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The B-lactams remain the most important antibacterials, but their
use is increasingly compromised by resistance, importantly by
B-lactamases. Although B-lactam and non-B-lactam inhibitors
forming stable acyl-enzyme complexes with nucleophilic serine
B-lactamases (SBLs) are widely used, these are increasingly
susceptible to evolved SBLs and do not inhibit metallo-
B-lactamases (MBLs). Boronic acids and boronate esters,
especially cyclic ones, can potently inhibit both SBLs and MBLs.
Vaborbactam, a monocyclic boronate, is approved for clinical
use, but its B-lactamase coverage is limited. Bicyclic boronates
rapidly react with SBLs and MBLs forming stable enzyme-
inhibitor complexes that mimic the common anionic high-energy
tetrahedral intermediates in SBL/MBL catalysis, as revealed by
crystallography. The ability of boronic acids to ‘morph’ between
sp? and sp® hybridisation states may help enable potent
inhibition. There is limited structure—activity relationship
information on the (bi)cyclic boronate inhibitors compared to
B-lactams, hence scope for creativity towards new boron-based
B-lactamase inhibitors/antibacterials.
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Background

Following the clinical introduction of the penicillins in
the 1940s, they and successive generations of B-lactam
antibacterials, including cephalosporins, carbapenems
and monobactams emerged as amongst the most
important small molecule medicines (Figure 1a) [1].

"The reasons for the reign of B-lactams as the predominant
antibacterials are proposed to include their molecular
suitability for inhibiting their bacterial targets in a safe
and efficacious manner [2]. Political, financial and socio-
logical factors also helped drive optimisation following
the breakthrough discovery of the penicillins, aiming to
expand the scope of B-lactam antimicrobial activity and to
combat both pre-existing and emergent resistance [3].

The targets of the B-lactams catalyse transpeptidase and
carboxypeptidase reactions during bacterial cell wall bio-
synthesis in the periplasm. In the case of the essential
transpeptidases this typically involves reaction of a donor
peptide terminating in a D-Ala-D-Ala subunit to give an
acyl-enzyme complex and D-alanine (Figure 2a). The
acyl-enzyme complex then reacts with the Nf-amino
group of a lysine on an adjacent peptide to give a cross-
linked product, which is paramount for bacterial cell wall
integrity [4]. The B-lactam ring of, for example the
penicillins, in effect links the donor and acceptor units,
enabling formation of an acyl-enzyme complex that is
stable to cleavage by an acceptor peptide or hydrolysis.
Tipper and Strominger proposed the penicillin structure
mimics that of the D-Ala-D-Ala subunit [5]. At least with
bicyclic B-lactams, it may be that their strained nature
mimics a transpeptidase bound high-energy substrate
conformation [6].

The challenge of B-lactamases

Resistance in the form of B-lactamase catalysed hydrolysis
to give inactive 3-amino acids was apparent from the early
stages of B-lactam development (Figure 2b) [7,8]. Subse-
quent widespread B-lactam use has correlated with the
global emergence of resistance, including directly via
(1) transpeptidase substitution or overproduction; (ii) efflux
pump mediated expulsion; (iii) reduced B-lactam uptake;
and (iv) B-lactamase catalysis [9]. To date B-lactamases
appear the most important resistance mechanism with
>1000 examples now identified. On the basis of sequence
analysis, B-lactamases are grouped into four (Ambler) clas-
ses: A-D [10,11]. Classes A, C and D contain a nucleophilic
serine at their active sites (serine-B-lactamases, SBLs) and
may have evolved from transpeptidases; both SBL and
transpeptidase catalysis proceeds via an acyl-enzyme com-
plex [12,13]. Class B B-lactamases are mono-zinc, or more
commonly, di-zinc ion dependent metallo-hydrolases
(metallo-B-lactamases, MBLs) and likely have a different
evolutionary origin (Figure 2c¢) [14].
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B-Lactam antibacterials, B-lactamase inhibitors and selected boron-containing natural products.

(a) Major classes of B-lactam antibacterials; (b) clinically relevant SBL inhibitors (Clavulanic acid, Sulbactam, Tazobactam); the recently introduced
non-B-lactam B-lactamase inhibitors Avibactam (a diazabicyclooctanone) and Vaborbactam (the first boron-containing B-lactamase inhibitor), and
the candidate VNRX-5133 (Phase 3 compound). (c) Outline role of boron in quorum sensing in bacteria via borate complexation with (2S,4S)-2-
methyl-2,3,3,4-tetrahydroxytetrahydrofuran (S-THMF) to produce the Autoinducer-2 (Al-2) which activates luminescence thus allowing bacteria to
sense cell density [58,62]; (d) structures of two boron-containing natural products with antibacterial properties [63].

SBLs have been combatted by modifying B-lactams to
render them less SBL susceptible, for example, as man-
ifested in some cephalosporins and carbapenems, as well
as by developing specialised (-lactamase inhibitors for
use in combination therapies [8]. The latter strategy
resulted in Clavulanic acid as a class A, and Sulbactam
and Tazobactam as class A and C inhibitors, respectively.
All of these SBL inhibitors, although B-lactams, operate
via formation of stable acyl-enzyme complexes
(Figure 1b). The aforementioned three SBL inhibitors
are used in combination with a B-lactam antibiotic (e.g.
Augmentin: Clavulanate and Amoxicillin). However, they
do not have broad spectrum activities against the
extended spectrum SBLs (ESBLs) and class D B-lacta-
mases, and do not inhibit MBLs [15]. Use of carbapenems
possessing both antibacterial and SBL inhibition proper-
ties is increasingly compromised by evolving B-lactamase
mediated resistance [1,15]. Increased observations of the
class B MBLs are concerning, because they confer

resistance to most B-lactam antibiotic classes, with the
current exception of the monobactams [14,16].

The weaknesses of B-lactams to B-lactamases coupled
with a desire to find alternatives to the B-lactam ring itself
has motivated extensive medicinal chemistry efforts,
extending back to the 1940s. Various alternative acylating
agents have been explored, including, for example
expanded lactam ring analogues of the B-lactams [6].
Clinically relevant success in this line finally came with
the introduction of Avibactam, a diazabicyclooctane
derivative with relatively broad spectrum activity against
class A, C and some class D SBLs [6,17°°]. Avibactam is
used clinically in combination with the cephalosporin
ceftazidime (Avycaz, Zavicefta) [18]. By contrast with
most B-lactamases, which likely react irreversibly, Avi-
bactam works by reversible covalent reaction with SBLs
to give relatively hydrolytically stable acyl-enzyme type
complexes [17°°]. However, Avibactam is susceptible to
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Figure 2
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Modes of action of transpeptidases, serine--lactamases (SBLs) and metallo-3-lactamases (MBLs); potential transition state analogues and views
from structures of reacted meropenem bound to representative transpeptidase, SBLs and MBLs.
Outline mechanisms of (a) transpeptidase, (b) SBL and (c) MBL B-lactam (carbapenem) hydrolysis exemplified with (d) meropenem. Note the structural

elements of the first anionic tetrahedral intermediate (in a red box) are common to SBLs and MBLs. (e) Selected examples of analogues of the first
tetrahedral intermediate. Active site views from structures of meropenem in complex with (f) transpeptidase PBP-3 [64], (g) SBL OXA-23 [65] and

(h) MBL NDM-1 [66]. Hydrogen-bond interactions are shown as dashed lines.

www.sciencedirect.com

Current Opinion in Chemical Biology 2019, 50:101-110



104 Next generation therapeutics

some SBLs and does not inhibit MBLs [19]. There is thus
interest in more drastic changes to the classical ‘acylating’
B-lactam transpeptidase/B-lactamase inhibitors.

Transition state inhibitors of B-lactamases
and transpeptidases

Both the formation and deacylation of acyl-enzyme com-
plexes in transpeptidase and SBL catalysis are proposed
to proceed via general acid and base catalysed reaction
with a nucleophile to give a high-energy ‘tetrahedral’ (sp®
hybridised) intermediate [20] (Figure 2). This mechanis-
tic analysis has inspired application of the ‘transition
state/high-energy intermediate analogue’ approach to
SBL/transpeptidase inhibition. As with proteases, various
reversibly interacting electrophiles giving tetrahedral
complexes have been explored, including phosphonates,
trifluoromethyl ketones, aldehydes, B-phospholactams,
cyclobutanones and others (Figure 2e) (see e.g.
[21,22]). Of the classes investigated, the sp? hybridised
boronic acids/boronate esters show particular promise.

Interest in boron-based drugs arises substantially as a
consequence of their nature as Lewis acids which are
capable of reversibly reacting with a range of biologically
relevant nucleophiles via their vacant p-orbital [23°].
Importantly, this property is preserved in aqueous media.
However, there is potential for complexity, including via
oligomerisation, in the chemistry of boronic acids/boro-
nates. This property has been exploited in their use in
dynamic combinatorial chemistry to identify enzyme
inhibitors [24]. In water, boronic acids react to form a
borate anion and a hydronium ion, hence their Brgnsted
acidity relates to their Lewis acidity [25,26]. The pK,
values of boronic acids vary substantially, ranging from
4 to 10, with boronate esters typically having lower pK,
values than the analogous boronic acids [25,26]. Thus,
detailed investigations on boronic acid/boronate based
inhibitors should take into account their precise nature in
biologically relevant contexts, since this may impact on
effective concentrations/potency. In the absence of such
knowledge the potential for complexity should be a
consideration.

Boronic acids are often proposed to be good transition
state analogues for enzymes with amide/lactam/ester
substrates, because in their sp® hybridised form they
can adopt a similar geometry to the proposed high-energy
tetrahedral intermediates [27]. Consistent with this, the
typical lengths of boron—carbon and boron—oxygen bonds,
that is 1.57 and 1.40 A respectively, are comparable to sp®
hybridised carbon—carbon and carbon—oxygen bonds, that
is, 1.54 and 1.43 A, respectively [28]. However, it should
be noted that in catalysis the transition states are not
necessarily fully tetrahedral. Further, at least in some
cases, including B-lactamases, the sp? rather than the sp’,
hybridised form of an inhibitor may better mimic the
substrate where the carbonyl group is sp hybridised. This

ability of boron to ‘morph’ hybridisation states thus means
boronate based inhibitors have potential to exploit highly
optimised substrate binding modes (in their sp® state)
then ‘morph’ to form a ‘locked’ sp® state that mimics
binding of a high energy intermediate. This ability may
be particular important in the case of enzymes that are
highly evolved to efficiently bind their substrates, as the
case for B-lactamases. The observation of fast on and slow
off rates as observed for a B-lactamase in the case of a
potent boronate inhibitor [29,30] is consistent with this
proposal. A further element of complexity arises in the
localisation of the charge in boronate inhibitor complexes.
In some types of transition state analogues, for example
triluoromethyl ketones, which are also successful
enzyme inhibitors [31] (Figure 2e), the oxygen localised
nature of charge of the oxyanion tetrahedral intermediate
is maintained in the analogous intermediate and inhibitor
complexes. In the analogous boron species on the other
hand, the negative charge is centred on the boron rather
than the oxygen atom. However, despite this apparent
difference, boronic acids can clearly be potent inhibitors
of nucleophilic enzymes [23°].

Boronic acid transition state analogues have proven to be
successful in the inhibition of proteases, notably in the
case of the proteasome inhibition by Velcade (Bortezo-
mib) and related drugs such as Ninlaro (Ixazomib) that are
increasingly being used for treatment of multiple mye-
loma [32-34]. As revealed by crystallographic analysis, the
boronic acid of Velcade reacts with the nucleophilic
threonine residue of the proteasome to give a tetrahedral
(sp®) boronate complex (Figure 3a) [33]. The pioneering
example of the use of boron in drug discovery for protea-
some inhibition has been followed by the introduction of
bicyclic Tavaborole for the treatment of fungal nail
infection (Figure 3b) [35].

Recent work has led to the clinical introduction of the first
boronic acid based SBL inhibitor, Vaborbactam
(Figure 1b), for use in combination with meropenem
(Vabomere, Carbavance) [36,37]. Other boronic acids,
especially bicyclic structures, are manifesting promise as
(relatively) broad spectrum B-lactamase inhibitors, includ-
ing some with MBL activity [38°%,39,29]. Below we sum-
marise work leading to these compounds and indicate why
further work in the field of (bi)cyclic boron-based B-lacta-
mase/transpeptidase inhibitors is desirable.

Brief history of boron containing
antimicrobials

The potential antibacterial properties of boron com-
pounds were first reported in the 19th century [40].
Though boric acid and other simple boron-containing
derivatives had long been known as enzyme inhibitors
[41], an important subsequent observation came with the
discovery in the late 1970s, that boric acid (B(OH);)
reversibly inhibits an SBL from Bacillus cereus [42]. This

Current Opinion in Chemical Biology 2019, 50:101-110
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Figure 3
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Structural analyses of boron-based enzyme inhibitors.

Chemical structures of ‘boron’ inhibitors and active site views of (a) proteasome B5 subunit with Velcade [33]; (b) leucyl-tRNA synthetase (LeuRS)
editing domain CP1 with Tavaborole-AMP [35]; (c) mammalian arginase with dehydro-2(S)-amino-6-boronohexanoic acid (dehydro-ABH) [67];

(d) human carbonic anhydrase Il with benzoxaborole; note, two binding modes were observed. The major involves Zn(ll) complexation via one of
the exocyclic boronate oxygens (binding mode A, shown); in the minor (not shown) the inhibitor complexes via its endocyclic boronate oxygen and
one of its exocyclic boronate oxygens [68]; (e) AmpC (E. coli) with an acyclic boronic acid [69]; (f) class A SBL CTX-M-15 with Vaborbactam [36];
(g) penicillin-binding protein 1b (PBP-1B) with an acyclic boronic acid [48]; (h) DD-transpeptidase (Actinomadura sp. R39) with an acyclic boronic
acid showcasing an unusual tricovalent binding mode of the boronate [70]; (i) class D SBL OXA-10 with a benzoxaborole analogue [71].
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observation was followed by demonstration that the same
SBL is inhibited by aryl-boronic acids that also inhibit
serine proteases [8,43]. Subsequently, boronic acids were
shown to inhibit representatives of class A, Cand D SBLs,
forming tetrahedral (sp®) boronate inhibitor complexes by
reacting with the nucleophilic serine [44-47]. This is also
the case for Vaborbactam, as revealed by crystallography
(Figure 3f) [36]. While the early boronic acid SBL inhi-
bitors are apparently predominantly acyclic in solution,
Vaborbactam, adopts a monocyclic structure, as observed
at the active site of CTX-M-15 SBL (Figure 3f) [36].

Acyclic boronic acids have also been developed as trans-
peptidase inhibitors, as exemplified in work on methicil-
lin-resistant Staphylococcus aureus (MRSA) acting com-
pounds [48]. Multiple structures are reported for alkyl
boronic acids bound to PBP-1B [48]. Subsequent work
has defined boronic acid inhibitors that may more directly
mimic the deacylation tetrahedral intermediate in class C
SBLs [49°]. However, these compounds did not inhibit
class A SBLs, transpeptidases, or D,D-carboxypeptidases
(which catalyse D-Ala-D-Ala hydrolysis). It was proposed
that these observations might reflect the slow deacylation
of B-lactam derived acyl-enzyme complexes with

Figure 4

transpeptidases/carboxypeptidases, which are proposed
to be due to steric interactions, that is the same interac-
tions may hinder formation of the analogous anionic
boronate enzyme complexes [49°]. The observation that
these boronic acids inhibit class C, but not class A SBLs
was rationalised on the basis of active site differences.
However, given that bicyclic boronates can potently
inhibit representatives of class A and C SBLs (see below
and Figure 4) [38°%,30], the precise reasons for selectivity
of some boronates for particular SBLs/transpeptidases
requires further investigation [49°].

Bicyclic boronic acids as inhibitors of both
serine-B-lactamases and metallo-
B-lactamases

Although SBLs and MBLs are structurally distinct, com-
parison of the proposed mechanisms for them (Figure 2)
reveals that the first anionic tetrahedral intermediate is
common to both reaction types. It was proposed that
boronate esters capable of mimicking this intermediate
may inhibit both SBLLs and MBLs via formation of a tight
complex [29,30]. It was envisaged that the presence of a
bicyclic ring structure may conformationally constrain the
boronate ester/borate anion, thus enhancing binding and
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Structural analyses of bicyclic boronates with serine B-lactamases (SBLs), metallo-B-lactamases (MBLs) and transpeptidases.
Views from crystal structures of Bicyclic Boronate 1 in complex with (a) SBL CTX-M-15 [30] and Bicyclic Boronate 2 complexed with
(b) transpeptidase PBP-5 from E. coli [38°°] and (c) MBL VIM-2 [38°°]. (d) Current evidence implicates that sp? boronic acid form may bind to the

enzyme targets of the bicyclic boronate inhibitors.
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enabling potent dual SBLL/MBL inhibition [38°°]. As
described above it may also be that sp* boronic acid/
boronate ester species better mimic (binding of) B-lactam
substrates than an sp> borate ion [29]. Preliminary ''B
NMR studies suggest that the sp® form predominates at
neutral pH, with the sp® species predominating at a
higher pH [29]. Thus, at least in principle, the sp® form
could be envisaged as the preferred form for binding to
both SBLs and MBLs, with the sp” species being pre-
ferred in terms of forming a stable enzyme-inhibitor
complex (Figures 2 and 4).

MBL inhibition by boronic acids/boronate esters is pre-
cedented by work on other metallo-enzymes, including
arginase and carbonic anhydrase [50,51]. Arginases con-
tain two active site Mn(II) ions, which are proposed to be
responsible for coordinating the substrate and a metal ion
bridging ‘hydrolytic’ water/hydroxide ion, as observed in
di Zn(II) ion utilising MBLs (Figure 3c¢,d) [8,38°°]. When
the boronate inhibitor binds to arginase, one of the
boronate oxygens replaces the bridging water and a
second boron bonded oxygen complexes one of the
Mn(II) ions. Note that the work on benzoxaboroles and
carbonic anhydrase reveals the potential for clinically
relevant off-target interactions of boronic acid-/boronate

ester-based SBL/MBL inhibitors.

Mode of action and biophysical analysis of
bicyclic boronate p-lactamase and
transpeptidase inhibitors

Although the precise details of the kinetic mechanisms of
binding of bicyclic boronates to B-lactamases remain to be
established, results with representatives of classes A-D
B-lactamases indicate the potential for potent broad spec-
trum inhibition, with the inhibitor concentration that
decreases the rate to 50% in the specific assay (ICsq)
values often in the nanomolar range [38°%,39,29,30]. SBLs
for which potent inhibition was observed include the class
A ESBLs, such as CTX-M-15, the class C AmpC from
Pseudomonas aeruginosa, and a class D carbapenemase
(OXA-48). Notably, a range of clinically relevant Bl
subfamily MBLs, including VIM-2, IMP-1, NDM-1,
and SPM-1 are also inhibited [38°%,39,29,30]. Microbiol-
ogy studies clearly support iz vive inhibition of SBLs/
MBLs by bicyclic boronates. Cyclic boronates can poten-
tiate the activity of penicillins, cephalosporins, monobac-
tams, and carbapenems against Gram-negative clinical
isolates expressing a variety of B-lactamases [30]. They
also significantly improve the extent of meropenem sus-
ceptibility (minimum inhibitory concentration, MIC,
<2pgml™") against contemporary, clinical NDM and
VIM MBL-positive Enterobacteriaceae [29].

In some cases, including the mono Zn(II) ion utilising B2
and some B3 subclass MBLs, (e.g. CphA and L.1) inhibi-
tion by bicyclic boronates was not observed or was weak
[38°°,39]. While in the reported academic studies

transpeptidase inhibition by bicyclic boronates is not
always potent [38°°], the patent literature implies that
antibacterial boronates acting via transpeptidase inhibi-
tion are possible [52]. Thus, although results to date have
demonstrated the potential for bicyclic boronates to
inhibit a relatively broad range of SBLs/MBLs, under-
standing the underlying reasons (including those relating
to Lewis and Brgnsted acidity) for the relative lack of
activity versus, for example, B2 MBLs as well as trans-
peptidases requires further work.

High-resolution crystallographic analyses reveal that the
SBL, MBL, and transpeptidase (in the latter case, despite
the lack of potent inhibition) binding modes of the core
bicyclic ring systems of close relatives of VNRX-5133
[29,53°°], are strikingly similar (Figure 4). In all cases the
boron is clearly sp® hybridised and in the case of all the
SBLs/transpeptidases analysed, the nucleophilic serine is
covalently bonded to the boron (Figure 4a,b). In the case
of the VIM-2 and BcIl MBLs, as revealed by crystallog-
raphy, the boron is also sp® hybridised [38°°]. In the B1
subclass MBL bicyclic boronate complexes, binding of
the ‘exocyclic’ boron bound oxygen/hydroxides involves
both active site Zn(II) ions (Figure 4c). The pro-(S5)
exocyclic boron oxygen coordinates with Znl, whereas
the pro-(R) exocyclic oxygen bridges Zn1 and Asp120, in a
manner analogous to that proposed for the hydroxide
derived oxygen in the tetrahedral oxy-anion intermediate
during B-lactam hydrolysis [38°°]. The binding modes of
the C-3 bicyclic boronate carboxylate also mimic those
proposed for B-lactam substrate/inhibitor complexes
(Figures 2 and 4). There is some variation in the observed
conformations of the acetamido side chains, but such
variation is common in [3-lactamase/transpeptidase
inhibition.

So will boron-based inhibitors replace
B-lactams?

The available evidence is that it is unlikely that boronate
based inhibitors will quickly replace (-lactams as anti-
biotics. Indeed, to date, no stand-alone (cyclic)boronates
targeting transpeptidases with similar potency and
breadth of activity compared to clinically used B-lactam
antibacterials have been developed for clinical applica-
tion, though some boronate antibacterials are reported
[54]. However, the reported results for both monocyclic
(Vaborbactam [36]) and, especially, bicyclic boronates
(VNRX-5133 and related compounds) clearly suggest that
there is a potential for their use as broad spectrum
B-lactamase inhibitors in conjunction with an appropriate
B-lactam antibiotic [29,55,56]. Detailed studies on the
precise mechanisms of action of boron-based inhibitors,
including on exactly what sp*/sp> species bind/don’t bind
to their protein targets, may enable new generations of
boron-based inhibitors. In appropriate cases, use of boron
compounds to enhance activity or stabilise/destabilise
specific protein folds are also of interest.
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There will likely be challenges in optimising widespread
clinical applications of boronate inhibitors at the relatively
high doses required for antibacterial use, for example
compared to typical cancer drugs. They will have to be
optimised for use with a 3-lactam partner; overcoming the
propensity of boronic acids/boronates for pleiotropic reac-
tion with nucleophiles may also be an issue. The efficacy of
boron-containing drugs may also be affected by diet, and
metabolism. For example, flavonoids, which are found in
green tea, fruits, vegetables and wine, can react with
boronic acids to form esters, which can affect drug proper-
ties, as in the case of Bortezomib [57]. Importantly, there is
relatively limited structure—activity-relationship informa-
tion on (bi)cyclic boronates, especially compared to the
long history of such studies with (3-lactams. Hence, there is
considerable scope for optimisation and creativity in the
design of new boronate-based B-lactamase inhibitors/
antibacterials.

In principle the use of non-B-lactam/non-acylating che-
motypes may have advantages with respect to B-lacta-
mase mediated resistance, that is boronates should not be
susceptible to (facile) B-lactamase hydrolysis. Boronates
may also manifest different properties than B-lactams
with respect to the induction of B-lactamases with initial
observations looking promising in this regard [39,29]. It is
conceivable that resistance may emerge less efficiently
for cyclic boronates than for the naturally related B-lac-
tams, which are common and for which resistance ele-
ments, including B-lactamases, have likely existed for
hundreds of millions of years. However, it would be
remarkable if efficient resistance to clinically used
boronic acid antibacterials did not emerge. It will be
interesting to observe if this is related to natural uses
of boron, for example in quorum sensing [41,58], iono-
phoric polyketide macrolide antimicrobials (e.g. Boromy-
cin and Tartolone B) [59,60], and in algae/plants
(Figure 1c,d) [61]. Given the scant knowledge of boron
compound modifying enzymes, it will be of particular
biochemical interest to observe if unprecedented drug
modifying reactions emerge in response to their clinical
applications.

Conflict of interest statement
Nothing declared.

Acknowledgements

We thank our coworkers and collaborators, apologise for incomplete
citations to work in the field, and thank the Wellcome Trust, Cancer
Research UK, the Medical Research Council, the Biotechnology and
Biological Research Council (BB/S50676X/1), the National PhD Training
Programme in Antimicrobial Resistance Research by the Medical Research
Foundation (MRF-145-0004-TPG-AVISO), the Innovative Medicines
Initiative (European Lead factory and ENABLE components), for funding
our work on antibiotics, MBL fold enzymes, and B-lactamase inhibitors.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

o of special interest
ee Of outstanding interest

1. Demain AL, Sanchez S: Microbial drug discovery: 80 years of
progress. J Antibiot 2009, 62:5-16.

2. Konaklieva MI: Molecular targets of B-lactam-based
antimicrobials: beyond the usual suspects. Antibiotics 2014,
3:128-142.

3. Hughes D, Karlen A: Discovery and preclinical development of
new antibiotics. Ups J Med Sci 2014, 119:162-169.

4. Scheffers DJ, Pinho MG: Bacterial cell wall synthesis: new
insights from localization studies. Microbiol Mol Biol Rev 2005,
69:585-607.

5. Tipper DJ, Strominger JL: Mechanism of action of penicillins: a
proposal based on their structural similarity to acyl-D-alanyl-
D-alanine. Proc Nat/ Acad Sci U S A 1965, 54:1133-1141.

6. WangDY, Abboud MI, Markoulides MS, Brem J, Schofield CJ: The
road to avibactam: the first clinically useful non-g-lactam
working somewhat like a B-lactam. Future Med Chem 2016,
8:1063-1084.

7. Abraham EP, Chain E: An enzyme from bacteria able to destroy
penicillin. Nature 1940, 146:837.

8. Drawz SM, Bonomo RA: Three decades of B-lactamase
inhibitors. Clin Microbiol Rev 2010, 23:160-201.

9. Munita JM, Arias CA: Mechanisms of antibiotic resistance.
Microbiol Spectr 2016, 4 http://dx.doi.org/10.1128/microbiolspec.
VMBF-0016-2015.

10. Ambler RP: The structure of B-lactamases. Philos Trans R Soc
Lond B Biol Sci 1980, 289:321-331.

11. Hall BG, Barlow M: Revised Ambler classification of
p-lactamases. J Antimicrob Chemother 2005, 55:1050-1051.

12. Knox JR, Moews PC, Frere J-M: Molecular evolution of bacterial
B-lactam resistance. Chem Biol 1996, 3:937-947.

13. Majiduddin FK, Materon IC, Palzkill TG: Molecular analysis of
B-lactamase structure and function. J Med Microbiol 2002,
292:127-137.

14. Palzkill T: Metallo-B-lactamase structure and function. Ann N Y
Acad Sci 2013, 1277:91-104.

15. Papp-Wallace KM, Bonomo RA: New B-lactamase inhibitors in
the clinic. Infect Dis Clin North Am 2016, 30:441-464.

16. Lohans CT, Brem J, Schofield CJ: New Delhi metallo-
B-lactamase 1 catalyzes avibactam and aztreonam hydrolysis.
Antimicrob Agents Chemother 2017, 61 e01224-e01217.

17. Ehmann DE, Jahi¢ H, Ross PL, Gu R-F, Hu J, Kern G, Walkup GK,

ee Fisher SL: Avibactam is a covalent, reversible, non-B-lactam
B-lactamase inhibitor. Proc Nat/ Acad Sci U S A 2012,
109:11663-11668.

Demonstration that the diazabicyclooctane Avibactam reacts reversibly

with serine-B lactamases to form a hydrolytically stable acyl-enzyme

complex.

18. Zhanel GG, Lawson CD, Adam H, Schweizer F, Zelenitsky S,
Lagace-Wiens PR, Denisuik A, Rubinstein E, Gin AS, Hoban DJ
et al.: Ceftazidime-avibactam: a novel cephalosporin/
B-lactamase inhibitor combination. Drugs 2013, 73:159-177.

19. Abboud MI, Damblon C, Brem J, Smargiasso N, Mercuri P,
Gilbert B, Rydzik AM, Claridge TDW, Schofield CJ, Frére J-M:
Interaction of avibactam with class B metallo-B-Lactamases.
Antimicrob Agents Chemother 2016, 60:5655-5662.

20. Clayden J, Greeves N, Warren SG: Organic Chemistry. edn 1.
Oxford: Oxford University Press; 2001.

21. Yang KW, Feng L, Yang SK, Aitha M, LaCuran AE, Oelschlaeger P,
Crowder MW: New B-phospholactam as a carbapenem
transition state analog: synthesis of a broad-spectrum
inhibitor of metallo--lactamases. Bioorg Med Chem Lett 2013,
23:5855-5859.

Current Opinion in Chemical Biology 2019, 50:101-110

www.sciencedirect.com


http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0005
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0005
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0010
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0010
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0010
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0015
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0015
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0020
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0020
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0020
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0025
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0025
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0025
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0030
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0030
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0030
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0030
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0035
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0035
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0040
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0040
http://dx.doi.org/10.1128/microbiolspec.VMBF-0016-2015
http://dx.doi.org/10.1128/microbiolspec.VMBF-0016-2015
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0050
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0050
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0055
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0055
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0060
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0060
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0065
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0065
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0065
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0070
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0070
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0075
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0075
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0080
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0080
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0080
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0085
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0085
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0085
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0085
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0090
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0090
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0090
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0090
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0095
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0095
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0095
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0095
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0100
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0100
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0105
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0105
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0105
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0105
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0105

22.

23.

Will morphing boron-based inhibitors beat the B-lactamases? Krajnc et al.

Abboud MI, Kosmopoulou M, Krismanich AP, Johnson JW,
Hinchliffe P, Brem J, Claridge TDW, Spencer J, Schofield CJ,
Dmitrienko Gl: Cyclobutanone mimics of intermediates in
metallo-B-lactamase catalysis. Chemistry 2018, 24:5734-5737.

Diaz DB, Yudin AK: The versatility of boron in biological target
engagement. Nat Chem 2017, 9:731-742.

Analysis of the reactions of electrophiles with biological functional groups
leading to the conclusion that boron has unique chameleon-like
properties.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Demetriades M, Leung IKH, Chowdhury R, Chan MC,
McDonough MA, Yeoh KK, Tian Y-M, Claridge TDW, Ratcliffe PJ,
Woon ECY et al.: Dynamic combinatorial chemistry employing
boronic acids/boronate esters leads to potent oxygenase
inhibitors. Angew Chem Int Ed 2012, 51:6672-6675.

Wu X, Li Z, Chen XX, Fossey JS, James TD, Jiang YB: Selective
sensing of saccharides using simple boronic acids and their
aggregates. Chem Soc Rev 2013, 42:8032-8048.

Hall DG: Boronic acids: preparation and applications in
organic synthesis, medicine and materials. In Structure,
Properties, and Preparation of Boronic Acid Derivatives: Overview
of their Reactions and Applications. Edited by Hall DG. Weinheim:
WILEY-VCH Verlag GmbH & Co. KGaa; 2011:1-133.

Ness S, Martin R, Kindler AM, Paetzel M, Gold M, Jensen SE,
Jones JB, Strynadka NC: Structure-based design guides the
improved efficacy of deacylation transition state analogue
inhibitors of TEM-1 B-lactamase. Biochemistry 2000, 39:5312-
5321.

Mettam WM, Adams LB: CRC Handbook of Chemistry and
Physics: A Ready-Reference Book of Chemical and Physical Data.
edn 97. Boca Raton (Florida): CRC Press; 2016.

Cahill ST, Tyrrell JM, Navratilova IH, Calvopina K, Robinson SW,
Lohans CT, McDonough MA, Cain R, Fishwick CWG, Avison MB
et al.: Studies on the inhibition of AmpC and other
B-lactamases by cyclic boronates. Biochim Biophys Acta Gen
Subj 2019, 1863:742-748.

Cahill ST, Cain R, Wang DY, Lohans CT, Wareham DW, Oswin HP,
Mohammed J, Spencer J, Fishwick CWG, McDonough MA et al.:
Cyclic boronates inhibit all classes of B-lactamases.
Antimicrob Agents Chemother 2017, 61 €02260-e02216.

Cama E, Shin H, Christianson DW: Design of amino acid
sulfonamides as transition-state analogue inhibitors of
arginase. J Am Chem Soc 2003, 125:13052-13057.

Field-Smith A, Morgan GJ, Davies FE: Bortezomib (Velcade
trade mark) in the treatment of multiple myeloma. Ther Clin Risk
Manag 2006, 2:271-279.

Huber EM, Heinemeyer W, Groll M: Bortezomib-resistant mutant
proteasomes: structural and biochemical evaluation with
carfilzomib and ONX 0914. Structure 2015, 23:407-417.

Chauhan D, Tian Z, Zhou B, Kuhn D, Orlowski R, Raje N,
Richardson P, Anderson KC: In vitro and in vivo selective
antitumor activity of a novel orally bioavailable proteasome
inhibitor MLN9708 against multiple myeloma cells. Clin Cancer
Res 2011, 17:5311-5321.

Zhao H, Palencia A, Seiradake E, Ghaemi Z, Cusack S, Luthey-
Schulten Z, Martinis S: Analysis of the resistance mechanism of
a benzoxaborole inhibitor reveals insight into the leucyl-tRNA
synthetase editing mechanism. ACS Chem Biol 2015, 10:2277-
2285.

Hecker SJ, Reddy KR, Totrov M, Hirst GC, Lomovskaya O,
Griffith DC, King P, Tsivkovski R, Sun D, Sabet M et al.: Discovery
of a cyclic boronic acid B-lactamase inhibitor (RPX7009) with
utility vs class A serine carbapenemases. J Med Chem 2015,
58:3682-3692.

Dhillon S: Meropenem/vaborbactam: a review in complicated
urinary tract infections. Drugs 2018, 78:1259-1270.

Brem J, Cain R, Cahill S, McDonough MA, Clifton IJ, Jiménez-
Castellanos J-C, Avison MB, Spencer J, Fishwick CWG,
Schofield CJ: Structural basis of metallo--lactamase, serine-
B-lactamase and penicillin-binding protein inhibition by cyclic
boronates. Nat Commun 2016, 7:12406.

109

Demonstration by biochemical, crystallographic and microbiological ana-
lyses that bicyclic boronates have potential as broad spectrum inhibitors
of serine-B-lactamases and metalo-B-lactamases.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Calvopina K, Hinchliffe P, Brem J, Heesom KJ, Johnson S, Cain R,
Lohans CT, Fishwick CWG, Schofield CJ, Spencer J et al.:
Structural/mechanistic insights into the efficacy of
nonclassical B-lactamase inhibitors against extensively drug
resistant Stenotrophomonas maltophilia clinical isolates. Mo/
Microbiol 2017, 106:492-504.

Michaelis A, Becker P: Ueber Monophenylborchlorid und einige
Derivate desselben. Ber Dtsch Chem Ges 1882, 15:180-185.

Dembitsky VM, Al Quntar AA, Srebnik M: Natural and synthetic
small boron-containing molecules as potential inhibitors of
bacterial and fungal quorum sensing. Chem Rev 2011, 111:209-
237.

Dobozy O, Mile I, Ferencz |, Csanyi V: Effect of electrolytes on
the activity and iodine sensitivity of penicillinase from B.
cereus. Acta Biochim Biophys Acad Sci Hung 1971, 6:97-105.

Beesley T, Gascoyne N, Knott-Hunziker V, Petursson S, Waley SG,
Jaurin B, Grundstrom T: The inhibition of class C pB-lactamases
by boronic acids. Biochem J 1983, 209:229-233.

Werner JP, Mitchell JM, Taracila MA, Bonomo RA, Powers RA:
Exploring the potential of boronic acids as inhibitors of OXA-
24/40 B-lactamase. Protein Sci 2017, 26:515-526.

Rojas LJ, Taracila MA, Papp-Wallace KM, Bethel CR, Caselli E,
Romagnoli C, Winkler ML, Spellberg B, Prati F, Bonomo RA:
Boronic acid transition state inhibitors active against KPC and
other class A B-lactamases: structure-activity relationships
as a guide to inhibitor design. Antimicrob Agents Chemother
2016, 60:1751-1759.

Chen Y, Shoichet B, Bonnet R: Structure, function, and
inhibition along the reaction coordinate of CTX-M
B-lactamases. J Am Chem Soc 2005, 127:5423-5434.

Drawz SM, Babic M, Bethel CR, Taracila M, Distler AM, Ori C,
Caselli E, Prati F, Bonomo RA: Inhibition of the class C
pB-lactamase from Acinetobacter spp.: insights into effective
inhibitor design. Biochemistry 2010, 49:329-340.

Contreras-Martel C, Amoroso A, Woon EC, Zervosen A, Inglis S,
Martins A, Verlaine O, Rydzik AM, Job V, Luxen A et al.: Structure-
guided design of cell wall biosynthesis inhibitors that
overcome B-lactam resistance in Staphylococcus aureus
(MRSA). ACS Chem Biol 2011, 6:943-951.

Dzhekieva L, Adediran SA, Pratt RF: Interactions of “bora-
penicilloates” with serine B-lactamases and DD-peptidases.
Biochemistry 2014, 53:6530-6538.

Studies on the interaction of penicilloanate analogues in which the
B-lactam derived carboxylate is replaced with a boronic acid.

50.

51.

52.

53.

Cox JD, Kim NN, Traish AM, Christianson DW: Arginase-boronic
acid complex highlights a physiological role in erectile
function. Nat Struct Biol 1999, 6:1043-1047.

Di Costanzo L, Sabio G, Mora A, Rodriguez PC, Ochoa AC,
Centeno F, Christianson DW: Crystal structure of human
arginase | at 1.29-A resolution and exploration of inhibition in
the immune response. Proc Nat/ Acad Sci U S A 2005,
102:13058-13063.

Burns CJ, Goswami R, Chu G-H, Jackson RW, Hamrick J, Lucas
M, Boyd SA, Yao J, Mesaros EF: Penicillin-binding protein
inhibitors. WO2018218190, November 29 2018.

VenatoRx: VenatoRx Pharmaceuticals to present its lead
clinical antibacterial candidate, VNRX-5133. American
Chemical Society National Meeting. 2018.

Reveals the bicyclic boronate VNRX-5133 as a broad-spectrum B-lacta-
mase inhibitor.

54.

Macheboeuf P, Fischer DS, Brown T Jr, Zervosen A, Luxen A,
Joris B, Dessen A, Schofield CJ: Structural and mechanistic
basis of penicillin-binding protein inhibition by lactivicins. Nat
Chem Biol 2007, 3:565-569.

www.sciencedirect.com

Current Opinion in Chemical Biology 2019, 50:101-110


http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0110
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0110
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0110
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0110
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0115
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0115
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0120
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0120
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0120
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0120
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0120
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0125
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0125
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0125
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0130
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0130
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0130
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0130
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0130
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0135
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0135
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0135
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0135
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0135
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0140
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0140
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0140
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0145
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0145
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0145
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0145
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0145
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0150
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0150
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0150
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0150
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0155
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0155
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0155
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0160
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0160
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0160
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0165
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0165
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0165
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0170
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0170
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0170
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0170
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0170
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0175
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0175
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0175
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0175
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0175
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0180
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0180
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0180
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0180
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0180
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0185
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0185
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0190
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0190
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0190
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0190
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0190
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0195
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0195
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0195
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0195
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0195
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0195
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0200
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0200
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0205
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0205
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0205
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0205
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0210
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0210
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0210
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0215
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0215
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0215
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0220
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0220
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0220
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0225
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0225
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0225
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0225
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0225
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0225
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0230
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0230
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0230
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0235
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0235
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0235
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0235
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0240
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0240
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0240
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0240
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0240
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0245
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0245
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0245
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0250
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0250
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0250
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0255
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0255
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0255
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0255
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0255
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0265
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0265
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0265
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0270
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0270
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0270
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0270

110 Next generation therapeutics

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Burns CJ, Goswami R, Jackson RW, Lessen T, Li W, Pevear D,
Tirunahari PK, Xu H: Beta-lactamase inhibitors. US20160264598,
September 15 2016.

Pogue JM, Bonomo RA, Kaye KS: Ceftazidime/Avibactam,
Meropenem/Vaborbactam, or both? Clinical and formulary
considerations. Clin Infect Dis 2018, 68:519-524.

Jia L, Liu FT: Why bortezomib cannot go with ‘green’? Cancer
Biol Med 2013, 10:206-213.

Miller ST, Xavier KB, Campagna SR, Taga ME, Semmelhack MF,
Bassler BL, Hughson FM: Salmonella typhimurium recognizes a
chemically distinct form of the bacterial quorum-sensing
signal Al-2. Mol Cell 2004, 15:677-687.

Hutter R, Keller-Schierlein W, Knusel F, Prelog V, Rodgers GC Jr,
Suter P, Vogel G, Voser W, Zahner H: The metabolic products of
microorganisms. Boromycin. Helv Chim Acta 1967, 50:1533-
1539.

Moore BS, Hertweck C: Biosynthesis and attachment of novel
bacterial polyketide synthase starter units. Nat Prod Rep 2002,
19:70-99.

Uluisik |, Karakaya HC, Koc A: The importance of boron in
biological systems. J Trace Elem Med Biol 2018, 45:156-162.

Guo M, Gamby S, Zheng Y, Sintim HO: Small molecule inhibitors
of Al-2 signalling in bacteria: state-of-the-art and future
perspectives for anti-quorum sensing agents. Int J Mol Sci
2013, 14:17694-17728.

Dunitz JD, Hawley DM, Miklos D, White DN, Berlin Y, Marusic R,
Prelog V: Structure of boromycin. Helv Chim Acta 1971, 54:1709-
1713.

Han S, Zaniewski RP, Marr ES, Lacey BM, Tomaras AP,
Evdokimov A, Miller JR, Shanmugasundaram V: Structural basis
for effectiveness of siderophore-conjugated monocarbams

65.

66.

67.

68.

69.

70.

71.

against clinically relevant strains of Pseudomonas
aeruginosa. Proc Natl Acad Sci U S A 2010, 107:22002-22007.

Smith CA, Antunes NT, Stewart NK, Toth M, Kumarasiri M,
Chang M, Mobashery S, Vakulenko SB: Structural basis for
carbapenemase activity of the OXA-23 pB-lactamase from
Acinetobacter baumannii. Chem Biol 2013, 20:1107-1115.

Feng H, Liu X, Wang S, Fleming J, Wang DC, Liu W: The
mechanism of NDM-1-catalyzed carbapenem hydrolysis is
distinct from that of penicillin or cephalosporin hydrolysis. Nat
Commun 2017, 8:2242.

Cama E, Pethe S, Boucher JL, Han S, Emig FA, Ash DE, Viola RE,
Mansuy D, Christianson DW: Inhibitor coordination interactions
in the binuclear manganese cluster of arginase. Biochemistry
2004, 43:8987-8999.

Alterio V, Cadoni R, Esposito D, Vullo D, Fiore AD, Monti SM,
Caporale A, Ruvo M, Sechi M, Dumy P et al.: Benzoxaborole as a
new chemotype for carbonic anhydrase inhibition. Chem
Commun 2016, 52:11983-11986.

Morandi F, Caselli E, Morandi S, Focia PJ, Blazquez J,
Shoichet BK, Prati F: Nanomolar inhibitors of AmpC
B-lactamase. J Am Chem Soc 2003, 125:685-695.

Zervosen A, Herman R, Kerff F, Herman A, Bouillez A, Prati F,
Pratt RF, Frere JM, Joris B, Luxen A et al.: Unexpected
tricovalent binding mode of boronic acids within the active site
of a penicillin-binding protein. J Am Chem Soc 2011, 133:10839-
10848.

McKinney DC, Zhou F, Eyermann CJ, Ferguson AD, Prince DB,
Breen J, Giacobbe RA, Lahiri S, Verheijen JC: 4,5-Disubstituted
6-aryloxy-1,3-dihydrobenzo[c][1,2]oxaboroles are broad-
spectrum serine beta-lactamase inhibitors. ACS Infect Dis
2015, 1:310-316.

Current Opinion in Chemical Biology 2019, 50:101-110

www.sciencedirect.com


http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0280
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0280
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0280
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0285
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0285
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0290
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0290
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0290
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0290
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0295
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0295
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0295
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0295
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0300
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0300
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0300
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0305
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0305
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0310
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0310
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0310
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0310
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0315
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0315
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0315
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0320
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0320
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0320
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0320
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0320
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0325
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0325
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0325
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0325
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0330
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0330
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0330
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0330
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0335
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0335
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0335
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0335
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0340
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0340
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0340
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0340
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0345
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0345
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0345
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0350
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0350
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0350
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0350
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0350
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0355
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0355
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0355
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0355
http://refhub.elsevier.com/S1367-5931(19)30035-3/sbref0355

	Will morphing boron-based inhibitors beat the β-lactamases?
	Background
	The challenge of β-lactamases
	Transition state inhibitors of β-lactamases and transpeptidases
	Brief history of boron containing antimicrobials
	Bicyclic boronic acids as inhibitors of both serine-β-lactamases and metallo-β-lactamases
	Mode of action and biophysical analysis of bicyclic boronate β-lactamase and transpeptidase inhibitors
	So will boron-based inhibitors replace β-lactams?
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


