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Boronic acids as building blocks for the
construction of therapeutically
useful bioconjugates
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Bioconjugates are multifunctional constructs in which biomolecules like peptides, proteins, vitamins and
nucleic acids are endowed with the properties of specific payloads. These constructs recently emerged as a
new generation of high-precision therapeutics, with several representatives reaching the market. This
success stimulated an intense search for new biocompatible synthetic methodologies to connect both
components and to control the bioconjugate’s function. Despite the remarkable advances made in this field,
most of the technologies developed for the construction of bioconjugates were engineered to yield stable
constructs that can endure complex physiological conditions. Because of this, the use of reversible covalent
bonds in the synthesis of bioconjugates has been rather overlooked, notwithstanding the potential of this
strategy to generate stimuli responsive constructs that may operate in areas like the selective delivery of
drugs, live-cell imaging and new theranostic approaches. Boronic acids are a well-known class of reagents
that have been widely used in modern synthesis for the formation of C-C and C-heteroatom bonds. Apart
from this, boronic acids exhibit an exquisite reversible coordination profile that can be explored as a mole-
cular construction tool featuring specific mechanisms to control the structure and biological properties
of bioconjugates. In this review, the use of boronic acids in the construction of therapeutically useful bio-
conjugates will be discussed, focusing on the molecular mechanisms that allow the use of these reagents as
bioconjugation warheads, as central pieces of linker structures and as functional payloads.
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1. Introduction

Rational design of bioconjugates emerged in recent years as a
leading strategy to construct innovative hybrid materials that
may be used to devise new therapeutic options for unmet
medical needs like cancer, inflammation and neurodegenera-
tive diseases. The clinical success of bioconjugates is intimately
related to the chemistry used to connect their functional
components. For instance, the biomolecule’s activity and
pharmacokinetic properties should not be significantly altered
by the attachment of the payload and the conjugate’s stability
should be maintained in circulation until it reaches the
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diseased site, where the payload must be activated preferen-
tially as a response to a different chemical environment.
With the objective of addressing the different aspects of bio-
conjugates’ construction, many efforts have been devoted
towards discovering new conjugation strategies and innovative
linker technologies to generate more homogeneous and stimuli-
responsive conjugates. In recent years, boronic acids’ (BAs’)
exquisite coordination profile, very favourable physicochemical
properties under physiological conditions and reduced toxicity
have brought BAs into the limelight of chemical biology. BAs’
ability to form reversible covalent bonds enables the synthesis of
bioconjugates with suitable properties for use in areas like
bioconjugation, live-cell-imaging, theranostics and selective drug
delivery. ™

1.1. Boronic acids’ structure and coordination profile

Since their discovery, BAs have become one of the most
prevalent classes of reagents in modern synthesis, enabling
the effective construction of different types of C-C and
C-heteroatom bonds. Apart from their use as reagents, BAs
also exhibit unique properties that have recently been well
appreciated in the areas of medicinal chemistry, chemical
biology and materials science.

BAs feature a vacant p-orbital centred on the boron atom
which readily establishes reversible covalent bonds with oxygen
and nitrogen nucleophiles. This Lewis acid-base reaction
results in the central boron atom interconversion between an
uncharged trigonal planar structure and an anionic tetravalent
borate species, with a geometry and an isoelectronic structure
that are equivalent to those of a neutral sp*-hybridized carbon.
BAs also bind vicinal nucleophiles to generate cyclic boronate
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Fig. 1 General reactivity profile of boronic acids. X, Y and Z = oxygen or
nitrogen.

esters. In recent years, this reaction has become a powerful
synthetic strategy to construct self-organizing systems, sensors
and many different types of functional materials (Fig. 1).>®

Due to their mild Lewis acidity, BAs are typically uncharged
under physiological conditions and retain their ability to
reversibly coordinate oxygen-based nucleophiles, namely at
the active site of proteases. The discovery that BAs may be
used as transition-state analogue protein inhibitors triggered
burgeoning interest among the medicinal chemistry community
that has been using boronated compounds mostly due to their
ability to emit alpha particles under neutron bombardment
(boron neutron capture therapy).”® Currently, BAs are a
preeminent class of functions in medicinal chemistry, with
FDA-approved representatives like Bortezomib, a first-in-class
proteasome inhibitor used in the clinic as an anticancer agent
in patients with multiple myeloma, and Tavaborole, a leucyl-
tRNA synthetase inhibitor commercialized for the treatment of
onychomycosis.

1.2. Bioconjugate engineering

Bioconjugates are multifunctional constructs in which bio-
molecules like peptides, proteins, small vitamins and nucleic
acids are endowed with the properties of specific payloads
(e.g., biological activity and fluorescence).’® "

The synthesis of bioconjugates by direct chemical installation
of molecular payloads onto biomolecules is often impossible due
to the lack of suitable chemical functions that may be used in the
bioconjugation process.>*>*” Therefore the construction of
these hybrid materials depends on the use of chemical spacers
to connect the payload and the biomolecule.”**! In this review
the use of BAs in the construction of bioconjugates will be
summarized, with a particular focus on the molecular mechan-
isms underlying the role of the BA moiety in the construction
and function of the bioconjugate, namely as a bioconjugation

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Boronic acid's intrinsic characteristics are useful for design of all
three components of a bioconjugate.

warhead, as a payload and as part of a bioconjugate linker
(Fig. 2).

2. Boronic acids as payloads

A central component of bioconjugates is the payload that elicits
the therapeutic properties desired for the construct. In this
context, BAs are a very promising class of therapeutic agents,
with several representatives reaching the market in areas such
as oncology and antimicrobials. In addition to this, because
the BA function can be synthetically introduced into the struc-
tures of organic molecules using methodologies like Miyaura
borylation,**** the range of BA based payloads that can be used
to generate bioconjugates is very diverse and includes not only
drugs but also pro-drugs and fluorescent molecules.

2.1. Boronic acids as drugs

Several boron-containing bioactive molecules have been devel-
oped over the past decades, with a particular focus on the
design of protein inhibitors.>*° As of the end of 2018, almost
300 protein structures have been crystallized with BA inhibitors
and are available in the Protein Data Bank.*” From the analysis
of these structures it emerges that the inhibitory activity of BAs
is, among their various targets, mainly directed towards serine
proteases. The most common inhibition mechanism is the
formation of a tetracoordinated boronate complex by coordina-
tion with the hydroxyl side chain of an active serine residue,
although other mechanisms of action have also been identified.
Despite the promising results shown in vitro,>* only a few drugs
containing the BA moiety have made it to the clinic, namely
the antifungal agent Tavaborole (KERYDIN®)*' Crisaborole
(Eucrisa™)* for the topical treatment of eczema, the B-lactamase
inhibitor Vaborbactam (Vabomere™) which is used in combi-
nation with meropenem to treat urinary tract infections and
pyelonephritis,”® and the proteasome inhibitors Bortezomib
(Velcade®)** and Ixazomib (Ninlaro®)** for the treatment of
multiple myeloma (Fig. 3). One of the reasons behind the poor

Chem. Soc. Rev., 2019, 48, 3513-3536 | 3515
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Fig. 3 Examples of boronic acids in pharmacologically relevant compounds.

translation of positive in vitro results to the clinic lies in the
reactivity of BAs in their open shell form, as they are able to
interact with different naturally-occurring nucleophiles,*®
resulting in poor pharmacokinetic profiles. The two FDA-
approved BA-based proteasome inhibitors Bortezomib and
Ixazomib offer an interesting case study for understanding
the BA ligand’s role in the pharmacokinetics of a drug. Both
drugs target the B5-subunit of the 20S proteasome, exhibiting
similar low-nanomolar ICs, values. Bortezomib, approved in
2003, is used in the clinic as a BA and requires subcutaneous
administration.”” On the other hand, Ixazomib, approved in
2015, became the first orally-available proteasome inhibitor
due to the derivatization of its BA moiety with citric acid, thus
restraining its activity and improving the pharmacokinetic
properties of the drug.*®

Another alternative to solve BAs’ pharmacokinetic issues is
their incorporation into heterocycles. Recent reports have
demonstrated that certain B-N heterocycles are able to improve
BAs’ stability and selectivity while maintaining their comparable
inhibitory activity towards their target.** On the other hand,
despite some reports of BAs’ ability to coordinate threonine
and histidine,*"® the development of BA-based inhibitors has
recurrently focused on serine residues. Other nucleophilic resi-
dues such as lysine, histidine, arginine, tyrosine, threonine and
cysteine have been fairly overlooked thus far and could represent
interesting targets for the discovery of new inhibitors.

2.2. Boronic acids as prodrugs

Pharmaceutical agents are not the only valuable BA-based
payloads, as the BA moiety has also been widely explored for
the development of prodrugs and self-immolative groups. In
these applications, the use of BAs is attractive because aromatic
BAs such as phenylboronic acid (PBA) are readily converted to
the corresponding phenols by reaction with H,O, and other
radical oxygen species (ROS). The concentration of ROS in
tumour tissues is abnormally high (10 to 40 fold increase vs.
healthy cells), thus representing a valuable biological trigger for
payload release and activation.®® Exploiting this behaviour,
various research groups have reported the construction of
ROS-triggered prodrugs by replacing a phenol moiety in the

3516 | Chem. Soc. Rev., 2019, 48, 3513-3536
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original structure of a drug with a BA. For instance, Lu and
co-workers® reported the synthesis of a prodrug of SN-38, the
active metabolite of the FDA-approved drug Irinotecan, through
borylation of its phenol moiety (Fig. 4A). This molecule can be
converted to the active drug with H,O, concentrations as low as
0.5 mM and shows better in vivo results than Irinotecan itself
in glioblastoma xenograft mouse models. High concentrations
of ROS can also be found in inflamed tissues, which were
addressed in 2015 by Kang and co-workers, through the pre-
paration of a borylated precursor of p-hydroxybenzyl alcohol
(HBA), an anti-inflammatory agent. The derivatization of HBA
as a hydroxymethyl boronic ester led to a prodrug with a better
circulation half-life than HBA itself and higher efficacy in the
treatment of ischemia-reperfusion injury.®* The reactivity
between BAs and ROS can also be used for imaging purposes,
as shown by Wang and co-workers,*> who developed a BA
derivative of coumarin. The borylation of coumarin turned off
its fluorescent properties, which were restored in a concentration-
dependent fashion upon incubation with H,O, (Fig. 4B). Similar
methodologies®*~*® were developed by other groups using different
fluorescent dyes.®®”® Following the same rationale, various

This journal is © The Royal Society of Chemistry 2019
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self-immolative linkers triggered by H,0, were reported. Cohen
and co-workers published various examples of BA-based linkers
in which the conversion of the BA into phenol triggers a self-
immolative cascade (Fig. 4C).”° These mechanisms can be
applied both as a prodrug strategy and as a delivery system in
the construction of targeted drug conjugates. By combining
some of the previous concepts, Kim and co-workers reported
the synthesis of a hybrid construct between a coumarin and
SN-38 for theranostic applications.®® When this compound is
incubated with cancer cells, the H,0,-mediated oxidation of the
borylated coumarin triggers an electron cascade that leads to
the release of SN-38 and coumarin, providing both therapeutic
effects and localized fluorescence. However, due to the large
array of ROS present in living systems and the specific tasks
each molecule is entrusted with, it is imperative to devise
methods capable of discriminating between them. Until now,
few BA-based methods have shown selectivity for a single
species though in the future this approach could be a valuable
tool to understand and visualize the molecular mechanisms
behind ROS signalling and exploit them for targeted drug
delivery.

3. Boronic acids as bioconjugation
warheads

Bioconjugation emerged in recent years as an invaluable tool
for performing chemical modification of complex molecules
and for generating bioconjugates in which the biomolecules are
endowed with the properties of the attached entities. Most of
the chemical functions used in bioconjugation were designed
to yield stable constructs capable of tolerating the complex
conditions of the biological milieu. In contrast, the use of
reversible ligation methods has been rather overlooked, despite
their potential to prepare conjugates that may respond to a
predetermined stimulus. In recent years, BAs have become a
well appreciated functionality to design responsive bioconju-
gates, primarily because BAs can selectively establish reversible
covalent bonds with a diverse set of biological entities under
bioconjugation conditions.®"

3.1. Boronate esters

BAs are able to react with various naturally-occurring nucleo-
philes including carbohydrates and catechols, because the
boron centre can reversibly coordinate with vicinal hydroxyl
groups to yield boronate esters (BEs) with reaction rates of
102_103 Mfl 571.46'82_84

The reversible nature of BEs in aqueous media was initially
reported by Lorand and co-workers,®* and since then, extensive
studies have been performed to understand the mechanisms
underlying the formation and stability of BEs."®*%%” Regarding
the formation of BEs, the tetrahedral boronate anion has been
postulated to favour their complexation at higher pH values.®®
In what concerns the complex’s stability, BEs tend to hydrolyse
under more acidic conditions.®* Moreover, the stability greatly
depends on the structure of the diol ligand as, typically, cyclic

This journal is © The Royal Society of Chemistry 2019
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and hindered cis-1,2 diols yield more stable complexes.®® Despite
the general agreement that the structural integrity of BEs is
pH- and solvent-dependent, the factors that govern these pro-
cesses are still the subject of considerable debate (Fig. 5)."*°

Given their exquisite reactivity with various diols, BAs have
been extensively used in the detection and quantification of
carbohydrates. Despite being very important, these uses will
not be covered here and the reader is directed to excellent
existing reviews on this topic.**?%%

Over the years, BEs have assumed a significant role in
bioconjugation by enabling the construction of hybrid materials
that exhibit a dynamic nature. The formation and trans-
esterification of BEs under aqueous conditions are highly depen-
dent on the diol-BA affinity. Therefore, BEs with good stability in
aqueous solutions can still be displaced in the presence of diols
with higher affinity for the same BA.

3.1.1. Bioconjugation with natural residues. Naturally-
occurring carbohydrates, such as fructose, sialic acid and
mannitol, display good affinity towards PBA, which can be
exploited for the selective recognition of bioconjugates or for
targeted delivery of payloads.

Taking advantage of the fast BE displacement in the presence
of high-affinity carbohydrates, Markussen and co-workers developed
a delivery system for insulin that responds to the increased concen-
tration of p-sorbitol. This system was prepared by performing
insulin functionalization at LysB29 with a modified glutamic
acid displaying both a BA and a polyol that, upon interaction,
generate an inactive multiprotein complex. These macromole-
cular structures exhibit an improved circulating half-life,
though, in the presence of high concentrations of p-sorbitol
(ECso of 50 mM), they readily disassemble to release the active
insulin monomers (Fig. 6).> This technology could be the
starting point for an interesting new concept for treatment of
type II diabetes patients where a release of monomeric insulin
(active form) occurs in response to an increase in serum
carbohydrate concentration.’*®

Similar strategies have been used to block the adhesion of
cells to biological or biomedical surfaces by introducing PBA
warheads onto a PEGylated polymer. In this approach, the PBA acts

Chem. Soc. Rev., 2019, 48, 3513-3536 | 3517
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as a sugar-binding motif for carbohydrates on the cell surface
(or hydroxyl groups on the surfaces of biomedical materials), while
the PEG creates a hindered coating around the surface that blocks
cell adhesion.”® This technology might have useful applications in
decreasing the rejection rates of transfusions and transplants
(natural or prosthetic) by blocking antibody adhesion to red blood
cells or the transplanted organ/limb.

Owing to their ability to bind carbohydrates, BAs have
become a very important tool for designing bioconjugates with
therapeutic potential, because glycosylation patterns are impor-
tant biomarkers in many different diseases.””'%° For instance,
due to aberrant glycosylation, carbohydrate antigens are over-
expressed in all tumour cells with higher frequency than other
oncogene markers, thus making them effective targets for drug
delivery.’®" In humans, these glycophenotypes mainly present
an abundance of sialic acid derivatives, which are associated with
tumour growth in different types of cancer.'® Taking advantage
of the high affinity of sialic acid for PBA (K, 12.3 M 'vs. 1.71 M ™"
of glucose at pH 7.4), Kataoka and co-workers developed PBA end-
functionalized poly(ethyleneglycol)-b-poly(r-glutamic acid)
copolymer micelles that target selectively sialic acid groups
overexpressed on the surfaces of tumour cells (Fig. 7)."* In this
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Fig. 7 PBA-installed DACHPt-loaded micelles by self-assembly through
polymer—metal complex formation between DACHPt and PBA—poly(ethylene
glycol)-b-poly(L.-glutamic acid) in distilled water. The PBA moieties on
the surfaces of the micelles can bind to sialic acid. DACHPt stands for
(1,2-diaminocyclohexane)platinum(i).
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example, the formation of the boronate complex on the cancer
cell’s surface enabled the effective delivery of micelles loaded
with a (1,2-diaminocyclohexane)platinum(ir) complex, which is a
potent cytotoxic drug.

In 2018, Best and co-workers reported the incorporation of
BAs onto the surfaces of liposomes to achieve carbohydrate-
mediated delivery along with nanoparticle disassembly.'®* The
insertion of BA-modified lipids into the liposome structure
highly enhanced their cellular delivery, thanks to carbohydrate
binding effects. Remarkably, the presence of carbohydrates also
triggered the disassembly of the liposomes in a dose-dependent
fashion, validating BA-liposomes as a useful tool for drug
delivery and release.

Raines and co-workers disclosed a methodology to improve
cellular delivery based on the formation of transient BEs with
polysaccharides present on the cell surface. In particular, the
authors explored the higher affinity of benzoxaborole for sialic
acid (3.5 times higher than that of PBA) to deliver macro-
molecules into the cytoplasm of targeted cells. This approach
was applied to the intracellular delivery of proteins, which is a
challenging endeavour and typically requires the attachment of
cationic domains to interact with the anionic cell membrane."*>%
In this work, benzoxaborole-modified RNAse A was efficiently
delivered into the cytosol with a 4- to 5-fold increase in uptake
versus the non-borylated protein.'®”

Continuing their work on benzoxaborole-based systems,
Raines and co-workers reported an improved system for
the traceless intracellular delivery of proteins based on a self-
immolative benzoxaborole delivery vehicle. The self-immolative
linker, an o-hydroxydihydrocinnamic acid derivative known as a
trimethyl lock,'® is activated by intracellular esterases, followed
by intramolecular lactonization and consequent release of the
uncompromised protein (Fig. 8). With this technology, a 10-fold
increase in cytosolic delivery was achieved for green fluorescent
protein and cytotoxic ribonuclease in their native forms.**

In the context of protein modification, BAs were used in the
traceless labelling of glycoproteins by taking advantage of the
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Fig. 8 Boronate ester-based system for the traceless delivery of proteins
into cells. The trimethyl lock linker promotes the intracellular release of the
protein.
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Fig. 9 Attachment of a clickable handle through a proximity-driven Sy2
reaction. This reaction was promoted by the formation of a BE with the
glycoprotein’s carbohydrates.

reversible formation of BEs. Affinity probes built through
the attachment of a clickable handle to a PBA moiety via a
reactive tosyl linker undergo a proximity-driven intramolecular
Sn2 reaction with a nucleophilic residue on the protein upon
BE formation. Treatment with glycerol or sorbitol cleaved the
BE and released the protein functionalized with the clickable
handle, which was then used for pull-down assays (Fig. 9).
Using this strategy, BA-tosyl-functionalized glass slides were
used to develop microarrays for high-throughput screening of
glycoproteins. This system was employed in the discovery of
new glycoproteins in mixed protein pools and for the study
of glycoprotein—protein interactions.'*’

The functionalization of protein amino acids featuring
hydroxylated side chains with BAs would be a very practical
bioconjugation strategy as it would target naturally-occurring
residues like serine, threonine and tyrosine. However, the
formation of a single B-O bond is often non-selective and
typically lacks the stability required to endure the complex
biological medium. To address this problem, Schepartz and
co-workers developed a method capable of selectively recog-
nizing protein tetraserine motifs based on the use of a bis-BA
pro-fluorescent rhodamine compound. This bis-boronic acid
(RhoBo) was employed as a selective small-molecule tag
for proteins in living cells (Fig. 10). This non-toxic sensor
exhibited cell-permeability and turn-on fluorescence upon
tetraserine motif recognition, while displaying minimal
affinity for monosaccharides and other endogenous mole-
cules. The BE formation promoted a 3-fold increase in quan-
tum yield, with a desirable bioimaging fluorescence emission
wavelength (Amax = 520 nm). Notably, over 100 proteins within
the human proteome contain the SSPGSS sequence that could
potentially be recognized in the nanomolar concentration
range by RhoBo.""
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Fig. 10 Representation of a RhoBo fluorescent complex upon tetraserine
sequence recognition.

In a similar trend and despite its increased acidity, tyrosine
is equally unable to form stable conjugates directly with BAs.
However, as reported by Tirelli and co-workers, this residue can
be converted to its corresponding catechol derivative by the
action of tyrosinase. The newly formed Tyr-derived catechol is a
good BA ligand, with the ability to form BEs under bioconjuga-
tion conditions (Fig. 11). This approach can be applied to
different proteins using the hemagglutinin-derived HA-tag that
can introduce exposed Tyr groups onto proteins, thus making
them suitable for this modification."*

The presence of a diol-containing ribose unit in the structure of
ribonucleic acid (RNA) offers the possibility of generating BEs at
this position. In fact, BAs have been used for RNA separation and
purification and for design of different bioconjugates with potential
therapeutic use."* "> One particular area of interest which can be
facilitated by the BE formation is the transport of ribonucleosides
and ribonucleotides across cell membranes.''® Kataoka and
co-workers reported a PBA-modified poly-lysine co-polymer with a
C-terminus PEG chain that is able to bind reversibly to siRNAs. This
copolymer forms micelles that enable the BE formation and
electrostatic interactions with the phosphate anions of RNA, con-
tributing to the stabilization of the siRNA-vector complex. Despite
these strong interactions, the intracellular high concentration of
ribonucleotides like ATP compromised the structural integrity of
the complex and promoted the intended release of the siRNA.™"”

Zhuo and co-workers reported a similar bi-functional linker
for gene transfection through the covalent incorporation of

Catec’hol %
R OH
Site-specific oxidation
Tyrosinase-mediated
BE formation
Fig. 11 Oxidation of a tyrosine residue by tyrosinase to the corresponding
catechol enables the formation of transient BEs on the protein’s surface.
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glycans.

multiple PBA moieties into polyethylenimine polymers (Fig. 12).
The cationic groups of the polymer interacted electrostatically
with the phosphate anions of deoxyribonucleic acid (DNA), while
the PBA was anchored to the cell surface through BE formation
with glycoproteins, leading to an improved gene cellular
uptake.''® Despite the polyethylenimine polymer being already
one of the most successful non-viral gene vectors,"'® the
introduction of PBA into the polymer improved gene trans-
fection by 2 to 3 orders of magnitude.

3.1.2. Bioconjugation with artificial residues. The ability to
insert non-natural amino acids with BA side chains into the
structures of peptides enables new possibilities for bioconjugation.

In 2008 Schultz and co-workers developed a method to
perform the site-specific incorporation of a non-natural
boron-based amino acid (p-boronophenylalanine) into proteins
using the amber stop codon (TAG) strategy.">® The obtained
modified protein was not only able to react in classical
boronate-mediated reactions, such as oxidation, reduction
and Suzuki coupling, but also gained the ability to form BEs
with poly-hydroxylated compounds that allowed a one-step
traceless protein purification (Fig. 13). Furthermore, the
authors used this technology to generate antibodies in an

OH
HO
Site-specific
incorporation HO OH
/\ O OH
HO, i By
B O

HO Ho-B-on BE formation
H,N  OH with acyclic sugar

p-boronophenylalanine

* = Fluorescein * = Polystyrene resin

Detection Purification

Fig. 13 Incorporation of a p-boronophenylalanine non-canonical amino acid
into proteins allows their detection and purification through BE formation.
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E. coli strain that encoded p-boronophenylalanine with the
ability to form reversible boronate esters with acyclic
glycans.’! These studies contributed to current and future
applications in the design of therapeutic proteins'** and to
the development of new fluorescent proteins as sensors for
H,0,"** or peroxynitrite'** detection in vivo.

Despite their utility, BEs based on carbohydrates often lack
the necessary stability to design bioconjugates that may operate
in more complex biological settings. Aware of these limitations,
Hall and co-workers reported a new click semi-bioorthogonal
reaction system using a highly strained diol to improve the
affinity of the BA-diol pair.'*®> Nopoldiol and 2-methyl-5-
carboxyphenylboronic acid showed complete complexation
within minutes at a low micromolar concentration in aqueous
medium (ca. 6.9 M ' s and Keq ~ 1.2 x 10° M ' measured
by 'H-NMR). Fluorescence quenching assays demonstrated
that the kox and K.q values for the same pair can go up to
340 M~' s7' and 1.5 x 10’ M~ '. However, the authors
suggested that these results might be significantly influenced
by hydrophobic and n-r interactions between the fluorophores.
Therefore, the actual kinetic rates should be somewhere in the
middle of the underestimating, highly concentrated 'H-NMR
experiments and the overestimating fluorescence quenching
assays. The authors also noted that the introduction of a
fluorine in the ortho position to the BA increased significantly
the kon and K4 values but decreased the hydrolytic stability,
making it unuseful for protein labelling. With this methodo-
logy, model proteins like thioredoxin and albumin were first
modified with a BA linker, which then reacted with a nopoldiol
fluorescent reporter under physiological conditions (Fig. 14A).
Later, the same authors also described a synergistic “click”
boronate/thiosemicarbazone system that enables a fast and
irreversible bioorthogonal conjugation in live cells (Fig. 14B)."*° This
new system is similar to the previous one but, through the
introduction of an additional hydrazone ligation, the reaction
became irreversible. This click type reaction was successfully
applied to site selective protein labelling on mammalian
HEK293T cells.

3.2.

3.2.1. Bioconjugation with natural residues. Unlike BEs
that rely on direct esterification of BAs’ chemical function,
BAs in iminoboronates catalyse and stabilise the product
of a reaction between a nearby carbonyl function and a
primary amine.

Bioconjugates with primary amines, either the a-amines of
N-terminal functions or the e-amines of lysine residues, are
common targets of protein functionalization due to amines’
high nucleophilicity and solvent accessibility. These chemical
functions can react with electrophiles like activated esters,
sulfonyl chlorides, isocyanates and isothiocyanates.'®’ Alterna-
tively, primary amines can also be selectively modified based on
the generation of imines, though a second reductive step is
commonly necessary to achieve an efficient conjugation, due to
the inherent reversibility of this functionality (Fig. 15A)."*%"*°
Therefore, the formation of stable imines in aqueous media

Iminoboronates
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Fig. 14 Formation of stable BEs. (A) The highly strained nopoldiol binds
tightly but reversibly to PBA. (B) The introduction of a synergistic thiose-
micarbazone renders the BE with nopoldiol irreversible.

would allow a direct, selective and potentially reversible strategy
to functionalize the lysine residues and N-terminus.

Similarly to oxygen-based nucleophiles, BAs can also coordi-
nate with nitrogen Lewis bases to generate reversible B-N bonds
(Fig. 15B) that have been used in the construction of self-
assembled nanostructures, polymers, and carbohydrate sensors
or to design molecules that explore B-N/C-C isosterism."?*"*?
Based on these studies, Gois and co-workers envisioned that the
reaction of BAs substituted at the ortho position with a carbonyl
group with alkylic primary amines could result in imines with
improved stability in aqueous media due to the formation of an
intramolecular B-N dative bond.™®* In their initial studies, the
authors showed that 2-formylbenzeneboronic acid (2-FBBA) and
2-acetylbenzeneboronic acid (2-ABBA) very effectively reacted
with lysine in aqueous media to generate iminoboronates over
a wide pH range (6-9), which, if not disturbed, could be main-
tained over 7 days. Density functional theory calculations
performed on this system support a mechanism where the BA
acts as an intramolecular Lewis acid that catalyses the nucleo-
philic attack of the amine to the carbonyl group, favouring the
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(A) Imine formation, reversibility in aqueous media and reductive amina-
tion. (B) Iminoboronate formation and reversibility in aqueous media.

elimination of water to generate the imine and, more impor-
tantly, enables B-N bond formation (dB-N = 1.71 A) that
enhances the stability of the product (AE = —7.4 kcal mol )
and contributes to an overall favourable energy balance of
—10.0 keal mol . In 2016, Anslyn and co-workers reported that
iminoboronate esters predominantly give a solvent-inserted
zwitterionic species in organic solvents, which must also be
considered as a possible mechanism for the stabilization of
iminoboronates."*

A direct comparison between 2-FBBA and 2-ABBA revealed
that the ketone renders more stable iminoboronates, and for
that reason, 2-ABBA was used in the successful functionaliza-
tion of the primary amino groups exposed in the hormonal
neuropeptide somatostatin and proteins like lysozyme, cyto-
chrome ¢, ribonuclease A, and myoglobin. A very important
aspect of this study was the discovery that, despite being more
stable than imines, iminoboronates are still reversible in the
presence of endogenous molecules such as glutathione (GSH),
dopamine or fructose, which is a promising property to design
therapeutic delivery systems and responsive materials (Fig. 16).
More recently, iminoboronates have been shown to hydrolyse
in more complex physiological media'®® or in the presence of
exogenous molecules such as tris(2-carboxyethyl)phosphine
(TCEP)."*°

The iminoboronate technology was then applied to tag folate
derivatives with fluorescent probes which could be used to
selectively label human non-small lung cancer cells (NCI-H460)
that are known to overexpress folate receptors.'*” Next, the same
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5
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R =H or CHj - dopamine
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- TCEP
Fig. 16 Iminoboronate protein modification and reversibility in aqueous

media.
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Fig. 17 Iminoboronate-based bioconjugation to anchor fluorophores,

clickable handles, PEG derivatives and paclitaxel.

authors explored iminoboronate formation to prepare a folate—
paclitaxel small molecule drug conjugate, which exhibited an
IC5, of 20.7 nM against NCI-H460 cancer cells (Fig. 17). Addi-
tional studies performed on this system allowed the ligation of
clickable handles to a model protein (lysozyme), which were
then subjected to post-functionalization through a Cu-assisted
or strain-promoted azide-alkyne cycloaddition. Finally, the
2-ABBA core was also modified with a polyethylene glycol chain
and this reagent was used to functionalize insulin. Interest-
ingly, in the presence of fructose, the construct was cleaved and
the free insulin released.'*®

Motivated by the reversible nature of this lysine-targeting
bioconjugation methodology, scientists at AstraZeneca reported
the use of iminoboronates to enhance the on-target residence
time of a protein—protein inhibitor. In this study, a known indole
acid-based myeloid cell leukaemia 1 (Mcl-1) inhibitor was func-
tionalized with a 2-FBBA warhead, which enabled iminoboronate
formation with the non-catalytic Lys234 side chain of Mcl-1 and
lined up the ligand’s active motif to the respective binding
site (Fig. 18)."*°

Another example that exploits the reversible dynamic
covalent features of iminoboronates was the use of BAs to
block the ion current of individual nanopores through the
modification of lysine residues. This study, developed by Cock-
roft and co-workers, describes the 2-ABBA-mediated modifica-
tions of three rings of lysine residues within the a-hemolysin
channel: one at the cis-side, one at the trans-side and the other
at the constriction site (Fig. 19). The modifications of the latter
proved to be the most relevant to block ion current, as was
anticipated. Based on the pH-responsiveness of the reaction,
the authors were able to link ion current blockages and specific
lysine modifications unambiguously. Assessments of which
lysines were modified by applying different voltages to the
electrodes surrounding the nanopore allowed concluding that
the reactions at the trans-lysine ring were not observed upon
addition of 2-ABBA from the cis-side, and vice versa. Further-
more, given that at a low concentration of the reagent a single
lysine was dominantly modified, the authors were also able to
perform interesting kinetic and ion current influence studies by
individually modifying one of the seven constriction site-lysine

3522 | Chem. Soc. Rev., 2019, 48, 3513-3536

View Article Online

Chem Soc Rev

Fig. 18 Improved “guided” inhibition of Mcl-1 based on a reversible
iminoboronate modification of Lys234.
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Fig. 19 Transient iminoboronate formation enables the study of ion
current in transmembrane ion channels.

residues.™® In their work, the authors showed a valuable and
accessible alternative of genetic engineering of nanopores to
study the ion current of transmembrane ion-channels.

Most reports on bioconjugation using iminoboronates
target lysine and N-terminal residues, though this technology
has been successfully applied to other biological molecules
besides proteins. Gao and co-workers successfully described the
use of fluorescent 2-ABBA in the functionalization of membrane
lipids phosphatidylethanolamine and lysine-modified phosphati-
dyl glycerol that are exclusively present on Gram positive bacteria
(Fig. 20). Thus, by using this selective amine-oriented modifica-
tion, it was possible to develop a novel imaging method to detect a
specific bacterial infection by discriminating Gram-positive from
Gram-negative bacteria and mammalian cells.**!

3.2.2. Bioconjugation with artificial residues. The incorpora-
tion of non-natural amino acids featuring a 2-carbonylbenzene
boronic acid (2-CBBA) side chain into peptides was studied by Gao
and co-workers. This method permitted the construction of
various responsive platforms, including cyclized peptides that
were sensitive to acidic pH, oxidation and the presence of small
molecule modulators like hydrazine. In this study, different
peptides containing lysine residues and 2-ABBA unnatural amino
acids were synthesized to establish correlations regarding dis-
tance requirements for an efficient intramolecular iminoboronate
formation. After testing a small library of peptides, the presence
of 2 to 5 residues between the 2-ABBA and the Lys residue was
found to be important to enable an efficient macrocyclization
(Fig. 21). A similar strategy proved to be successful in preparing
bicyclic peptides,
formation. The cyclic/linear conformational equilibrium of
peptides is important in many recognition processes, such as

resulting from a double iminoboronate

This journal is © The Royal Society of Chemistry 2019
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Fig. 20 Fluorescent Gram-positive bacterial discrimination based on
selective lipid-iminoboronate formation that is absent in Gram-negative
bacteria and mammalian cells.

the interaction between o,f; integrin and the RGD peptide as
this receptor, which is overexpressed in some cancer cell lines,
only recognizes the cyclic form of the RGD peptide. This has
brought the authors to synthesize a peptide bearing the RGD
motif, flanked with Lys and the 2-ABBA unnatural residue,
which readily afforded the cyclized product, and its inter-
nalization was tested in ovarian cancer cell lines, using a
commercially-available (cyclo-(RGDfC)) peptide as a positive
control. The iminoboronate-based cyclic peptide showed the
same internalization as the positive control at pH 7.4, but failed
to internalize at acidic pH, indicating the stimulus-responsive
disassembly of the iminoboronate, which restored the inactive
linear conformation of the peptide.***

In 2017, Gao and co-workers developed an alternative
method for their previously reported peptide cyclization
strategy, using a shorter side-chain lysine homologue -
diaminopropionic acid (Dap) - as an unnatural amino acid to
enhance iminoboronate formation and consequently increase
the efficiency of the process. In order to turn it into a hydro-
lytically stable product (aminoboronate), the authors used
sodium cyanoborohydride to selectively reduce the imine bond
formed between the B-amine of Dap and 2-ABBA. This was
achieved even in the presence of in-chain lysine residues, which
could then be exploited for further modification.**>

3.3. Boron-stabilized heterocycles

An important addition to the iminoboronate technology
resulted from the recognition that this function can react with
adjacent nucleophiles.

First reported by Wang and co-workers, the known
procedure of cyanobenzothiazole-cysteine condensation was
applied to iminoboronate chemistry, demonstrating that the
adjacent BA could catalyse the reaction, improving its kinetics
(Fig. 22A)."** Surprisingly, this work did not address any
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Fig. 21 Iminoboronate formation enables the macrocyclization of a peptide
which can be reverted in the presence of phenyl hydrazine, ROS and acidic pH.

biological application as the reactions were conducted only in
organic solvents. The ability of BAs to catalyse the nucleophilic
addition of thiols to imines remained, however, an enticing
concept for the modification of proteins given the fast kinetics
and bioorthogonality of the reaction.

A year later, Gao’s and Gois’ groups independently reported
the functionalization of the N-terminal cysteine using the
2-FBBA reagent.'*'* In this reaction, the B-N interaction
affords a reactive imine that rapidly undergoes an intra-
molecular thiol addition. The boronated thiazolidine formation
is one of the fastest bioorthogonal reactions for protein label-
ling (k, = 5.5 x 10° M' s7') and was applied successfully to
several biomolecules. In particular, this method enabled a
controlled dual functionalization of peptides featuring two
different cysteines (N-terminal and in-chain residues). The
boronated thiazolidine was also shown to be reversible upon
incubation with a hydroxylamine derivative, which enabled the
implementation of a sequential orthogonal functionalization of
the peptide with two maleimide derivatives (Fig. 22B).'*

The aforementioned N-terminal Dap residue was also used
by Gao and co-workers to generate imidazolidino boronates.
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This is a similar strategy to what has been reported for
N-terminal cysteine modification. Though, unlike the thiazoli-
dine generation, this group can complex with boron with either
the a- or f-amine from Dap, thus leading to different isomers.
However, given the novel feature of the reversibility of imidazo-
lidino boronates upon incubation with a specific endogenous
molecule (cysteine), there can be specific biological applications
where this strategy can present an added value (Fig. 22C)."*°

4. Boronic acids as linker components

Extensive research in the engineering of bioconjugates demon-
strated that chemical linkers are not just molecular spacers
used to connect both functional moieties but, perhaps as
importantly, are important structures to control the conjugate’s
properties. Therefore, linkers often exhibit structures with a
high functional density, and their construction comprises
a sequence of complex and costly synthetic steps that are
typically unsuited for a straightforward structural diversifica-
tion. In this context, the coordination profile of BAs offers a
unique platform to design chemical linkers with tuneable
stability and reversibility.

4.1. N,O-Iminoboronates

Continuing the development of iminoboronates and aiming
to improve their stability, Gois and co-workers reported the
synthesis of N,O-iminoboronates, a class of iminoboronates
that showed improved resistance to hydrolysis (<12% hydro-
lysis in 7 days).""”

This new class of iminoboronates was prepared by the
reaction of 2-FBBA or 2-ABBA with aminomethyl phenols,
which provide an additional point of coordination to the boron
centre, leading to a remarkably stable bicyclic structure. The
constructs built with this core proved to be stable in human
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Fig. 23 Aminomethyl phenols and 2-ABBA derivatives react to form a
new class of N,O-iminoboronates which are stable at neutral and basic
pHs but readily hydrolyse in acidic medium. This technology was used to
generate a turn-on fluorescent switch using an amino coumarin and a folic
acid—ABBA construct.

plasma (<20% degradation in 48 h) while still being hydro-
lysed at acidic pH, making them suitable linkers for payload
delivery in cancer tissues. The value of this platform has been
demonstrated by the synthesis of a folic acid conjugate for the
delivery of a fluorescent probe to human breast cancer cells.
The fluorescent probe was prepared using an aminophenol
derivative of coumarin, whose fluorescence was turned off by its
incorporation into the N,O-iminoboronate core (Fig. 23). As
predicted, the folic acid-mediated internalization of the con-
jugate exposed it to the intracellular acidic pH that triggered
the hydrolysis of the N,0-iminoboronate and the release of the
fluorescent coumarin.

4.2. Salicylhydroxamic acid-boronate esters

Stolowitz and co-workers discovered that salicylhydroxamic
acid (SHA) formed a complex which was stable over a broad
range of physiological pHs but readily hydrolysed under acidic
conditions. To gain better insight into the newfound com-
plexes, the authors used "'B-NMR to track the boron hybridiza-
tion over time and at different pH values. The authors found
that at neutral and alkaline pHs a single species is observed
with an sp® hybridization, indicating a tetrahedral coordination
geometry, while at acidic pH (< 5) a mixture of sp, sp’> and PBA
signals is visible, indicating possible hydrolysis of the complex.
The preferential formation of a 6-membered ring in opposition
to the respective 5-membered ring was also demonstrated
(Fig. 24).1*8

The first application of this technology was developed by
Wiley and co-workers for protein immobilization and purifica-
tion on a chromatographic support. The authors envisioned
that SHA-functionalized Sepharose beads could interact
strongly (and selectively) with PBA-modified proteins, immobi-
lizing them onto a chromatographic support, followed by a
controlled release upon washing with an acidic eluent (Fig. 25).
For such application, horseradish peroxidase (HRP) and

This journal is © The Royal Society of Chemistry 2019
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Fig. 24 Complexation of SHA with PBA occurs readily at neutral and
alkaline pHs but the formed complex is quickly hydrolysed under acidic
conditions. The 6-membered ring is the preferential structure.
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Fig. 25 PBA-modified proteins can be selectively immobilized and pur-
ified on a SHA-Sepharose resin.

alkaline phosphatase were randomly modified with BAs
using NHS ester chemistry and evaluated for their affinity
to SHA-beads. Both modified proteins were successfully
immobilized onto the SHA-Sepharose column and were
retained throughout successive washes with eluents at basic
and neutral pHs. When the eluent’'s pH was decreased
(pH < 3), PBA-HRP was successfully released from the Sepharose,
while no release was observed for PBA-alkaline phosphatase. A
possible explanation relies on the additional interactions of PBA
with carbohydrates present on alkaline phosphatase’s surface that
blocked the release from Sepharose.'*® The most important
disadvantage of this technology is the strong dependence on
the number of modifications in each protein. Despite the higher
number of incorporated PBA moieties translating into an
improved retention in the column, in the case of PBA-alkaline
phosphatase it also affected its enzymatic activity (50% vs.
unmodified enzyme). Therefore, to achieve optimal results, it is
necessary to tune carefully the number of modifications in each
protein. To solve this problem, the authors later reported a similar
technology using proteins modified with a phenyl-diboronic acid
moiety. This way, the number of modifications in each protein is
maintained but the amount of BA-SHA interactions is doubled,
thus creating stronger protein-Sepharose binding."*’
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In 2010, Jaffrey and co-workers adapted the SHA-BE
formation technology to the development of a strategy for
PBA-modified peptide dimerization in cells."*® To this end, a
dimerizer molecule was synthesized by attaching two SHA
groups to the ends of a spacer unit; the titration of this
molecule with PBA confirmed that it is able to bind 2 molecules
of PBA at the same time. This technology was applied to the
formation of peptide dimers as agonists of the thrombopoietin
receptor c-Mpl, as it is known that monomeric peptidic
sequences only have marginal inhibitory activity. With this
intent, one of the known peptidic agonists of c-Mpl, the
EGPTLRQWLAARA peptide, was decorated with a PBA moiety
at the C-terminus position and was incubated with cells over-
expressing the target receptor. In the absence of the dimerizer,
the agonist activity remained low, as that of the native peptide,
while, in the presence of the dimerizer, a significant increase in
activity was observed, confirming the validity of this approach
for the formation of peptide dimers in a cellular environment.
During this work, the authors determined the kinetic rate for the
complexation to be approximately 7.01 + 2.04 x 10° M 2 s~ *.1*!

Adopting the same strategy for stochastic insertion of BAs
onto protein surfaces used by Wiley and co-workers in their
pioneering work on SHA-BE formation, Weil and co-workers
used the PBA-SHA ligation’s properties to develop hybrid
zymogens through reversible attachment of protective dendrimers.
Inspired by nature’s processes for zymogen production, the
authors envisioned that introduction of a poly(amide)amino
(PAMAM) dendrimer on the surfaces of proteases would create a
protective shell, which would hinder their activity.'>> Moreover,
taking advantage of the PBA-SHA complex’s reversibility, upon
zymogen'’s entrance into the cell through the lysosome, the low pH
quickly hydrolyses the complex, releasing the protease in its active
form. Three different proteases (i.e., trypsin, papain and DNAse I)
were functionalized with PBA moieties followed by complexation
at pH 7.4 with SHA-modified PAMAM dendrimers. After the
modification, all three proteases were inactive as the dendrimers
blocked the enzymes’ active site. As expected, upon decreasing
the pH to 5, the dendrimers dissociate from the proteases and
they regain their enzymatic activity (Fig. 26). The authors also
discovered that, besides acting as blocking agents, dendrimers
facilitate their cellular uptake through electrostatic interaction
between the cationic dendrimer and the negatively charged
phospholipids.

In another work, the same group described the pH-responsive
PEGylation of proteins to modulate their pharmacokinetic
properties using a PBA-SHA complex as a dynamic switch.'>?
Furthermore, Weil and co-workers reported the development of
a smart hydrogel based on the PBA-SHA complex’s dynamic
formation, which incorporates a cytotoxic enzyme as a structural
feature."® Cytochrome ¢, a pro-apoptotic enzyme when present
in the cytoplasm, was modified with a PBA moiety and reacted
with a bis-SHA-PEG. At neutral pH, the gel self-assembles and
enfolds the cytotoxic enzyme in its interior, shielding it from
uncontrolled activity. When the gel enters into tumour cells, the
pH drop promotes the release of the active enzyme, triggering
the apoptotic cascade and eventual cell death. Despite the
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Fig. 26 Reversible attachment of sterically-hindered dendrimers through
a SHA-PBA linker promotes the controlled activation/deactivation of
enzymes.

presence of a sensitive protein in its constitution, the
resulting gel presents interesting rheological properties (e.g.,
high mechanical strength and self-healing) and pH responsive-
ness due to the dynamic properties of the PBA-SHA link.

The latest development from the same authors comes in the
form of a protein tag that allows for easy purification and,
exploiting the PBA-SHA interaction, subsequent modification
of proteins. In this work, the model protein lysozyme was site-
selectively modified on one of its disulfide bridges with a
vinyl sulfone rebridging agent bearing a PBA moiety, which
allowed its straightforward purification on a carbohydrate-
based column. Subsequently, the PBA-modified protein readily
reacted with a SHA linker bearing a BODIPY dye, which allowed
the evaluation of the stability and reversibility of the complex
by microscale thermophoresis (Fig. 27)."*®

BA-SHA linkage has also found valid applications with
smaller protein fragments, functioning as a linker unit for
the attachment of a nucleic acid payload to tumour-targeting
peptides.

Cristiano and co-workers reported the employment a
PBA-SHA complex in the development of a non-viral approach
for the targeted delivery of a DNA cationic polyplex."*® Gene
therapy is based on the selective and efficient delivery of
therapeutic genes into target populations of cells. Despite the
advances in transfection and transduction technologies that
improve the DNA expression in the target cells, most available
techniques still use viral vectors to confer selectivity to the
conjugate and to avoid the development of toxicity. To circumvent
this limitation, the authors proposed the use of a CNGRC peptide,
which is selective for CD13, a surface receptor over-expressed in
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Fig. 27 Lysozyme is modified with a rebridging agent, followed by com-
plexation with SHA-BODIPY to yield a fluorescent conjugate.

tumour cells, as a targeting vector coupled via PBA-SHA bridging
to a PEI-DNA polyplex. The mild conditions for the PBA-SHA
complex formation allowed an easy functionalization of the
peptide and the cationic polyplex, while maintaining the struc-
tural integrity of the vector (Fig. 28). By introducing a [-Gal
plasmid into the vector, the transfection efficiency and

OH
CNGRC(O\/\O);\’O\Q/B‘OH
Ho"B-oH

CNGRC-PBA derivative
+ E——

ul
CRGNC(O\/\O)’\/O

Targeted PEI/DNA polyplex

SHA-modified
PEI/DNA vector

Fig. 28 A CNGRC targeting peptide is attached to a PEI/DNA polyplex
through a SHA-PBA linkage for targeted gene delivery.
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biodistribution could be evaluated both in vitro and in vivo,
through quantification of B-galactosidase expression. Addition-
ally, by replacing the B-Gal plasmid with a Yellow Fluorescent
Protein gene, it was possible to confirm by immunohisto-
chemistry that the cellular target of CNGRC is indeed CD13
and that it is over-expressed only in tumour cells and endothelial
cells of the tumour vasculature.

Subsequently, the same group reported similar methodologies
based on the PBA-SHA link to deliver p53-expressing genes to
tumour cells’ nuclei'” and to evaluate prostate-specific membrane
antigen as an effective target for treatment of prostate cancer.'>®

4.3. Boronated oximes and diazaborines

Many of the aforementioned technologies attained substantial
success, in part, due to their ability to form reversible covalent
bonds. However, for many applications, the formation of more
stable interactions is desirable, and to achieve such stability,
one possible alternative is the replacement of conventional
amines with o-effect nucleophiles such as hydroxylamines
and hydrazines to generate oxime and hydrazone analogues
of iminoboronates. Owing to their stability and tuneable rever-
sibility, hydrazones and oximes have been employed in the
development of bioconjugates, especially for controlled release
and targeted drug delivery including the FDA-approved anti-
body-drug conjugate Mylotarg.'>®'®" Nonetheless, they have
found limited success beyond controlled release of drugs, being
mostly hampered by slow reactions rates under physiological
conditions. To expand the range of potential applications in
chemical biology, new compounds and catalysts were explored
to improve the reaction rates.

In early studies, Jencks and co-workers reported that aniline
was capable of improving the formation of oximes at acidic pH
by 3.5-fold."®* These findings were only much later applied to
neutral conditions, and it was confirmed that aniline reacts
quickly with the carbonyl, forming a very reactive imine inter-
mediate that is readily attacked by the hydroxylamine to yield
the corresponding oxime with very fast reaction rates (280 min
vs. 7.8 days uncatalyzed).'®® However, extremely high catalyst
loadings are necessary, rendering this method unusable for
in vivo applications. Other recent advances in oxime/hydrazone
formation catalysis are depicted in another review and will not
be further detailed herein.">

Despite preliminary works by Crisalli
on the impact of adjacent groups on the formation rates of
hydrazines and oximes, the major breakthrough came with the
discovery that adjacent BAs accelerate by several orders of
magnitude the condensation of oximes. In accordance with
the mechanism elucidated by density functional theory for
iminoboronates,'* Gillingham and co-workers proposed that
the Lewis acidity of a BA in the ortho position to an aromatic
aldehyde could facilitate the key dehydration step, thus
improving the overall reaction rate, even under neutral condi-
tions (Fig. 29A)."®” The authors reported that 2-FBBA and benzyl
hydroxylamine reacted in a 1 to 1 ratio, at low micromolar
concentrations and in neutral pH buffer. Surprisingly, the rate
constant determined through a fluorescence quenching assay

164165 and Gillingham'®®
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Fig. 29 Boronated oximes: (A) oxime condensation is accelerated by the
proximal BA, through a boronate-assisted dehydration; and (B) 2-FBBA
and benzyl hydroxylamine react in buffer, pH 7.2, and in the presence of
interfering biomolecules to yield the corresponding oxime in under
1 minute and with excellent conversion.

was 1.1 x 10* M~" s, which is several orders of magnitude
higher than the reported values for oxime formation at neutral
pH and in line with the fastest reactions in bioconjugation. This
extraordinary increase was confirmed to be specifically due to
the BA being in the ortho position as the same experiment
yielded poor results when the BA was positioned in the meta
and para positions. Also, the vacant p orbital in boron is crucial
for the acceleration since 2-formylbenzene trifluoroborate
reacted more slowly with benzyl hydroxylamine than with the
corresponding BA. The reaction rates were found to be consistent
with a two-step mechanism where the hydrolysis of the trifluoro-
borate to the BA is the rate limiting step.

The BA-assisted oxime condensation is a very robust reac-
tion as it can be achieved with both aldehydes and ketones,
although at slower rates with the latter, as well as with different
and more complex hydroxylamines, including a hydroxylamine-
bearing pentapeptide.'®” This new class of compounds also
inherits the hydrolytic stability of classical oximes and showed
no relevant degradation after 3 days at neutral pH. Additionally,
the reaction demonstrated an extraordinary tolerance to bio-
logical functional groups, maintaining the reaction efficiency in
the presence of glutathione, sucrose, lysozyme and human
serum, which is a good indicator of its bioorthogonality
(Fig. 29). In the presence of human serum, oxidation of the
boronic acid to the phenol was observed but the condensation
was not compromised and the salicyloxime formed was stable.

Later work corroborated the fast oxime formation rates but
produced different results regarding their stability.'®® The
oxime formed with 2-ABBA appears to be less stable than the
one formed with 2-FBBA, which was confirmed by HPLC
and UV absorption studies. This result was partially justified
by ''B-NMR studies where the formation of an iminoboronate
is visible only for 2-ABBA’s oxime, which internally activates the
imine for hydrolysis. The c-donation effect of the methyl is also
important as it increases the basicity of the imine nitrogen,
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rendering it more susceptible to nucleophilic attacks. Further
works reported that ketoximes can rapidly equilibrate to the
corresponding aldoximes in the presence of excess aldehyde."®’

Subsequent studies demonstrated that 2-CBBA could also
accelerate condensation of other o-nucleophiles such as
hydrazines.'®® 2-ABBA was shown to react with acetylhydrazine
and phenylhydrazine in neutral buffer with rate constants
around 10° M~ s, which is in the same range as oximes and
other successful bioconjugation methodologies. BA-assisted
hydrazone formation was tolerant to the presence of lysines,
fructose, glutathione and bovine serum albumin and could be
performed in small peptides and proteins while maintaining the
fast reaction rates. Nevertheless, once again, the conjugate’s
stability was not satisfactory and hydrolysis appeared to be
accelerated by the presence of the proximal BA.'®® According to
the authors, this characteristic can be explored in dynamic
combinatorial chemistry where reversible covalent bonds are
desirable to create virtual combinatorial libraries."”®

An important advance was reported by Bane and co-workers,
which demonstrated that hydrazones formed from 2-FBBA and
4-hydrazinylbenzoic acid could undergo a second internal
dehydration step to form a stable boron-nitrogen heterocycle
called 1,2-dihydro-1-hydroxy-2,3,1-benzodiazaborine."”*

Diazaborines (DABs) are a class of boron-nitrogen hetero-
cycles, which were initially reported in the early ’60s'’*'7?
and have since been employed essentially as antibiotics."”*"®
Besides their pharmacological activity, DABs exhibit a skeleton
with very interesting electronic properties due to their similarity
to naphthalene.

The B-N covalent bond is a natural isostere of a C-C double
bond as the nitrogen can donate its available electron pair
to occupy the empty p-orbital of boron, forming a stable
zwitterion. Despite its similarity to a C-C bond, the B-N bond
offers interesting potentialities due to its intrinsic polarization,
which has been extensively explored in materials chemistry.'”®
Additionally, analogues of aromatic compounds where a C-C
bond is replaced with a B-N bond, such as DABs, also exhibit
classical aromatic characteristics such as high stability. These
aromatic properties, along with the very fast formation rates,
make DABs very interesting candidates for in vivo chemistry
(Fig. 30).
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Fig. 30 A second intramolecular attack renders the resulting DAB irre-
versible, due to its aromatic-like properties.
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Bane and co-workers reported that the reaction of 2-FBBA
with 4-hydrazinylbenzoic acid (1:1 ratio) at pH 7 and a low
concentration proceeds extremely rapidly (>10° M~" s7') and
yields a single product. However, the product was not the
expected hydrazone, but the corresponding DAB. The rate-
limiting step of the transformation was shown to be the internal
dehydration step but, nevertheless, the reaction proceeded at
very favourable rates. As expected, due to its aromatic-like
character, the obtained DAB proved to be stable in solution over
one month."”" Similar results were obtained by Gillingham’s
group, who reported that the reaction of 2-FBBA with phenyl-
hydrazine proceeds well in human serum and in the presence
of millimolar concentrations of glutathione and that DAB’s
formation is irreversible."®

Later, Gao and co-workers demonstrated that semicarbazide
can also react with 2-CBBA to give the corresponding DABs.'®!
The authors proposed that the inherent oxidative instability
and toxicity of phenylhydrazines could be a limitation for their
use in bioconjugation and presented semicarbazide as a stable,
safer and easier-to-modify alternative. The semicarbazide-DAB
formation rate is in line with the previous reports and the
corresponding products were stable under biological conditions.

However, a detailed study uncovered that, depending on
pH and concentration, the reaction of 2-CBBA with carbo-
hydrazides can yield different products.'®* If the reaction is
performed at high millimolar concentrations in aqueous or
organic solvents, the major product is the DAB anhydrous
dimer. Under dilute conditions, at higher pHs (8-9) DAB is
the obtained product, preferentially in the tetravalent boronate
form. However, at lower pHs, mixtures of DAB and hydrazone
can be observed. To avoid such problems, Bane and co-workers
proposed the use of o-amino carbohydrazides. The amine
group in the o position forms an extra B-N bond, which
stabilizes the DAB, via a tricyclic structure, which was con-
firmed by X-ray crystallography. The resulting molecule was
shown to be stable for several weeks under acidic and basic
conditions (Fig. 31).

With high formation rates, good tolerability to complex
media and interesting stability, DAB displays all the necessary
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Fig. 31 The pH is a crucial factor in the determination of the predominant
species in solution. In the presence of an oa-amino group, a tricyclic
structure is formed, which locks the DAB conformation.
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Fig. 32 BSA functionalization with a fluorescent probe using a diazabor-
ine linker under biocompatible conditions.

traits to be a useful technology for the construction of
bioconjugates.

The first example of protein labelling using this technology
was reported by Bane and co-workers in which bovine serum
albumin (BSA) was modified with a fluorescent probe using
DAB as a linker. BSA was covalently modified with a phenyl-
hydrazine derivative through an N-hydroxysuccinimide (NHS)
ester, and reacted with 2-FBBA modified with a coumarin at
room temperature in phosphate buffer (pH 7). The resulting
conjugate was analysed by fluorescence spectroscopy and
SDS-PAGE, revealing that fluorescence could undoubtedly be
observed on the modified protein (Fig. 32). This result demon-
strated that not only are DABs a good option for the develop-
ment of bioconjugates but their significant stability also allows
downstream analysis even under harsh conditions (low pH
of the SDS-PAGE resolving gel).'”" A similar experiment was
performed with the o-amino carbohydrazide in which BSA
was functionalized with a fluorescent coumarin through DAB
formation."®*

Another example of DAB chemistry was reported by Gao and
co-workers. Taking advantage of the dynamic rearrangement of
bacterial peptidoglycan, the authors envisioned the possibility
of incorporating a 2-ABBA-bearing amino acid, which could be
subsequently labelled with a fluorescent semicarbazide.'®!
Starting from p-tyrosine, acetylation and borylation yielded a
modified 2-ABBA-amino acid, which was exposed to different
strains of pathogenic bacteria to be incorporated into their
peptidoglycan (Fig. 33). Upon treatment with fluorescein-
semicarbazide, these bacteria were analysed by fluorescence
microscopy and flow cytometry. Different results were observed
for each strain of bacteria, but in general the fluorescence was
concentrated in the cell envelope, confirming the incorporation
of the synthetic amino acid into the peptidoglycan’s structure.
Not only did this work demonstrate that DAB technology can
operate under biocompatible conditions but it also achieved
interesting conclusions concerning the dynamic processes
occurring during peptidoglycan rearrangement. By analysing
the fluorescence intensity observed for each strain of bacteria,
it is possible to infer that E. coli’s (Gram-negative) uptake of
the synthetic amino acid is higher than those of S. aureus
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Fig. 33 An unnatural 2-ABBA-amino acid is introduced into the bacterial
cell wall taking advantage of the dynamic formation of peptidoglycan. This
orthogonal handle is further modified with fluorescein—semicarbazide to
generate fluorescent bacteria.

(Gram-positive) and P. aeruginosa (Gram-negative). This sug-
gests that an underlying complex transport mechanism should
be behind the uptake of the amino acids, which cannot be
simply explained by the presence or absence of the cell wall.

Another appealing characteristic of DABs is their planar
aromatic scaffold, leading Gillingham and co-workers to
hypothesize that with the right tuning, DAB formation could
produce fluorescent molecules. After designing a small library
of compounds, the authors discovered that ortho-hydroxy
phenylhydrazine would react with 4-dimethylamine 2-FBBA to
yield a tricyclic planar compound with considerable fluores-
cence. The resulting DAB presented a 5-fold increase in fluores-
cence intensity and a higher quantum yield when compared
with 4-dimethylamino 2-FBBA (Fig. 34)."%°

This first attempt at a turn-on fluorescent DAB paved the
way for future research in this area and, one year later, Gao and
co-workers reported a new fluorogenic DAB.'®* By synthesizing
a modified coumarin bearing a 2-ABBA side-chain, the fluores-
cence was quenched, and the authors envisioned that, upon
reaction with semicarbazide, the molecule would regain its
fluorescence. The resulting diazaborine showed a 7-fold increase
in fluorescence intensity when compared to the starting
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Fig. 34 The reaction of a 2-ABBA derivative with 2-hydrazinyl phenol
yields a fluorescent tetracyclic DAB.
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reactants. This concept was used to tag bacteria using
the aforementioned peptidoglycan reorganization model: an
unnatural amino acid containing a semicarbazide side-chain
was introduced into the bacterial wall, which could be further
modified with the pro-fluorescent coumarin-ABBA to generate
fluorescence in living bacteria (Fig. 35).

4.4. Multivalent boron complexes

Boron’s exquisite coordination profile enables the construction
of a multitude of scaffolds mostly based on oxygen and
nitrogen ligands. Nonetheless, the previous examples have
focused on direct coordination of solely one single or
bidentated ligand to the boron centre. However, the possibility
of coordinating multiple ligands at the same time opens up a
new set of constructs with interesting novel characteristics and
increased versatility due to the possible modular assembly.

Initial advances were reported by James and co-workers with
a three-component assembly of 2-FBBA, BINOL and a primary
amine for NMR detection of enantiomeric purity."**™®” In the
same line, Anslyn and co-workers reported an irreversible three-
component reaction for peptide labelling in aqueous media.
This one-pot assembly of 2-FBBA with a catechol and an
N-hydroxylamine was shown to be fast, irreversible and ortho-
gonal to other click reactions, yielding a BE that proved stable
over 24 h over a wide range of pHs (1 to 13) and temperatures
up to 50 °C."** Using this system, the authors could label a
small catechol-containing peptide with the fluorescent dye
CF488A under aqueous conditions (Fig. 36)."%®

Inspired by the previous work, Shi and co-workers reported a
three-component assembly for micelle functionalization and
subsequent drug delivery. In this platform, 2-FBBA forms an
iminoboronate with the amine group of poly(ethyleneglycol)-
block-poly(i-lysine) (PEG-b-PLys), an important building unit for
amphiphilic block-copolymer micelles. The third component is
provided by the drug capecitabine (CAPE), which binds the boron
centre with its vicinal OH groups, forming a stable 3-component
assembly that is used for the functionalization of micelles. The
resulting micelles proved to be stable under physiological condi-
tions, while releasing their CAPE cargo when exposed to low pH or
glutathione, attesting to this technology as a valid strategy for
micelle-based drug delivery that circumvents the difficulties in
loading these structures with hydrophilic drugs.'®®

Using a similar strategy, the same group reported a stimuli-
sensitive hydrogel as a self-assembled multi-component

Aqueous media
il Ml A

Cooperativity,
OH higher stability, N-O

HN irreversible 4

Fig. 36 Irreversible three-component assembly of 2-FBBA, a hydroxyl-
amine and a catechol.
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Fig. 35 Incorporation of unnatural amino acid bp-Dap-Scz enables
the posterior functionalization with a coumarin derivative resulting in a
fluorescent S. aureus.

supramolecular structure composed of an endogenous guanosine,
2-FBBA, tris(2-aminoethyl)Jamine and a cationic potassium core.
Iminoboronates were introduced into the structure to facilitate
the formation of the hydrogel and to allow a controlled hydrogel
dissociation due to the dynamic interactions upon pH acidifica-
tion and exposure to saccharide structures (Fig. 37).">° According
to the authors, these structures can be promising candidates for
future drug delivery applications.

A novel targeting drug conjugate reported by Gois and
co-workers consists of a modular core obtained through a one-
pot reaction of BAs with aminophenols and salicyl aldehydes.***
These constructs showed good stability in physiological medium,
while maintaining GSH-mediated reversibility. The modular
nature of these platforms allowed the straightforward assembly
of a conjugate bearing a PEG unit, a folic acid targeting
unit and the cytotoxic drug Bortezomib as the active payload.

R
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N. C ' <>f H
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Hydrogel
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Fig. 37 Construction of a responsive hydrogel through the reaction
between 2-FBBA, guanosine and tris(2-aminoethyl)lamine. This hydrogel
is dissociated under acidic conditions and in the presence of high carbo-
hydrate concentrations.
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This construct showed high selectivity in vitro against folate-
positive MDA-MB-231 cells with nanomolar ICs, values. The
intracellular delivery of the cargo was confirmed by the synth-
esis of an analogous construct bearing, instead of Bortezomib,
a self-immolative BA derivative of coumarin as the payload,
whose release was followed by confocal microscopy (Fig. 38).

Moreover, Gois and co-workers envisioned the possibility of
generating a similar fluorescent construct through a one-pot
reaction. The conjugation of BAs with Schiff-base ligands
enabled the construction of innovative boronic acid salicylide-
nehydrazone (BASHY) dyes with suitable structural and photo-
physical properties for live cell bioimaging applications that
can be fine-tuned with simple structural modifications.*** %
These dyes were employed by Gois, Bernardes and co-workers
to site-selectively label Annexin V, an early marker of apoptosis,
through maleimide technology for the detection of apoptotic
cells. The BASHY dye maintained its photochemical and photo-
physical properties while attached to the biomolecules and the
conjugate successfully targeted and detected the apoptotic
cells, highlighting BASHY’s utility as a promising fluorescent
marker for biological imaging (Fig. 39).®

5. Conclusions and outlook

In this review, we summarized the recent applications of BAs in
the synthesis of therapeutically useful bioconjugates, focusing
on the molecular mechanisms enabled by the BA function
when incorporated into the bioconjugate structure as the
payload and as the bioconjugation warhead and when used
as part of the linker unit.

The Lewis acidity of BA, as a payload, allows a direct
interaction with nucleophilic residues at the active site
of therapeutically important enzymes. This approach has
been extensively explored to prepare inhibitors for different
proteases, which culminated in the discovery of Bortezomib
and Ixazomib, two FDA-approved proteasome inhibitors used
in the clinic for treatment of multiple myeloma. The chemical
derivatization of the BA structure often enables the modulation
of the drug affinity for a specific target. However, BA’s promis-
cuous reactivity with many endogenous molecules has
hampered its wider use, mostly due to its pharmacokinetic
and toxicity concerns. Because of this, the discovery of new
boron based therapeutics will certainly require the search for
new strategies to control the reactivity of this function. In this
context, BEs and boron heterocycles offer an excellent platform
to discover new active molecules as they enable specific
mechanisms to modulate the stereo-electronic properties of
the boron centre.

Due to their ability to form reversible covalent bonds with
diols, BAs have been used to target overexpressed glycans on
cell surfaces and to promote the targeted delivery of cytotoxic
drugs, proteins and gene vectors to cancer cells. Despite these
promising results, the transient formation of BEs often lacks
the affinity and selectivity required for a precise targeting,
raising concerns whether these methods may develop
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off-target toxicity. Therefore, future developments in this area
will probably focus on improving the affinity and stability of the
BE, which may require the functionalization of the biological
target with an unnatural handle that reacts selectively with a BA
or the discovery of new BA reagents that exhibit high and
specific affinities for naturally occurring carbohydrates.

The discovery that 2-formyl (or acetyl)-benzene BAs can
efficiently promote the functionalization of biomolecules via
the formation of B-N stabilized imines (iminoboronates)
triggered much interest in the use of this method to modify
the lysine and N-terminal residues of proteins and phospholipid
derivatives. This bioconjugation method is particularly interest-
ing because it is selective towards primary amines, exhibits fast
reaction kinetics and is reversible in the presence of endogenous
molecules like glutathione. Despite this success, the impossi-
bility of controlling the site of modification and the fragile
construct’s stability have limited the use of this technology in
the construction of reversible homogeneous conjugates. Recent
advances in this area explored the use of iminoboronates as
intermediates for the functionalization of N-terminal cysteines.
This method showcased for the first time the potential use of
BAs for the site-selective functionalization of peptides. Never-
theless, concerns regarding the stability of the constructs still
persist, and clearly much work is still necessary to unravel
bioconjugation methods that use BAs in the assembly of homo-
geneous bioconjugates for in vivo applications.

The linker technology is instrumental in controlling the
fundamental properties of bioconjugates such as the required
stability in circulation and the stimuli-responsiveness at the
site of disease. In this context, the coordinative profile of
BAs can be explored as an exceptional platform to develop
functional linkers for the construction of bioconjugates. In this
regard N,O-iminoboronates and the formation of BEs using
salicyl] hydroxamic acids have been explored to design
linkers that are sensitive to acidic environments. Moreover,
the condensation of 2-formyl (or acetyl)-benzene BAs with
a-nucleophiles like hydrazines generates diazaborines, which
have been shown to display very good stability under physiolo-
gical conditions. BAs also engage in multicomponent reactions
which allowed the assembly of reversible multivalent hetero-
cycles that were used in the selective delivery of Bortezomib to
cancer cells. These examples clearly demonstrate the potential
of exploring BAs in this context, though the use of BAs as
linkers in therapeutically useful conjugates still needs to be
demonstrated in in vivo scenarios.

Advances in the molecular biology of complex diseases offer
first-hand insights into new therapeutic targets and their mole-
cular mechanisms which can be explored to develop innovative
therapies such as bioconjugates. Extensive research on the
design of these hybrid materials revealed that their therapeutic
efficacy is highly dependent on the biological properties of the
functional components as well as the chemistries used to con-
nect them. Therefore, as shown throughout this review, the
unique biological properties of BAs and the dynamic coordina-
tive profile of this function will most certainly have an important
impact on the discovery of future therapeutic bioconjugates.
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