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ABSTRACT: Prodrugs have little or no pharmacological activity
and are converted to active drugs in the body by enzymes,
metabolic reactions, or through human-controlled actions.
However, prodrugs promoting their chemical bioconversion
without any of these processes have not been reported before.
Here, we present an enzyme-independent prodrug activation
mechanism by boron-based compounds (benzoxaboroles) target-
ing leucyl-tRNA synthetase (LeuRS), including an antibiotic that
recently has completed phase II clinical trials to cure tuberculosis.
We combine nuclear magnetic resonance spectroscopy and X-ray
crystallography with isothermal titration calorimetry to show that
these benzoxaboroles do not bind directly to their drug target
LeuRS, instead they are prodrugs that activate their bioconversion
by forming a highly specific and reversible LeuRS inhibition adduct with ATP, AMP, or the terminal adenosine of the tRNALeu. We
demonstrate how the oxaborole group of the prodrugs cyclizes with the adenosine ribose at physiological concentrations to form the
active molecule. This bioconversion mechanism explains the remarkably good druglike properties of benzoxaboroles showing efficacy
against radically different human pathogens and fully explains the mechanism of action of these compounds. Thus, this adenosine-
dependent activation mechanism represents a novel concept in prodrug chemistry that can be applied to improve the solubility,
permeability and metabolic stability of challenging drugs.

■ INTRODUCTION
Prodrugs have little or no pharmacological activity and carry a
promoiety group to improve druglike properties such as
solubility, permeability, transport, and stability toward
enzymatic and metabolic degradation.1−3 Within the body,
the prodrug promoiety group is modified, a phenomenon
called bioconversion, to originate the active molecule. The
bioconversion of the majority of prodrugs is achieved by
enzymes; however, prodrug activation can also occur by
metabolic reactions or controlled by human intervention
through γ/X-ray photoactivation,4 electrical stimuli,5 or
ultrasounds.6 Moreover, prodrugs can limit undesired toxic
effects by specific delivery to targeted tissues or by time-
delayed release and activation.3

Remarkably, prodrugs are rapidly evolving from something
serendipitously discovered in the past to something rational
and well-planned nowadays. This is reflected in the growing
percentage of prodrugs that are approved by drug agencies year
after year.7 Over the last decade, prodrugs represent 12% of
new therapeutical compounds approved by the Food and Drug
Administration (FDA),1 though this number is expected to
grow exponentially. This is likely due to (1) the improvement
of our knowledge on specific enzymes involved in prodrug

modification and release of active drugs and (2) the fact that
prodrug strategies are included in early stages of drug
discovery, either as the original plan or as a back-up solution
when derivatives fail to improve challenging drug properties. It
is thus clear that prodrugs represent an emerging route for
drug design; however, their success will rely on the continuous
discovery of truly novel mechanisms of bioconversion.

Here, we report the discovery of a novel prodrug activation
mechanism of boron-based compounds (aminomethyl benzox-
aboroles) targeting leucyl-tRNA synthetase (LeuRS) that does
not rely on any enzyme, metabolic modification, or human
intervention to generate the active drug. LeuRS is an essential
protein to ensure correct protein synthesis,8 and previous
studies suggest that benzoxaboroles block the LeuRS editing
site likely by an adenosine-dependent (ATP, AMP, or tRNALeu

terminal adenosine) inhibition mechanism.9−15 However, the
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spatiotemporal and molecular bases of the formation of the
covalent adenosine-based inhibition adduct were not known,
despite the discovery of these compounds more than a decade
ago.

Here, we perform a comprehensive biophysical and
structural analysis to reveal that benzoxaboroles do not bind
directly to LeuRS. Instead, these compounds are prodrugs that
employ an enzyme-independent activation mechanism medi-
ated by their oxaborole group that undergoes covalent
cyclization with ribose hydroxyls of ATP, AMP, or the
tRNALeu terminal adenosine base. At close-to-physiological
concentrations of these biomolecules, prodrug activation is
reversible and yields two adenosine-oxaborole adducts
(diastereomers), one of which binds with potent nanomolar
affinity to the LeuRS target. The active inhibition adduct is
stabilized by an ion pair consisting of a positively charged
water molecule (hydroxonium ion) and a negatively charged
oxaborole group, which we invariably find in all cocrystal
structures of pathogenic LeuRS with benzoxaboroles. This
novel prodrug activation mechanism explains the remarkably
good druglike properties of benzoxaboroles showing efficacy
against radically different human pathogens and fully
completes the mechanism of action of these compounds,
some of which are undergoing clinical studies.

■ RESULTS
Benzoxaboroles Do Not Bind to Their Target LeuRS.

To investigate the molecular basis of the generation of the
inhibition adduct formed by benzoxaboroles with adenosine-

based nucleotides, we performed isothermal titration calorim-
etry (ITC) binding experiments with the recombinant
Mycobacterium tuberculosis (TB) LeuRS editing domain and
two different antituberculosis LeuRS inhibitors, Cmpd1 and
Cmdp2 (Figure 1a,b). Notably, Cmpd1 (GSK3036656) has
completed clinical studies (phase IIb) for the treatment of
pulmonary multidrug-resistant tuberculosis. The direct titra-
tion of either of these compounds into the protein target did
not show any detectable binding (Figure 1c), underlining the
need for activation of these antituberculosis compounds to
exert their potent inhibitory activity on LeuRS. When we
performed equivalent experiments in the presence of
adenosine-based molecules like AMP, we observed strong
binding, with dissociation constant (Kd) values of 10.4 and 46
nM for Cmpd1 and Cmpd2, respectively (Figure 1d,e). These
experiments place Cmpd1 as the most potent in vitro inhibitor
of TB LeuRS to date, in comparison to previous benzoxaborole
inhibitors13,16,17 as well as to other nonboron-based inhibitors
of LeuRS.18 The increase in affinity of Cmpd1 compared to
that of Cmpd2 is due to an increase in favorable binding
enthalpy (Figure 1d,e), suggesting that Cmpd1 establishes
additional polar interactions within the drug pocket. Our
experiments demonstrate that these potent anti-TB com-
pounds are not direct inhibitors of LeuRS; instead, they
employ an inhibition mechanism that depends on the presence
of adenosine-based biomolecules.

Benzoxaborole Inhibitors of TB LeuRS Are Novel
Prodrugs. To visualize the formation of the inhibition adduct,
we used nuclear magnetic resonance (NMR) spectroscopy to

Figure 1. Cmpd1 and Cmpd2 bind to TB LeuRS via an adenosine-dependent mechanism. (a, b) Chemical structures of the two antituberculosis
LeuRS inhibitors, Cmpd1 and Cmpd2. (c) ITC titration of compounds into TB LeuRS shows no binding. (d, e) ITC titrations of Cmpd2 and
Cmpd1 into TB LeuRS in the presence of AMP, showing potent nanomolar affinities. AMP concentration was kept at physiological levels (10
mM).
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study the conversion of Cmpd1 and Cmpd2 in the presence of
ATP or AMP and in the absence of the protein target. We
acquired one-dimensional 1H NMR spectra of free ATP, AMP,
Cmpd1, Cmpd2, and equimolar mixtures of each compound
with AMP or ATP at physiological concentrations (5 mM).
The NMR spectra show that both Cmpd1 and Cmpd2 interact
with AMP/ATP in the absence of TB LeuRS, leading to the
formation of two different covalent adducts (diastereomers)
per compound, differentiated by the stereochemistry of the
boron atom, herein named as Adduct1a, Adduct1b, Adduct2a,
and Adduct2b (Figures 2 and S1).

The majority of the 1H nuclei give rise to different NMR
resonances in the mixture corresponding to free AMP/ATP,
free compound, and two different adducts with slightly
different chemical shifts (Figure 2). The two adducts differ
structurally by a 180° rotation of the adenosine ribose,

indicating that the electrophilic boron can equally well attract
the nucleophilic 2′- or 3′-hydroxyls of the adenosine ribose
(Figures 2b,c and S2). This induces the transition of the boron
atom from a neutral sp2 trigonal configuration to a negatively
charged sp3 tetragonal configuration (Figure S2). Compared to
Cmpd2, Cmpd1 contains an additional ring, which cyclizes the
boron atom to carbon-7 (Figures 1a and 2c). Interestingly, the
NMR data recorded for this compound show that the
interaction with AMP/ATP causes the opening of this
additional ring, as demonstrated by the strong similarity of
the experimental chemical shifts in the mixtures of Cmpd1 and
Cmpd2 with AMP (Figure 2a). Similar results are obtained
with ATP, demonstrating that the number of phosphate groups
does not affect the adduct formation with Cmpd1 and Cmpd2
(Figure S1).

Figure 2. Benzoxaboroles are prodrugs that form covalent adducts with adenosine. (a) One-dimensional 1H NMR spectra of free AMP, Cmpd2,
Cmpd1, and equimolar mixtures of each compound with AMP at physiological concentrations (5 mM). Labels indicate assignments of the
resonances according to the annotations of the nuclei in panels b and c. (b, c) Prodrug activation mechanism of Cmpd2 and Cmpd1, respectively,
with adenosine-based molecules leading to the formation of covalent adducts of types “a” and “b” due to the pseudosymmetry of ribose 2′ and 3′
hydroxyls.
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Next, we investigated the binding affinity of each compound
with adenosine nucleotides. From integration of the isolated
resonance “b” of AMP/ATP (Figures 2a and S1), we
determined the dissociation constants of the formation of the
different adducts: 1.34 mM (Cmpd1−AMP), 1.09 mM
(Cmpd2−AMP), 1.66 mM (Cmpd1−ATP), and 1.38 mM
(Cmpd2−ATP). Thus, there is no significant difference in the
dissociation constants for ATP compared to AMP, nor in the
populations of adducts of type “a” compared to type “b” (Table
S1). To further validate this finding, we carried out ITC
experiments by directly titrating Cmpd1 into AMP (Figure
3a), allowing us to determine a dissociation constant of 2.8
mM, in good agreement with the NMR values. Analysis of
1H−1H NOESY spectra with different mixing times of Cmpd1
with AMP reveal that the formation of the covalent adducts is
entirely reversible on the second time scale, with a direct but
slower interconversion between the two adducts via hydrolysis
of either the B−O2′ or B−O3′ bond followed by a rotation
around the C2′−O2′ or C3′−O3′ bond, respectively (Figure
S3).

Crystal structures have shown benzoxaboroles fused to the
tRNALeu terminal adenosine bound into the LeuRS editing site.
Therefore, we studied whether the enzyme-free prodrug
activation mechanism observed with ATP/AMP also applies
to tRNALeu. We carried out ITC experiments by titrating
Cmpd1 into tRNALeu, showing that this compound binds
directly to tRNALeu to form the inhibition adduct (Figure 3b).
This explains why the tRNALeu is covalently fused to this type
of benzoxaboroles in crystal structures of bacterial LeuRS.11,12

Moreover, the direct interaction of the tRNALeu and Cmpd1
could also be observed by NMR by employing an 15N, 13C
adenosine-labeled tRNALeu sample (Figure S4). The deter-
mined dissociation constants by ITC and NMR were 2.2 and
1.0 mM, respectively, which are comparable to the binding
affinities observed with ATP/AMP (Table S2). Collectively,
these experiments demonstrate that benzoxaborole inhibitors
of LeuRS activate with adenosine-based biomolecules using an
enzyme-independent mechanism, leading to the formation of
reversible covalent adducts with different structural and

chemical drug properties. Thus, benzoxaborole inhibitors of
LeuRS should be annotated as a new class of prodrugs.

Atomic Resolution Structure of TB LeuRS Bound to
the Inhibition Adduct Formed by Cmpd1. To investigate
how the different adducts bind to LeuRS and understand the
structural basis of the inhibition mechanism, we performed
crystallization studies with TB LeuRS, AMP, and Cmpd1. High
quality crystals were obtained, allowing us to determine a
crystal structure of TB LeuRS with Cmpd1 and AMP at 1.1 Å
resolution (Figure 4a and Table S3). The atomic resolution
structure confirms that Cmpd1 forms an adduct with AMP,
and the high quality of the electron density maps allows us to
unambiguously place the specific adduct that binds to the
editing site of TB LeuRS (Figures 4b and S5). Our structure
reveals that only one of the two adducts of Cmpd1 that we
detected by NMR, Adduct1a, binds to TB LeuRS (Figure
S6a,b). This is the same for Cmpd2 since only the equivalent
adduct (Adduct2a, Figure 4d) is observed in the cocrystal
structure with TB LeuRS.13 Moreover, in silico docking of
adducts of type “b” into our TB LeuRS unbound crystal
structure clearly shows steric clashes of the compound with
several residues, including I440 and M441, indicating that their
binding to the LeuRS drug pocket would not be favored
(Figure S6c).

As observed in the NMR experiments, the crystal structure
confirms the opening of the third ring of Cmpd1 to form
Adduct1a and the naissance of an oxy-ethanol group that
remains tightly bound into the editing site of TB LeuRS
(Figure 4c). Importantly, the formation of Adduct1a and
opening of the additional ring of Cmpd1 establishes novel
interactions in the editing site of TB LeuRS compared to
Cmpd2 (Figure 4c,d). Specifically, the newly founded hydroxyl
group of Cmpd1 is caged between residues Thr337 and
Arg449, where it adopts two alternative conformations
enabling three additional hydrogen bonds with these residues
(Figure 4c,d). This explains the higher affinity measured by
ITC of Cmpd1 to TB LeuRS compared to other compounds
like Cmpd2, arising from a more favorable binding enthalpy
(ΔΔH = 3 kcal/mol) (Figure 4e). Importantly, this increase of

Figure 3. Determination of dissociation constants of covalent adducts. (a) ITC titration of Cmpd1 into AMP. (b) ITC titration of Cmpd1 into
tRNALeu. Both AMP and tRNALeu show dissociation constants in the millimolar range, in agreement with the values determined from NMR.
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Figure 4. Structural basis of the inhibition of TB LeuRS by active adducts “a”. (a) Global view of the crystal structure of the TB LeuRS editing
domain in complex with Cmpd1 and AMP determined at 1.1 Å resolution. Crystals were obtained by mixing TB LeuRS protein with free AMP and
Cmpd1. The protein is shown in green with the editing site (drug-binding pocket) in yellow. (b) Close view of the covalent adduct Cmpd1−AMP
bound into the editing site of TB LeuRS. Cmpd1 and AMP are shown both in surface and stick representations colored in red and blue,
respectively. The same color code is used in other panels. (c) Two views (rotated 45° with respect to each other) showing the main polar and
hydrophobic interactions established by Adduct1a within the LeuRS binding pocket. Key protein residues are shown as yellow sticks and labeled.
(d) Comparative analysis of the binding mode of adducts formed by Cmpd1 (left) and Cmpd2 (right), with additional Cmpd1 interactions
highlighted as red, dashed lines. (e) Dissection of binding free energies into enthalpic and entropic contributions for the interaction of LeuRS with
Cmpd1 and Cmpd2. Improved binding affinity of Cmpd1 compared to Cmpd2 is reflected in a more favorable binding enthalpy due to additional
polar interactions being established in the complex with Cmpd1. The ring connecting the boron atom to carbon-7 in Cmpd1 opens up upon adduct
formation giving rise to an oxy-ethanol group that establishes additional hydrogen bonds.
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in vitro affinity is translated into better antibacterial activity and
in vivo oral efficacy,13,16,19 thereby explaining why Cmpd1 is
the best-in-class anti-TB LeuRS inhibitor.

Structural Basis of the Formation of the Inhibition
Adduct and Its Stabilization. In the drug pocket of the TB
LeuRS−AMP−Cmpd1 structure, we observe a water molecule

tightly bound (as judged by its B-factor) to the oxaborole
group (Figures 5a and S7a). This water molecule fits very well
into the small pocket formed by residues F335, T336, I440,
and M441, where it forms hydrogen bonds with polar atoms of
F335, I440, and M441. Furthermore, this water establishes
optimal hydrogen bonds with the negatively charged oxaborole

Figure 5. Stabilization of prodrug adducts by a boron−hydroxonium ion pair is shared across pathogen phyla. (a) M. tuberculosis LeuRS in complex
with the antituberculosis Cmpd1−adenosine adduct (Adduct1a) showing the hydroxonium ion bound in the editing site. Expanded view shows
protein residues enabling key interactions with the hydroxonium ion (stick representation with atoms colored in yellow for carbon, red for oxygen,
and blue for nitrogen). Hydrogen bonds are shown as green dashed lines. Highly conserved residues form an optimal cavity, shown as van der
Waals surface representation, to accommodate the hydroxonium ion, shown as a red sphere. The same color code is used in all panels. (b)
Cryptosporidium hominis LeuRS in complex with the antiparasitic AN6426−adenosine adduct bound to a hydroxonium ion (PDB: 5FOM) in the
editing site (PDB: 5FOM). (c) Candida albicans LeuRS in complex with the antifungal Kerydin−adenosine adduct bound to a hydroxonium ion
(PDB: 5AGJ). (d) Full-length Escherichia coli LeuRS in complex with tRNALeu and the broad spectrum antibacterial AN3365−adenosine 76
(tRNA) bound to a hydroxonium ion (PDB: 3ZJV). E. coli tRNALeu bases are shown in blue sticks, and the different LeuRS protein domains are
labeled.
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group of Cmpd1 (Figure 5a), strongly arguing that this water
molecule is a positively charged hydroxonium ion (H3O+), as
shown by its characteristic tetrahedral geometry and the
number of hydrogen bonds (4) (Figure S7b), which likely
remains bound upon adduct formation (Figure S2).

To further support this observation, we measured the
binding of Cmpd1 to LeuRS in the presence of AMP at
different pH values (Figure S8a−c). It is expected that at a
more basic pH the stabilization of the hydroxonium ion within
the protein complex (Figure S8d) would be less favored. The

binding thermodynamics show a clear pH dependence with a
binding enthalpy of −8 kcal/mol at pH 7.5 that decreases to
−7.0 kcal/mol at pH 8.5 and to −5.5 kcal/mol at pH 9.5
(Figure S8e). Experiments at lower pH values were not
possible due to protein instability. Our results suggest an
important role for the hydroxonium ion in the stabilization of
the adduct and therefore in the LeuRS inhibition mechanism.
However, it cannot be excluded that other interactions
established at the binding pocket depend on pH and therefore
contribute to the observed effect.

Figure 6. Benzoxaboroles interact with ribose-based biomolecules. (a) One-dimensional 1H NMR spectra showing the resonance of the proton in
position 5 of Cmpd1 in the absence (row 1) and presence (rows 2−5) of different biomolecules (1:1 molar ratio). (b−e) ITC titrations of Cmpd1
with different biomolecules (b, GTP; c, UDP-α-D-glucose; d, D-ribose-5-P; e, D-glucose-6-P). (f) Dissociation constants as determined by ITC for
the interaction of Cmpd1 with different biomolecules. No binding was observed with D-glucose-6-P. ITC and NMR data for all biomolecules are
shown in Figures S10 and S11.
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To investigate whether this hydroxonium-mediated LeuRS
inhibition mechanism is shared across different benzoxaborole
inhibitors, we analyzed all cocrystal structures of benzoxabor-
ole adducts bound to LeuRS, and their corresponding apo
protein structures (Table S4). Inspection of all unbound
LeuRS structures shows no water molecule at this position.
Conversely, the equivalent water molecule and the four
hydrogen bonds observed in the TB LeuRS−AMP−Cmpd1
complex were invariably found in all structures of LeuRS
bound to benzoxaboroles, independently of the species
(prokaryotic or eukaryotic). Remarkably, this hydroxonium
ion is found in an identical position in LeuRS structures of (1)
M. tuberculosis in complex with Cmpd2, (2) intestinal pathogen
C. hominis in complex with AN642620 (Figure 5b), (3) fungal
pathogen C. albicans in complex with Kerydin and AN3018
(Figure 5c),10,21 and (4) complexes of E. coli with

benzoxaborole antibiotics such as AN3365 (Figure 5d), a
clinical candidate for the treatment of complicated infections
by Gram-negative bacteria,12 and Streptococcus pneumoniae in
complex with antipneumococcal compound ZCL039.14 The
only complex lacking this water molecule is the structure of
human LeuRS with AN642622 (Figure S9 and Table S4), a 4-
bromo analogue of Cmpd2 that displays a high selectivity
index (>300) for TB LeuRS compared to human LeuRS.13

Altogether, our results support a prodrug activation
mechanism consisting of a nucleophilic attack of one of the
ribose hydroxyls on the boron atom followed by formation of a
hydroxonium ion that is tightly bound to the LeuRS inhibition
complex (Figure S2). This hydroxonium ion forms an
electrostatic interaction (3.8 Å) with the negatively charged
boron atom and stabilizes its tetrahedral sp3 configuration, as
observed in the structures of TB LeuRS with Cmpd1 and

Figure 7. Prodrug activation mechanism with adenosine-based biomolecules upon per os administration. Upon oral intake, Cmpd1 (GSK3036656)
spontaneously forms adducts with adenosine-based biomolecules found in extracellular body fluids facilitating intracellular permeability through
different host and pathogen membranes, drug transport, and provides stability toward metabolic degradation. The reversible nature of the prodrug
activation mechanism allows the co-existence of a free compound and the two covalent adducts, one of which, Adduct1a, is the active molecule that
specifically inhibits the cytoplasmic LeuRS target with nanomolar potency. CNT = concentrative nucleoside transporter; ENT = equilibrative
nucleoside transporter.
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Cmpd2 (Figure 5a), as well as other pathogens (Figure 5b−d).
The hydroxonium ion is slightly closer to the 2′ ribose
hydroxyl (3.7 Å) compared to the 3′ hydroxyl (>4 Å) (Table
S4), suggesting that the nucleophilic attack prior to the
formation of the inhibition Adduct1a might be favored for
hydroxyl 3′, followed by cyclization by hydroxyl 2′,
hydroxonium ion release and stabilization of the sp3 oxaborole
group of the inhibition adduct (Figure S2). Moreover, our
protein-wide analysis of LeuRS structures shows that the
mechanism of formation of the inhibition adduct and
stabilization by the hydroxonium ion are shared across
different pathogenic species, both from the prokaryotic and
eukaryotic phylum.

Cmpd1 Interacts with Several Ribose-Based Biomo-
lecules. We have shown above that the benzoxaboroles
interact with ATP and AMP involving specifically the two
adjacent hydroxyl groups on the ribose moiety of the
adenosine. However, other ribose-based biomolecules are
present in bacteria and humans at similar concentrations to
ATP (5−10 mM) including UDP-α-D-glucose (∼3 mM), D-
ribose-5-phosphate (∼1 mM), UTP (∼8 mM), gluconolactone
(∼1 mM), CTP (∼3 mM), GTP (∼5 mM), UDP-N-
acetylglucosamine (∼9 mM), and D-glucose-6-phosphate (∼9
mM).23 We therefore investigated whether the benzoxaboroles
can form covalent adducts also with these ribose-based
biomolecules. Our NMR and ITC results show that Cmpd1
reacts with all the above-mentioned biomolecules and form
two adducts with dissociation constants in the mM range,
except for D-glucose-6-phosphate that has the hydroxyl groups
on opposite sides of the ring structure (Figures 6 and S10 and
S11). Interestingly, this is also the case for gluconolactone;
however, this molecule was nevertheless shown to be reactive
with Cmpd1 (Kd = 1.5 mM), although one diastereomer
appears to be highly dominant as demonstrated by the NMR
data (Figure S10). For all biomolecules reacting with Cmpd1,
we performed ITC experiments by titrating Cmpd1 into TB
LeuRS in the presence of the different biomolecules (Figure
S12). Our results show that Cmpd1 is not able to bind to
LeuRS in the presence of any of these biomolecules. This
highlights the strict requirement of the adenosine moiety of
ATP, ADP, AMP, or tRNALeu for the binding of the
benzoxazoles to the protein target.

■ DISCUSSION
We report the first example of a prodrug that activates its
bioconversion in an adenosine-dependent manner. The
benzoxaborole inhibitors of pathogenic LeuRS activate their
bioconversion by forming a highly specific and reversible
LeuRS inhibition adduct with adenosine-based biomolecules,
including ATP, AMP, or the tRNALeu terminal base. In
addition, benzoxaboroles also form weak, reversible adducts
with several ribose-based biomolecules; however, none of the
tested adducts bind to TB LeuRS. We note that forward
genetic studies with pathogens resistant to the benzoxaboroles
validated LeuRS as the primary target;9−13 however, we cannot
exclude the possibility that some of the identified ribose-based
prodrug adducts inhibit other targets than LeuRS.

Collectively, our data supports a model where at
physiological concentrations of ATP, AMP, tRNALeu, and
other ribose-based biomolecules, the free benzoxaborole
prodrug coexists with distinct covalent adducts formed by
the oxaborole group, thereby yielding species with different
chemical features that provide unique advantages for drug

permeability, transport, and metabolic stability (Figure 7).13,16

Equilibria of the prodrug with adducts, which likely form
extracellularly and intracellularly, facilitate drug permeability
through membranes with very different physicochemical
properties. This explains why similar benzoxaboroles penetrate
remarkably well into completely different cell types, spanning
from prokaryotic to eukaryotic intracellular parasites infecting
human hosts, before exerting inhibitory activity on
LeuRS.9,11−13,15,20

Similar to nucleoside-based drugs, the highly hydrophilic
nature of the ribose-based benzoxaborole adducts can facilitate
cell uptake,24,25 likely mediated by concentrative nucleoside
transporters and equilibrative nucleoside transporters,26,27 for
which multiple isoforms exist,26 with the additional advantage
that benzoxaborole adducts are reversible and do not rely on
enzyme activation. Moreover, intracellular and extracellular
ATP are highly abundant (5−10 mM) in many biological
fluids,23,28 including saliva, which might enable rapid prodrug
activation upon oral intake (Figure 7). This is in agreement
with the high oral bioavailability (>80%) of these inhib-
itors.13,16,19 Furthermore, the strength and reversibility of
adduct formation combined with the much higher cellular
concentrations of the reacting biomolecules compared to the
administered prodrug suggest that only small fractions of
biomolecules are trapped in the adducts, thereby explaining the
low toxicities.13,16,19

We note some similarities of these benzoxaborole prodrugs
to a natural product, TM84, secreted by Agrobacterium
radiobacter.29 Interestingly, TM84 is a direct LeuRS inhibitor
that mimics adenosine fused to leucine and efficiently blocks
the protein synthesis of phytopathogenic bacteria (Figure
S9a,b).30,31 Another example with analogies to our prodrug
mechanism is the Chinese herbal-based drug Halofuginone.32

This drug is an ATP-dependent, however non-covalent,
inhibitor of another aminoacyl-tRNA synthetase (ProRS)
(Figure S9c). We also note that other boron-based conjugates
have been reported before, whose activation depends on
metabolic or chemical reactions.33−36 For example, Evodi-
amine boronates contain a boron-based carrier that triggers
prodrug bioconversion in the presence of reactive oxygen
species, and the carrier is subsequently released to form the
active drug. Conversely, in benzoxaborole prodrugs, the boron
atom is not only driving the prodrug bioconversion but also
playing an important role in the formation of the inhibition
adduct that targets LeuRS. Moreover, compared to these
previous conjugates, the benzoxaborole activation mechanism
reported in this work does not require pH changes, reactive
oxygen species or metabolic reactions.

More generally, this adenosine-dependent activation mech-
anism represents a novel prodrug concept in chemistry that can
be used to improve molecules for example by incorporating the
oxaborole moiety into the structure of other challenging drugs.

■ MATERIALS AND METHODS
Sample preparation, NMR and ITC experiments and crystal structure
determination are described in the Materials and Methods in the
Supporting Information.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.2c04808.
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Materials and Methods section, Figures S1−S13, and
Tables S1−S4, describing crystallographic, NMR and
ITC data, and parameters derived from structural
analysis (PDF)

Accession Codes
The crystal structure of TB LeuRS in complex with the
Cmpd1−AMP Adduct1a has been deposited in the Protein
Data Bank in Europe (PDBe) with accession code 7PQK and
DOI: http://doi.org/10.2210/pdb7PQK/pdb.
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