thiol
interaction, non-
covalent
attachment

proteins

@(OH)z

(HO)ng@

Boronate
esterification,
Covalent
attachment of

proteins

Hydrazone
formation
Covalent
attachment of
proteins and

glycan

e

Click chemistry
Covalent
attachment of
proteins, lipids

and glycan

Click chemistry
Covalent
attachment of
proteins, lipids

and glycan

(4

Strain promoted
click chemistry
Covalent
attachment of
proteins, lipids

and glycan

“Red stars depict fluorescent tag moieties.

the powerful emerging tools for monitoring biological process
in the living systems. Their many types of chemical labeling
processes are reported in the literature. Click chemistry is one
of the best reactions to label the biomolecules in and outside
the living systems (Table 3).200263,264

The main feature of all chemical labeling approaches is the
introduction of a small and unique, noncanonical reporter
group that provides a molecular “handle” in subsequent
bioconjugation reactions with a probe to follow the fate of

4960

the tagged biomolecule in downstream visualization or affinity
purification applications. In the design of chemical reporters
and labeling probes, the following prerequisites have to be
considered to achieve a “true” bioorthogonality (bioorthogonal
meaning “noninteracting but compatible with biology”):
minimal invasiveness to avoid perturbations of the particular
biomolecule in its cellular environment, high reactivity, as well
as high chemo-selectivity and biocompatibility of the
bioconjugation reaction for intracellular and extracellular

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Table 4. Overview of Cyclooctyne Probe Synthesis and Their Reactivities toward [3 + 2] Cycloadditions with Azides

k[a]
donhil Starting No. of Yield
Azidophile material ‘log P synthetic %] [x1o0? Solvent | Ref.
steps m's!)
1 OCT AND ALO
= 4 52 24
OR 270,
©/ @ OCT: 4.23 CDLCN
ALO: 2.30 5 36 13 27
R = CH,PhCO,H (OCT)
R = CH,CO,H (ALO)
2 MOFO, NOFO
12
_ o 4
NOFO: 5.31 15 12 CDiCN | 271
COOH MOFO: 4.79 5
R =H (NOFO)
R =F (MOFO) 43
3 DIFO3
OH
F
F 1.93 10 1.2 76 CH;CN | 272
d HO
\—COOH
4 DIFO2 AND DIFO3
. COLE 8 27 4
. CC/OZB DIFO2: 5.17 CHCN | 273
X DIFO3: 2.59 10 21
R = CH,PhCO,H (DIFO2,
R = CH,CO,H (DIFO3)
5 DIBO
_0O
— ©/V 170 CH;CN
O O 3.90 5 10 274
120 CD;0D
OH
6 DIMAC
phm
HO.
% 112 11 5 3 CH,CN | 275
=
7 DIBAC Z
B NH, 310 CD;0D
Q 360 D,0
o]
OH
3. BARAC o
® ~ ® @é 3.9 6 18 960 CDCN | 277
N
° 0—»’1 : OH
9. DIFO oH
F R
F@ 13 4 - 76 CDsCN | 278
HO
00
10. BCN
© 12 3 61 140 CD50D: | 599
D,0 (3:1)
HY H
“oH

“Second-order reaction rate constant determined with benzyl azide as model, unless otherwise indicated. “2-Azidopropanoic acid used as azide to

determine reaction kinetics.

biomolecules. Endowed with these features, bioorthogonal
labeling strategies possess characteristics of chemical reactions
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Table 5. Use of 3-Alkoxycyclooctyne Conjugates and Azides for Bioorthogonal Labeling

“The cyclooctyne—lipid conjugate is mixed with living cells; detection was achieved with an azide-containing probe.

SATE = S-acetylthioethyl

=\,-0
©/ ~ “&(Ni“ Purpose(s) Detection | Ref.
1.
o) . Lo
i )\A AcO > as above, in | avidin-FITC,
HN
N 0 NH Jurkat cell- flow
H/(\S/\ A ] Acoﬁi\ curface 270
ACO oA glycoproteins cytometry
NH
HN
h
incorporation
of
( :1' azidemodified W(Zﬁfigii?ll_m
2 HN (o} amino acid in 270
3 dihydrofolate
o reductase HRP)
(DHFR)
aminoacyl-
tRNA
5 synthetase avidin-Alexa
( R activity Fluor 488,
. o monitoring then flow
3 HaN from cytometry | 280
0 cell-surface and cell
n=24 display of
' noncanonical sorting
amino acids
metabolic
4 conversion of
o Ac4ManNAz L
T -
ACO_ A" into SiaNAz | SVIdin-FITC,
0 o and flow 270
HH)J\N/‘G/\())/\/\NH AQ detection in evtomet
HoAg 3 OAC Jurkat y Y
° cellsurface
HN_ NH glycoproteins
X
( ZL" incorporation
5 o in Western blot | 270
+ . . e
HsN dihydrofolate (a-biotin-
o reductase HRP)
(DHFR)
6
"o 1™ ke DLS, Dot
30 oo development of |  Blot and
0. N e NR Jo72 stable confocal | 281
Eff\o/\i R z” o ReHorhe polymeric fluorescence
R=FITC NMOY\)LN/\}L carriers for microscopy
= anti-BSA IgG o " H drug delivery of
nanoparticles
7
0 %
AN _P-OSATE \ labeling of ﬂu_orescence 282
% g 07 Y 07\ e microscopy
5 OSATE Et,N o Yo lipids in RAW ..
[a] of living
1 macrophages cells

and a highly versatile “platform” principle enabling a wide range

of different probes to be assigned to different classes of

. 265
biomolecules.

Bioorthogonal chemical reactions, those that do not interact

or interfere with biology, have allowed for the exploration of

numerous biological processes that were previously difficult to

study. A widely used bioorthogonal functional group is the
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Table 6. Use of 3-Alkylcyclooctyne Conjugates and Azides for Bioorthogonal Labeling®

X .
6 O 5 %,_/N3 Purpose(s) Detection | Ref.
(@]
1.
§ > bol
metabolic 1
AcO. -
" HMOi\ANH N\ HN conversion of :‘I/}lfi 1nﬂ 5
S o ACO -Q detection in C flow | 270
AcO Jurkat cell- cytometry
HN NH OAc
o}
ligation of
2. azido-octanoic
. . fluorescen
H H HO \[(H\ $ acid to fusion ce
EL/N\/(/\/O\)/\/NYO 7 protein microscop 283
2 0 containing  a y
Z = Biotin or Alexa fluor 568 or Cy3 Lpl‘?_d acceptor
peptide
/@\/IY sequential
3. EUN oo label'mg of
B peptide
X=H Y=CHor N*/\f’);k substrate  for | FRET 284
i NH-Ala=PG-OH L 2 | MMP-2  with
H{NH»GIy*ProfLeu>Gly~VaIfArngG»OH i% different
PG = Propargylglycine ﬂuorophores
dual loading of
silica FRET 284
4 | nanoparticles
5 .
o metabolic
X=H oy conversion of
H AcO HNJ\/ Ac4ManNAz f"“focal
WS 0 to SiaNAz and | "I | 985
NNF AcO detection  in|. .
AcO CHO imaging
0”0 NEt OAc .
glycoproteins
incorporation
5 of azido- | tryptic
homoalanine in | digest,
2 & 286-
6 . - newly mass
HsN synthesized spectrome 288
X=H o % proteins (PYP, | try
H H ;
‘z,l/N\/\s’S\/\NJ\/N\[(O E. coli)
H .
. © chemical :lrl}'};tsltc
cross-linking gest,
mass 287
of cytochrome
c spectrome
try
time-
3 resolved
in situ cross- | FTIR
X=F linking of | spectrosco 289
H photodegradabl | py, size-
o \/\N;H‘L e star polymers | exclusion
H chromatog
raphy

“A cyclooctyne—biotin conjugate without the lipophilic phenyl ring was also applied (not shown).

azide, which can be incorporated into myriad biological

molecules by feeding cells or organisms azide-functionalized

metabolic substrates. The abundance, location, and dynamics of

the azide-labeled biomolecules were monitored by chemical
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ligation with probes bearing complementary functionality. The

copper-catalyzed click reaction between azides and terminal

alkynes is ideal for many applications, but copper(I) has the

undesirable side effect of being cytotoxic at low concentrations.

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Table 7. Use of the First-Generation DIFO and Azides for Bioorthogonal Labeling

—=
F>Q Q 2 Na Purpose(s) Detection Ref.
S
o Mo
1 % incorporation of SDS-PAGE
( 2 azido-homoalanine o
j\ NN in dihydrofolate | then  silver | 272
X o
e ”/t/\oi\/\NH o receptor staining
o
3/\(\/\/& Western  blot
HN\(NH OH identification of | streptavidin
o] catalytically active | pull-down and
5 °© HO. NJ%/)}LL adenylation domains | E. coli 290
) H Y’ | of NRPS infection by
phages
OAc labeling of azido
glycans in Jurkat
R AcO o cells, time-lapsed
ks AcO HN OAc and multicolor
i i 272
2 R = Alexa Fluor 488 glo imaging of glycans ’
o fluorescence
3 R = Alexa Fluor 568 j\/&% in vivo labeling of | microscopy | 291
4. R == Alexa Fluor 647 ACO HN glycans in -
o developing zebrafish 292
Ao o .
OAC in vivo labeling of
glycans in C.
OA OAc elegans
6 o}
AcO in vivo labeling of | anti-FLAG-
o) HN OAc | glycans in mice, | FITC 72
% N s o isolation of | antibody, flow
\—Flag splenocytes cytometry
o o
o time-resolved
7 :)N? in situ cross-linking FTIlt
%, Y of photodegradable spee roslcopy, 289
eVl ~ star polymers S1ze-exclusion
e N 74 chromatograp
0~ "otBu hy
The reaction of azides with strained alkynes, such as 8.1. Design and Synthesis of Bioorthogonal Reagents
cyclooctynes, relieves that burden by readily forming a triazole The potential for application of CuAAC in (bio)materials and
product without a toxic catalyst. Such reactions, in addition to living systems is very limited, due to the toxicity of copper. For
other select cyclo;lglédzlgons, are now being referred to as Cu-free in vitro and in vivo applications in particular, the development
click chemistries.™ of copper-free or preferably metal-free-ligation chemistries is
Cycloadditions were viewed as ideal reactions because of very much helpful. The azide and strained cycloalkane
tunable electronics and their intrinsic selectivity. Huisgen promoted cycloaddition reaction only plays a significant role
developed the [3 + 2] cycloaddition between an azide and an in developing potential application in the living system. The
acyclic alkyne, but this reaction required a good deal of heat to majority of papers dealing with copper-free procedures focused
overcome the activation barrier of deforming the alkyne’s bond on the chemistry of azides with strained alkynes. Strain-
. 263
angle to form the triazole.™ Sharpless and co-workers promoted cycloadditions of cyclic alkenes and alkynes
developed a Cu-catalyzed rendition of this reaction using established themselves as powerful tools in bioconjugations.
terminal alkynes as substratggé ]E)Ut the metal’s cytotoxicity limits Cycloadditions of strained cycloalkynes were exclusively limited
its use in living systems. To increase the rate of the to azides, despite the large number of Huisgen reactions of
cycloaddition without the need of a catalyst, researchers took a alkynes with other dipoles such as nitrile oxides, diazo
page out of old physn:al organic literature and looked at ring- compounds’ azomethines’ and nitrones. Only recently were
strain as a way to overcome the sluggish reactivity of alkynes two independent papers reported on cycloadditions of
with azides. Upon reading that cyclooctyne reacts with dibenzocyclooctyne and dibenzoazacyclooctyne with nitrones,
phenylazide “explosionsartig” (like an explosion), we decided reactions that proceed up to 300 times more rapidly than those
to investigate this class of molecules. The bond angle of the sp- with azides. Other bioorthogonal reaction pairs not involving
hybridized carbons in cyclooctynes is B1601, which is distorted strained alkynes were recently developed, in particular thiol—
toward the transition state of the cycloaddition reaction, ene reactions, alkene—azamethine cycloaddition, and the
resulting in a dramatic rate acceleration.”*> cycloaddition of tetrazine with trans-cyclooctene.>*%>%
4964 dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Table 8. Use of the Second-Generation DIFO and Azides for Bioorthogonal Labeling

— F
F (] N. .
% B N3 Purpose(s) Detection Ref.
N~
H
B metabolic avidin-FITC,
conversion of flow
=CH2 or CHzPh Ac4ManNAz  into cytomeh
SiaNAz and ye Y
it detection in Jurkat (Jurkat) 273
“)LNMONNH and CHO  cell. | fluorescence
H g 3 microscopy
0 surface (CHO)
o 1 tei
glycoproteins
NH T
HN\S) AcO HNJ\/
-0
2. Aﬁ%&
OAc flow
=CHzPh bottom-up synthesis | cytometry,
of microtissues | fluorescence 293
& ), composed of | and
5-AC TGA CTG ACT GAC TGA CTG-3 multiple cell types br}ghtﬁeld
Microsco
and Jj\ﬁ)7 Py
5-TG ACT GAC TGA CTG ACT GAC-3'
3.
- =CHgzPh 2 o robin rotein
ﬁﬁ/\ﬂkﬂﬂ ?nterac%ions bgtween
0 fo) N OH OH| ~OM  domains of SDS-PAGE 294
\v/\NJLv/\N NRPS enzymes
H H ono
4
tailoring biophysical
=CH2 properties of cell
. . rheology,
microenvironments confocal 295
Ac-KRRKGGPQGILQRRK-NH, by cell microsco
encapsulation/patter Py
ning
& &

Strain-promoted alkyne—azide cycloaddition (SPAAC) with
cyclooctynes is ideal for bioconjugation with no additional
reagents required. Cyclooctyne reactivity could be greatly
enhanced by structural modification, for example, by
fluorination, by sp*-hybridization of ring atoms, or by fusion
to cyclopropane. It was going beyond the scope of this account
to discuss in detail all cyclooctyne variants applied in
bioconjugation. This topic was covered by several excellent
recent reviews and papers with some highlights of cyclooctynes
applied in bioconjugation used in the literature.”*®

For a reaction to be suitable for bioconjugation, two basic
features are of high importance: reactivity and selectivity. First,
high reactivity is clearly a requirement for application under
highly dilute conditions, for example, in vivo. Second, it is
obvious that any bioorthogonal ligation becomes severely upset
in the case of lipophilic binding to proteins and/or when cross-
reactivity with natural biomolecular functionality is operative.
Several of the strained systems currently in use involve
hydrocarbon scaffolds with limited solubility in water. Apart
from solubility issues, the bioavailability of a highly hydro-
phobic probe may be decreased due to sequestration by
membranes or nonspecific binding to serum protein, and ¢ log
P values are a measure of lipophilic efficiency and give complete
information about solubility. In that respect, the DIMAC
system (Table 4, entry 6) clearly stands out as indicated by the
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provided calculated ¢ log P values. Generation cyclooctynes
(Table 4, entries 1 and 2) were relatively easy to prepare (4—5
steps, 12—52% overall yields) and provided the basis for current
developments in copper-free ligation chemistries. In particular,
the development of the DIFOs (Table 4, entry 3) heralded an
era of novel opportunities for strain-promoted cycloadditions
with azides, with reaction rates over 10 times greater than those
of earlier cyclooctynes. Moreover, the troublesome synthesis of
DIFOs (10 steps, 1.2% overall yield) was recently overcome by
development of the so-called “second-generation” DIFOs
(Table 4, entry 4), which can be prepared in acceptable overall
yields (about 25%). The most reactive cyclooctyne reported to
date is benzofused lactam BARAC (entry 8). Rate enhance-
ment by benzofusion was earlier demonstrated by Boons et al.
in the development of DIBO (entry 5),’* while introduction of
an amide nitrogen in the ring as in DIBAC (entry 7)
sprouted.”’® The order of reactivity of DIBO < DIBAC <
BARAGC, that is, 0.17, 0.36, and 0.96 M~! s, respectively, is
suggestive of a direct correlation between the number of sp*-
hybridized atoms and reactivity. Lipophilic compounds were
not only poorly water-soluble but, more importantly, may
engage in hydrophobic interactions with proteins. A poor-
yielding synthesis blocked full flourishing of the first cyclo-
octyne with suitable reactivity, that is, DIFO (entry 9). Second-
generation DIFOs (entries 4 and 9) were more easily accessible

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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Figure 57. Genetically encoded chemical reporter. (a) Incorporation of lipoic acid ligase followed by copper click chemistry for cell surface protein
labeling. (b) Incorporation of noncanonical amino acids during translation for in vivo labeling E. coli.
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Figure 59. Bioorthogonal copper-free click chemistry for dynamic monitoring of cell-surface glycans by in vivo imaging using various fluorophores

and DIFO.

(8—10 steps, overall yields ~25%), while the synthesis of
DIBAC proved more straéghtforward and high yielding (nine
steps, 40% overall yield).”

8.2. Cyclooctyne Derivatives Used in Copper-Free Click
Bioorthogonal Chemistry

The use of bioorthogonal reactions to tag biomolecules with
probes requires that one reagent was installed in the target
molecule. Also, the reagent must be sufficiently stable so as to
persist during the installation process. There were numerous
applications of cyclooctynes in the context of biological
systems. The cyclooctynes were able to selectively label cells
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of metabolically incorporated azidosugars onto their surface as
glycoproteins in the living cells.

The potential bioapplication of 3-alkoxycyclooctyne was
established using labeling of glycoprotein in the cell-surface,
development of polymeric carriers for drug delivery, and
labeling of lipids. Jurkat cells were incubated with Ac,ManNAz
to introduce azide-containing sialic acid on cell-surface glycans
through metabolic incorporation. After 3 days, the azide-
modified cells were treated with 3-alkoxycyclooctyne at several
concentrations and with different densities of cell-surface azides
and varying reaction times. It was found that more efficient

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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labeling could be achieved with higher concentrations of 3-
alkoxycyclooctyne, higher azide densities, and longer reaction
times. Importantly, no negative effects on cell viability were
observed. An overview of the use of 3-alkoxycycloalkyne
conjugates is provided in Table S.

Tirrell and co-workers’ incorporation of noncanonical amino
acids into cellular proteins often requires en§1neermg new
aminoacyl-tRNA synthetase activity into the cell.”" A screening
strategy that relies on cell-surface display of reactive amino acid
side-chains was used to identify a diverse set of methionyl-
tRNA synthetase (MetRS) mutants that allows efficient
incorporation of the methionine (Met) analogue azidonorleu-
cine (Anl). We demonstrate that the extent of cell-surface
labeling in vivo is a good indicator of the rate of Anl activation
by the MetRS variant harbored by the cell. By screening at low
Anl concentrations in Met-supplemented media, MetRS
variants with improved activities toward Anl and better
discrimination against Met were identified.”®

Lallana et al. and co-workers observed a strong depolymeriz-
ing effect of Cul when CuAAC was applied on nanostructures
based on azide-containing polymeric chitosan-PEG conjugates.
Therefore, cyclooctynes were linked to fluorescein isothiocya-
nate (FITC) and an anti-BSA antibody.”® The FITC-
cyclooctyne conjugate was ligated to chitosan-PEG-N; and
mixed with unfunctionalized chitosan-PEG to provide
fluorescent nanoparticles. The nanoparticles were in turn
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decorated with cyclooctynes conjugated to anti-BSA rabbit
IgG, as judged by dynamic light scatter1n§ (DLS) and staining
of BSA-agarose beads (Table S, entry 7).

The easy synthetic preparation of 3-alkylcyclooctyne was
facilitated in several biological applications, as summarized in
Table 6. A microbial lipoic acid ligase (LplA), for example
(entry 2), was redirected to attach azide-containing fatty acids,
ideally 8-azidooctanoic acid, onto an engineered LplA acceptor
peptide (LAP). Cyclooctynes conjugated to cyanine-3 (Cy3),
Alexa Fluor 568, or biotin were subsequently used to visualize
HEK cells containing fusion proteins either of LAP with cyan
fluorescent protein (in turn fused to a transmembrane
receptor) or of LAP with the low-density lipoprotein
receptor.283

Wolfbeis et al. prepared synthetic peptides containing both
propargylglycine and an N-terminal cyclooctyne moiety.”**
Subsequent labeling with SPAAC followed by CuAAC with
different fluorophores afforded peptide substrates for MMP2, a
diagnostic tumor indicator. Cleavage of the peptide by MMP2
could be effectively monitored by Forster resonance energy
transfer (FRET). Alternatively, the cyclooctyne-labeled peptide
could be loaded onto azido-functionalized silica nanoparticles
(predoped with triazolylcoumarin), followed by Cul-catalyzed
introduction of a fluorescent label to obtain dually labeled
nanoparticles for FRET detection. In another contribution, the
same authors demonstrated that a 3-alkylcyclooctyne con-

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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jugated to a red fluorophore can be useful for cell-surface
staining of Chinese hamster ovary (CHO) cells.*®*

Bertozzi et al. applied the fluorinated cyclooctyne in the same
cell-surface glycoprofiling experiments as for the previously
reported cyclooctynes (Table 6, entry 1). 3-Alkoxycyclooctyne
conjugates found one application in the cross-linking of azido-
terminated star polymers prepared by ATRP (entry 8).*”°
Treatment of star polymers with a dimeric derivative led to
time-dependent formation of a gel that could subsequently be
photodegraded by irradiation with 350 nm light for 2 days.

The high reactivity of the DIFO was also reflected in the
staining of Jurkat cells bearing SiaNAz with the biotinylated
DIFO (Table 7, entry 1), which proceeded with a 20-times
higher efficiency than with other cyclooctynes.””® Again, no
cellular toxicity was observed. A DIFO derivative fluorescently
labeled with Alexa Fluor 488 was synthesized and applied for
time-lapse imaging of labeled cell-surface glycans in CHO cells
(entry 3). Moreover, in combination with another Alexa Fluor
568 conjugate, dynamic multicolor imaging of glycan internal-
ization and trafficking by two consecutive rounds of incubation
with Ac,;ManNAz, followed by labeling with different
fluorophores, indicated that glycan labeling did not perturb
normal glycan trafficking to lysosomes. Finally, in vivo labeling
of splenocyte glycans in mice was demonstrated by daily
injection (1 week) with DIFO-FLAG (entry 6). In follow-up
papers, in vivo labeling was also successfully demonstrated in
zebrafish and Caenorhabditis elegans. Zebrafish embryos (entry
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4) were incubated in media containing Ac,GalNAz at 3—72 h
after fertilization and then treated with a DIFO-647 probe, to
obtain a fluorescent signal. Alternatively, embryos were
incubated with Ac4GalNAz from 3 h after fertilization, and
GalNAz incorporation was followed by labeling with DIFO-647
at time intervals of 12 h. Finally, the time dependency of sugar
synthesis in certain regions was demonstrated by three-color
detection with conjugates of the DIFO to Alexa Fluor 488, 555,
and 647. Similar research has been reported for the
incorporation of ManNAz, GalNaz, and GlcNAz into mucin
O-glycans in the nematode C. elegans (Table 7, entry 5).>*

Finally, Turro et al. elegantly demonstrated that the gelation
times of azido-terminated star polymers can be simply tuned
through the choice of cyclooctyne probe: the bis-DIFO
functionalized ethylene-1,2-diamine (Table 7, entry 7) gave
significantly faster cross-linking than a dimer of cyclooctyne 28
(Table 6, entry 8).>%

The alternative DIFO derivative, lacking the phenyl ring in
the linker, was also prepared to reduce nonspecific protein and
cell binding as a result of the lipophilic character of DIFO. Live-
cell imaging was also performed with CHO cells, with no
notable difference with respect to earlier cyclooctyne probes.

For the preparation of microtissues (Table 8, entry 2), azide-
containing Jurkat cells were conjugated to DIFO-containing
single-stranded DNA. Multicellular structures were devised by
selective hybridization of cells functionalized with comple-
mentary DNA sequences, eventually leading to microtissues

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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with defined cell composition and stoichiometry.*”> Burkart et
al. used the second-generation DIFO 32 to probe the protein
interactions between communication-mediating (COM) do-
mains of nonribosomal peptide synthetase (NRPS). To ensure
smooth processing of biosynthetic intermediates, individual
catalytic protein domains must properly interact by intra-
modular communication. A panel of pantetheine cycloalkynes
and azides (Table 8, entry 3) was loaded onto PCP domains of
NRPS modules to trap the transient protein—protein
interaction during NRP biosynthesis. Cyclooctyne—azide
conjugation was faster and more selective than Cul-catalyzed
[3 + 2] conjugation, which also showed conjugation between
noninteracting proteins.””* Second-generation DIFOs have also
found application in the patterning of microtissues. A doubly
functionalized DIFO-labeled peptide was prepared (entry 4)
and subsequently treated with poly(ethylene glycol) tetraazide
to form hydrogels.””> Through the application of a peptide
sequence with a metalloproteinase cleavage site, it was found
that encapsulated cells could spread and migrate through the
material.
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8.3. Chemical Tagging Strategies Used Copper-Free Click
Chemistry

Live cell imaging is a powerful method to study protein
dynamics at the cell surface, but conventional imaging probes
are bulky, or interfere with protein function, or dissociate from
proteins after internalization. Fluorescent labeling of cell surface
proteins enables imaging of the trafficking and function of
receptors, channels, and transporters. Many protein labeling
methods have been developed in recent years, but none
currently allows the covalent attachment of small fluorophores
onto cell surface proteins modified only by a small peptide tag,
with short labeling times and with extremely high specificity
over a wide range of expression levels and labeling conditions.
Bertozzi and his co-workers applied lipoic acid ligase for cell
surface protein labeling using copper-free click chemistry.
Researchers developed a new technology for covalent, specific
tagging of cellular proteins with chemical probes. Through
rational design, researchers redirected a microbial lipoic acid
ligase (LplA) to specifically attach an alkyl azide onto an
engineered LplA acceptor peptide (LAP). The alkyl azide was
then selectively derivatized with cyclooctyne conjugates to
various probes. Researchers labeled LAP fusion proteins
expressed in living mammalian cells with Cy3, Alexa Fluor
568, and biotin. Researchers combined LplA labeling with our
previous biotin ligase labeling, to simultaneously image the
dynamics of two different receptors, coexpressed in the same
cell. This methodology was useful for the access to biochemical
and imaging studies of cell surface proteins, using small
ﬂuoroghores introduced via a short peptide tag (Figure
§7a).200283

Recently, the monitoring of biomolecules in a physiological
environment, such as time-lapse imaging of genetically encoded
UAAs in live cells, was achieved by bioorthogonal “click
chemistry” strategies. In contrast to proteins, which normally
require a genetically GFP (green fluorescent protein) encoded
tag, Lemke et al. reported genetically encoding one of the most
potent functional groups for in vivo chemistry into E. coli and
for in vivo labeling using high-resolution single-molecule
measurements.””® SPAAC chemistry was used to site-
specifically and noninvasively modify proteins in living cells.
Two cyclooctynes derivatives of unnatural amino acids were
incorporated during translation using amber stop codon TAG.
The cyclooctyne derivatives of unnatural amino acids were
incorporated by using a two mutation in the tRNAP"/pylRS™”
and tRNAP"/pylRS** by coexpressing a green fluorescent
protein (GFP) reporter construct. GFP was efficiently
expressed only in the presence of cyclooctynes derivatives of
unnatural amino acids for this mutant tRNAP!/pylRS*F pair,
and mass spectrometry confirmed the site-specific incorpo-
ration of the UAA into the protein (Figure 57b).2%¢ As the
tRNAP"/pyIRSAF showed no obvious dependence on linker
length, it was conceivable that slightly altered derivatives, such
as mono- and difluorinated cyclooctynes, and possibly
bicyclonones, were used in this system, as pylRS from M.
mazei is orthogonal in a variety of eukaryotic organisms.

Glycans are attractive targets for molecular imaging, but were
inaccessible because of their incompatibility with genetically
encoded reporters. Metabolic labeling of proteins using
bioorthogonal chemical reporters is not restricted to monitor-
ing global de novo protein synthesis as analogous techniques
capitalize on the manifold potential of alkynes and azides to
target other classes of biomolecules such as glycans and lipids.
Bertozzi and his co-workers demonstrated the noninvasive

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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5 days of development. Zebrafish embryos were microinjected with
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develop, then treated with DIFO-488, and imaged at the time
indicated.

imaging of glycans in live developing zebrafish, using a chemical
reporter strategy. Zebrafish embryos were treated with an
unnatural sugar to metabolically label their cell-surface glycans
with azides.””"**” Subsequently, the embryos were reacted with
fluorophore conjugates by means of copper-free click
chemistry, enabling the visualization of glycans in vivo at
subcellular resolution during development. At 60 h after
fertilization, researchers observed an increase in de novo glycan
biosynthesis in the jaw region, pectoral fins, and olfactory
organs. Using a multicolor detection strategy, the researchers
performed a spatiotemporal analysis of glycan expression and
trafficking and identified patterns that would be undetectable
with conventional molecular imaging approaches. The Bertozzi
group impressively applied the metabolic labeling strategy to
track glycoproteins with different unnatural monosaccharides
azides, monitor glycans on cells, tissues, and in whole
organisms, as well as perform profiling of §7lycosylation
dynamics at the proteomic level (Figure 58).>%"*

The same research group again demonstrated the use of the
metabolic pathway to include a bioorthogonal azide group in an
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unnatural substrate, such as the azide-bearing ManNAc
analogue (ManNAz), into a target glycoconjugate on the cell-
surface, to detect the modified sialic acid metabolite, which
further reacted covalently with an alkyne-modified functional
probe by cycloaddition to form triazole conjugates with
minimal physiological perturbation. The fast click reaction to
visualize biological processes was accomplished using hydro-
philic cyclooctynes, activated by a difluoromethylene moiety as
an electron-withdrawing substituent in the ring, and a chemical
tag, such as a small fluorophore, for the consolidated detection,
compatible with the aqueous biological environment, neutral
pH, and room temperature conditions. By combining the
kinetic stability and the high thermodynamic energy of azide, as
an interesting bioorthogonal species, which did not interact
with the functionality presented in biological systems, and
exploring the high reactivity of DIFO-based reagents for azide
detection, it was possible to perform a nonhazardous copper-
free click reaction, for covalent labeling of the cell-surface
(Figure 59) and intracellular glycans.*’

Bertozzi and co-workers again explored copper-free click
chemistry for labeling in the living animal.**® The researchers
took the mice as the model for labeling of living animal. Mice
were administered peracetylated N-azidoacetylmannosamine
(Ac,ManNAz) to metabolically label cell-surface sialic acids
with azides (Figure 60a). After subsequent injection with
cyclooctyne reagents, glycoconjugate labeling was observed on
isolated splenocytes and in a variety of tissues including the
intestines, heart, and liver, with no apparent toxicity. The
researchers used various substituted cyclooctynes (Figure 60b)
for labeling the mice. The relative amounts of ligation products
observed with different cyclooctynes suggest that both intrinsic
reaction kinetics and other properties such as solubility and
tissue access govern the efficiency of Cu-free click chemistry in
mice. More broadly, Cu-free click chemistry appears to possess
the requisite bioorthogonality to achieve specific biomolecules
labeling in this important model organism. The cyclooctynes
tested displayed various labeling efficiencies that likely reflect

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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the combined influence of intrinsic reactivity and bioavailability.
The researchers established Cu-free click chemistry as a
bioorthogonal reaction that can be executed in the physiolog-
ically relevant context of a mouse.””®

Oligonucleotide labeling using the copper-free SPAAC
reaction would constitute a significant advance and could in
principle be carried out in vivo. Brown and his co-workers
employed ring-strain promoted alkyne—azide cycloaddition
reaction for copper-free click DNA ligation. Two cyclooctynes
(NSCO and DIBO) were successfully incorporated into
oligonucleotides and used in SPAAC reactions (Figure
61a).”*° Initially, both alkynes were attached postsynthetically
to the 5'-end of an aminohexyl-labeled oligonucleotide.
Templated DNA ligation was very fast, and a single base pair
mismatch was sufficient to strongly inhibit the reaction. The
NHS ester of 6-azidohexanoic acid was added to a 3’-amino
alkyl labeled oligonucleotide to provide the azide oligonucleo-
tide (ODN-3), which had a fluorescein dye at the 5’-end to
allow visualization at low concentrations. HPLC purification
was carried out on all oligonucleotides, and the products were
characterized by mass spectrometry (ESI). Templated and
nontemplated ligation reactions between azide ODN-3 and
alkyne ODN-1 and ODN-2 were carried out in the absence of
Cul. Of the two cyclooctynes tested, DIBO (Figure 61c) was
much faster in templated ligation. Reactions with this alkyne
proceeded cleanly and were essentially complete within 1 min
at 2 uM DNA concentration. NSCO (Figure 61b) also reacted
cleanly but required more than 30 min for complete reaction.
In both cases, the nontemplated reactions gave little or no
product under otherwise identical conditions. Importantly,
introduction of a single mismatch base pair between template
ODN-11 and DIBO-labeled ODN-1 was sufficient to inhibit
the ligation reaction, pointing to future applications in genetic
analysis. It should be possible to use this approach for multiple
simultaneous templated DNA ligation reactions if participating
oligonucleotides were labeled with either two alkynes or two
azides.

Taton and his co-workers explored strain-promoted click
chemistry for terminal labeling of DNA.** The researcher
described the solid-phase synthesis and characterization of 5'-
dibenzocyclooctyne (DIBO)-modified oligonucleotides, using a
new DIBO phosphoramidite, which reacts with azides via
copper-free, strain-promoted alkyne—azide cycloaddition
(SPAAC) (Figure 61d). Researchers found that the DIBO
group not only survived the standard acidic and oxidative
reactions of solid-phase oligonucleotide synthesis (SPOS), but
it also survived the thermal cycling and standard conditions of
the polymerase chain reaction (PCR). As a result, PCR with
DIBO-modified primers yielded “clickable” amplicons that
could be tagged with azide-modified fluorophores or immobi-
lized on azide-modified surfaces. From this methodology, it is
clear that SPAAC on DNA could streamline the bioconjugate
chemistry of nucleic acids in a number of modern
biotechnologies.

Novel non-nucleoside alkyne monomers compatible with
oligonucleotide were synthesized and efficiently incorporated
into RNA and RNA analogues during solid-phase synthesis.
These modifications allowed site-specific conjugation of ligands
to the RNA oligonucleotides through copper-free strain-
promoted azide—alkyne cycloaddition (SPAAC) reactions.**"
The SPAAC click reactions of cyclooctyne-oligonucleotides
with various classes of azido-functionalized ligands in solution
phase and on solid phase were eflicient and quantitative and
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occurred under mild reaction conditions (Figure 62a). All
common steps of phosphoramidite chemistry, including the
oxidation with iodine, were compatible with the activated,
strained cyclooctyne derivative. Copper-free click reactions of
RNA oligonucleotides functionalized at 5" or 3’ termini or at an
internal position were efficient in the solution phase as well as
on solid support. The various azides were evaluated
quantitatively and efficiently as determined by HPLC analysis
(Figure 62b).*"!

Bertozzi and co-workers employed copper-free click
chemistry for visualizing enveloping layer glycans during
zebrafish early embryogenesis.>®> The same research group
previously described a chemical method to image glycans
during zebrafish larval development; however, they were unable
to detect glycans during the first 24 h of embryogenesis, a very
dynamic period in development. Researchers then demon-
strated that microinjection of simple nucleotide azidosugars
followed by labeling using copper-free click chemistry could
enable visualization of glycan biosynthesis in the enveloping
layer of zebrafish embryos as early as 4 h after the onset of
zygotic gene expression. Researchers microinjected embryos
with azidosugars at the one-cell stage, allowed the zebrafish to
develop, and detected the metabolically labeled glycans with
copper-free click chemistry. Mucin-type O-glycans were imaged
as early as 7 h postfertilization, during the gastrula stage of
development. Additionally, researchers used a nonmetabolic
approach to label sialylated glycans with an independent
chemistry, enabling the simultaneous imaging of these two
distinct classes of glycans. Imaging analysis of glycan trafficking
revealed the dramatic reorganization of glycans on the second
time scale, including rapid migration to the cleavage furrow of
mitotic cells. These studies yield insight into the biosynthesis
and dynamics of glycans in the enveloping layer during
embryogenesis and provide a platform for imaging other
biomolecular targets by microinjection of appropriately
functionalized biosynthetic precursors. Simultaneous visual-
ization of O-glycans and sialylated glycans using these
independent targeting strategies exposed subtle differences in
the distributions of these two partially overlapping sectors of
the glycome during embryogenesis (Figure 63).

Fucosylation is essential for proper cell signaling and
embryonic development. Many developmental processes
depend on proper fucosylation, but this post-translational
modification is difficult to monitor in vivo. Bertozzi and co-
worker successfully applied the chemical reporter strategy to
enable visualization of fucosylation during zebrafish develop-
ment.>* Using azide-derivatized analogues of fucose, research-
ers metabolically labeled cell-surface glycans and then detected
the incorporated azides via copper-free click chemistry with a
difluorinated cyclooctyne probe. During these studies,
researchers found that the fucose salvage pathway enzymes
were expressed during zebrafish embryogenesis, but that they
process the azide-modified substrates inefficiently and they
were able to bypass the salvage pathway by using an azide-
functionalized analogue of GDP-fucose. This nucleotide sugar
was readily accepted by fucosyltransferases and provided robust
cell-surface labeling of fucosylated glycans, as determined by
flow cytometry and confocal microscopy analysis. Researchers
used this technique to image fucosylated glycans in the
enveloping layer of zebrafish embryos during the first 5 days of
development (Figure 64).

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905—4979
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9. CONCLUSION

Life on earth requires the construction of carbon—heteroatom—
carbon bonds in an aqueous environment. Following nature’s
lead, researchers endeavor to generate substances by joining
small units together with heteroatom links (C—X—C). To
address this problem, several chemical and technological
advancements in the very recent past have radically improved
today’s research fields in chemical biology and molecular
biology. Recently, click chemistry is one of the powerful tools
for the construction of heteroatom links (C—X—C) for
chemistry and biological applications. We have demonstrated
from this rReview that click chemistry is one of the powerful
versatile synthetic tools applicable for chemistry and biology in
drug development and investigation of biological systems. The
copper(I)-catalyzed 1,2,3-triazole forming reaction between
azides and terminal alkynes has become the gold standard
reaction due to its reliability, specificity, and biocompatibility.

In the development of enzyme inhibitors, click chemistry
plays an important active role. It has been identified as a
convenient strategy toward fragment-based inhibitor assembly,
where large libraries of potential bidentate inhibitors were
generated with minimum synthetic efforts by several research
groups. Many research groups developed a nanomolar potent
ligand for specific enzyme inhibition using click chemistry.
Ingenious strategies, such as in situ click chemistry, have so far
shed some light onto new ways of generating extremely potent
inhibitors against certain enzymes. Nevertheless, click chemistry
is used for the development of agonists, antagonist, and
selective ligand in receptor—ligand binding studies for drug
development in the field of medicinal chemistry.

Bioorthogonal-click chemistry reactions are paving the way
for new innovations in biology. These reactions possess
extreme selectivity and biocompatibility, such that their
participating reagents can form covalent bonds within richly
functionalized biological systems. The bioorthogonal reactions
described in this Review and related transformations have
proven powerful tools for bioconjugation. Thus, the click
chemistry reaction was successfully used for site-specific
protein, glycans, lipids, and cell surfaces, inside living animals
under physiological conditions. Click-ABPP platforms enable
both the discovery of various disease relevant enzymes and the
selective pharmacological probes to perturb and characterize
these proteins in cells. Activity-based proteomics can provide
insight into the metabolic and signaling pathways that support
illuminate new strategies for disease diagnosis and treatment.

The portability of azide labeling and Cu-free click chemistry
enables applications in many areas of chemical biology. Cu-free
click chemistry has been used to monitor azidosugars, proteins
bearing azido amino acids, lipids, and site-specifically labeled
proteins, DNA, and RNA in live cells.

In the short period since click chemistry was conceived, it has
had a dramatic and diverse impact in many areas of modern
chemistry. In particular, strain-promoted cycloadditions of
cyclic alkenes and alkynes have now established themselves as
powerful tools in (reagent-free) bioconjugations. Research and
development in this field are still increasing exponentially, and
this Review is intended to provide an introductory overview of
click chemistry to demonstrate the diversity of applications of
this chemical strategy.
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