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The road to avibactam: the first clinically
useful non-p-lactam working somewhat
like a B-lactam

Avibactam, which is the first non-B-lactam B-lactamase inhibitor to be introduced for
clinical use, is a broad-spectrum serine B-lactamase inhibitor with activity against class
A, class C, and, some, class D B-lactamases. We provide an overview of efforts, which
extend to the period soon after the discovery of the penicillins, to develop clinically
useful non-B-lactam compounds as antibacterials, and, subsequently, penicillin-
binding protein and B-lactamase inhibitors. Like the B-lactam inhibitors, avibactam
works via a mechanism involving covalent modification of a catalytically important
nucleophilic serine residue. However, unlike the B-lactam inhibitors, avibactam reacts
reversibly with its B-lactamase targets. We discuss chemical factors that may account
for the apparently special nature of B-lactams and related compounds as antibacterials
and B-lactamase inhibitors, including with respect to resistance. Avenues for future
research including non-B-lactam antibacterials acting similarly to B-lactams are
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Avibactam breaks the pB-lactam
paradigm

For over 70 years B-lactam compounds have
been the most important drugs for treating
bacterial infections worldwide [1]. Resistance
to the B-lactam antibacterials is a major and
growing problem, as is the case for all anti-
bacterials [2.3]. However, the pronounced lon-
gevity of the dominance of the B-lactams as
antibacterials is remarkable and suggests that
there might be underlying molecular reasons
for their apparently special nature.

All B-lactam antibacterials target D-ala-
D-ala-transpeptidases  (penicillin-binding
proteins [PBPs]) involved in bacterial cell
wall biosynthesis [4-7]. B-Lactams react with
a nucleophilic serine in PBPs to form stable
acyl-enzyme (ester-linked) complexes which
are catalytically inert [5]. Various mechanisms

of B-lactam resistance have been identified,
including PBP mutations (to give PBPs with
low B-lactam affinity) [3.8], modifications to
and/or decreased production of outer mem-
brane porin proteins involved in the transport
of B-lactams to the periplasm (which lower
the effective periplasmic concentration of
B-lactams) and increased expression of efflux
pumps (9] which efficiently export B-lactams.
The most important resistance mechanism
to B-lactam antibacterials in Gram-negative
bacteria involves P-lactamases, which cata-
lyze the hydrolysis of the B-lactam ring to
give inert B-amino acids [3.10-15].

Since the discovery of the penicillins [16],
various strategies have been employed to
improve the antibacterial properties of the
B-lactam antibacterials and to combat resis-
tance mechanisms including via inhibition
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Figure 1. Major classes of B-lactam antibacterials and B-lactamase inhibitors. (A) The major classes of B-lactam
antibacterials with exemplars from each class with core heterocyclic structures highlighted in green are shown.
(B) The clinically used class A B-lactamase inhibitors — clavulanic acid, sulbactam and tazobactam, all contain

a B-lactam ring. (C) Avibactam is the first of a new class of B-lactamase, and maybe, penicillin-binding protein
inhibitors. Lactivicin is the only naturally occurring clinically relevant penicillin-binding protein inhibitor identified
to date which does not contain a pB-lactam ring.

of B-lactamases [12,1718]. Until very recently, however, als, B-lactamase inhibitors or compounds that are both
in terms of clinical utility all of these approaches have antibacterials and B-lactamase inhibitors [1920]. Such
resulted in B-lactam compounds which are antibacteri-  B-lactam-based compounds include modified penicil-
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lins, cephalosporins, monobactams, clavulanic acid
and the carbapenems (Figure 1) [5-7.19-21]. Collectively,
these B-lactam compounds are a mainstay of mod-
ern medicine. The clinical introduction of avibactam
(formerly NXL-104, AVE-1330A), a non-B-lactam
B-lactamase inhibitor [22], has changed the B-lactam
PBP/f-lactamase inhibitor paradigm and, in our view,
represents a very major advance in the field. In this
overview article, we discuss some of the factors that
might contribute to the apparently special nature of
B-lactams and outline (bio)chemical work leading to
the development of avibactam, and highlight oppor-
tunities and challenges which may be stimulated by its
clinical introduction.

Although both natural-based and synthetic
B-lactams have been shown to have efficacy against
other (potential) medicinal chemistry targets (in both
micro-organisms and humans) [2324], all clinically
useful B-lactam antibacterials have the same general
mode of action, in other words, covalent inhibition of
PBPs. PBPs are classified into high- and low- molecular
weight proteins [4.7.25-27], the former of which play a
crucial role in bacterial cell wall biosynthesis including
by catalyzing the cross-linking of peptidoglycan ‘stem
peptides” (Figure 2). The class A, but not class B, high
molecular weight PBPs also catalyze the formation of
glycan chains in cell wall biosynthesis. The B-lactams
inhibit the transpeptidase activity of PBPs by reacting
with a catalytically crucial nucleophilic serine resi-
due to form a relatively stable acyl-enzyme complex
(Figure 2) [4-7.27-29]. Thus, they target a (near) essential
component of enzymes, (some of) which are essential
for bacterial survival.

Although nucleophilic serine enzymes are widely
distributed in biology, the PBPs (and the mechanis-
tically related serine B-lactamases) are not present in
animals, meaning that it may be easier to obtain selec-
tive PBP inhibitors than is the case when closely related
targets are present in animals and microbes. This task
may also be facilitated by the fact that the PBPs are
located on the external surface of the cytoplasmic
membrane [4]; thus, it is undesirable for B-lactam anti-
bacterials to cross the cell membrane. Bacteria that
reside inside human/animals cells, for example, Myco-
bacterium tuberculosis, are an exception, and B-lactam
antibacterials have not been widely used for the treat-
ment of such organisms [31,32]. Although not as wide-
spread as PBDs, there is also evidence that B-lactam
biosynthesis is ancient [33-35]. Micro-organisms were
likely producing B-lactam antibacterials, long before
human/animal use was considered [36]. It would thus
seem that the ‘combination’ of B-lactam biosynthesis
and PBP inhibition might be one that is particularly
‘useful’ for the B-lactam producers. Given the differ-

ent types of naturally occurring B-lactams and routes
by which they are produced, it is likely that micro-
organisms have evolved B-lactam biosynthesis path-
ways producing PBP inhibitors more than once. The
distribution of B-lactam biosynthesis/natural produc-
tion of PBP inhibitors suggests that B-lactam-mediated
PBP inhibition may be one that is not readily prone
to the evolution of, at least, facile resistance, consis-
tent with the evidence from the prolonged human use
of B-lactam antimicrobials (though it is appreciated
that there is now very extensive resistance). As well as
interesting medicines/lead compounds, an important
aspect of natural product research is identifying use-
ful targets, the B-lactam:PBP ‘combination’ provides
an example of how these activities can coincide in a
productive manner.

The special nature of p-lactams

The aforementioned considerations raise the ques-
tion as to whether there is something special about
the B-lactam ring itself in terms of PBP and, maybe,
B-lactamase inhibition. First, at least the bicyclic
B-lactams represent a very densely functionalized
low-molecular-weight heterocyclic template which, as
revealed by crystallographic analyses, appears highly
optimized for PBP inhibition. All the major classes
of B-lactam antibacterials (except the clinically used
class A serine -lactamase inhibitors) also contain side
chains, which can be, and, have been modified both
by nature and medicinal chemists, to improve/modify
the properties of the core B-lactam template (Figure 1).
Efficient procedures for the exchange of the side chains
of the penicillins (at C-6) and cephalosporins (at
C-7 and C-3’) have been developed [37-39], and have
led to modified penicillins and cephalosporins with
improved antibacterial, pharmacokinetics/dynam-
ics and B-lactamase stability properties. The bicyclic
cores of all clinically used penicillins and cephalo-
sporins are produced by fermentation, or by modifi-
cation of fermentation-derived materials; thus, most
‘semi-synthetic’ compounds have relatively low pro-
duction costs. In contrast, the carbapenems, like the
chemically less complex monobactams, are produced
by total synthesis (although they were originally gener-
ated from natural sources) [40.41]. Although the synthe-
sis of clinically used carbapenems (like meropenem) is
presently highly sophisticated, and can be regarded as
a triumph of 20th century chemistry, the production
cost of (most) carbapenems is considerably higher than
most penicillins/cephaloporins; this has likely limited
work on the development of new carbapenems (note
all clinically used carbapenems have the same [5R,6S]-
stereochemistry for their C-6 hydroxyethyl side chain).
Overall, however, it is clear that naturally occurring
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Figure 2. Mode of action of B-lactam antibacterials (for parts B & C, see facing page). (A) Outline mechanism for
a bacterical cell wall transpeptidase from a Gram-positive bacterium (PBP: Penicillin-binding protein; GIcNAc: N-
acetylglucoseamine; GlcNMur: N-acetylmuramic acid). (B) Comparison of the structure of the D-ala-D-ala
terminating stem peptide PBP substrate with that of a B-lactam antibacterial. (C) Active site view from a crystal
structure of PBP-A (cyan), a PBP from Thermosynechococcus elongatus, the structure of which is related to class A
B-lactamases, as acylated by penicillin G (pink) (PDB ID: 2J8Y) [30].

B-lactams have provided a remarkably useful template
which can be optimized by side chain (and other)
variations.

In order to react with the nucleophilic serine at the
PBP active site to form an ester link, B-lactam anti-
bacterials must be sufficiently reactive acylating agents.
However, since the natural substrates of PBPs are chem-
ically ‘normal’ peptides/amides, it would seem that
the (normally) increased reactivity of B-lactams with
respect to acylation/hydrolysis compared with normal

amides is not central to their efficacy as inhibitors [42-
46]. Increased acylation reactivity to nucleophiles may,
however, compensate for a nonoptimized noncovalent
binding prior to the acylation step (see, e.g., [23.47.48]).
It may also be that the relative liability of B-lactams to
hydrolysis, and hence, a limited lifetime 7% vivo is use-
ful from a clinical perspective because antibacterials
are normally only given for a short period.

Although noncovalent binding of the intact -lactams
and product inhibition could play minor roles in inhibi-
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tion, the available evidence is that all B-lactam antibac-
terials principally work by forming a stable acyl-enzyme
complex with their PBP targets s-7.27]. Thisisalso the case
for clinically useful inhibition of serine 3-lactamases [49-
s1] (Figure 3). Notably, the three clinically used class A
(‘penicillinase’) serine B-lactamase inhibitors are them-
selves all bicyclic B-lactams (clavulanic acid, sulbactam
and tazobactam) [49-51], a further example of the ability of
B-lactams to inhibit nucleophilic serine enzymes. These
compounds are not potent antibacterials, hence are used
in combination with penicillin, for example, clavulanic
acid and amoxicillin in the Augmentin™ formulation
(GlaxoSmithKline, UK). This may at first seem counter-
intuitive since B-lactamases bind and efficiently catalyze
the hydrolysis of many B-lactam antibacterials. However,
B-lactamases are optimized to bind B-lactam antibacteri-
als. Moreover, the acyl-enzyme complexes formed from
all three of the clinically useful class A serine -lactamase
inhibitors undergo fragmentation [52-54] to form electro-
philes (imines or aldehydes), which can then either react
with the water normally involved in acyl-enzyme ester
hydrolysis (hydrolytic water) or block access of water to
the ester (including via formation of cross-linked spe-
cies) (Figure 4). Evidence from mass spectrometry [53.54],
infrared/Raman spectroscopy (55-57) and crystallographic
analyses [58,59] have revealed that in each of these cases
multiple inhibitor species are formed following fragmen-
tation of the initially formed acyl-enzyme complex. Evi-
dence, although less definitive, has also been accrued for
the formation of more than one acyl-enzyme complex
in the reaction of -lactam antibacterials (e.g., penicillin,
ceftaroline) with PBPs [60-62].

The formation of more than one enzyme-inhibitor
complex may, in part, rationalize why resistance to
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B-lactam antibacterials via PBP/B-lactamase muta-
tions has been apparently rather limited. In this
regard, the Tipper—Strominger hypothesis [67), in
other words, that B-lactam antibacterials mimic
the conformation of the D-ala-D-ala component
of the PBP bacterial cell wall substrate, may be rel-
evant [68], in that in order to get to the stage where
reaction to the acyl-enzyme complex can occur the
B-lactam antibacterial must efficiently compete with
the natural substrate for binding [69]. Following from
biophysical evidence that some nucleophilic serine
enzymes may bind their substrates in a high-energy
conformation which strains the amide bond [70-72],
a refinement of the Tipper—Strominger hypothesis
suggests that (some) B-lactam antibacterials may
mimic a strained conformation of the D-Ala-D-
Ala entity (Figure 2) [73-75]. Thus, (at least some)
B-lactam antibacterials may be highly optimized to
bind both noncovalently and covalently; following
noncovalent binding, they undergo covalent reac-
tion to form an initial acyl-enzyme complex which
at least, in some cases, can undergo either covalent
fragmentation [52,53,76] or conformational rearrange-
ment [23,52,55-57,59,62,77) to form (a) more stable com-
plexes. In this scenario, one role of covalent inhibition
is to maintain binding of the inhibitor to the enzyme
while it is undergoing fragmentation/conformational
changes that optimize inhibition/minimize resis-
tance. At present, such ‘mechanism-based’ inhibitors
appear to be more common in natural product based
medicines (in addition to the B-lactams, a nice exam-
ple is artemisinin [78,79]) than the outputs of modern
medicinal chemistry, which are often optimized for
strength of (normally noncovalent) binding, a strat-
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Figure 3. Outline mechanisms of action of (A) serine and (B) metallo-B-lactamases. Note in the latter case one or two zinc ions
may be present at the active site. Note that in each case the mechanism proceeds via a tetrahedral intermediate. Variations on the
mechanisms shown can occur. (C) Active site view from a crystal structure of TEM-1 (cyan), a class A serine-B-lactamase, as acylated
by penicillin G (pink) (PDB ID: 1FQG) [63]. (D) Active site view from a crystal structure of NDM-1 (cyan), a B1 metallo-B-lactamase,
complexed with hydrolyzed penicillin G (pink) (PDB ID: 4EYF) [64].

egy which if followed without due consideration, Reversibly binding inhibitors
might be one which invites rapid development of A further consideration with respect to B-lactam medi-
resistance. ated inhibition of nucleophilic serine enzymes, and
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one relevant to inhibition by avibactam, concerns the
reversibility and formation of the acyl-enzyme com-
plex. To date, the available evidence indicates that
reactions that form the acyl-enzyme complexes from
B-lactams are irreversible. In contrast, work using ser-
ine proteases has revealed that appropriately function-

alized y-lactam analogues of B-lactam inhibitors can
react reversibly (42,48,77], consistent with knowledge in
synthetic chemistry that y-lactams are (normally) more
easily formed than f-lactams in solution. Although con-
siderations other than the reversibility of acyl-enzyme
complex formation apply, including the stability of the
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Figure 4. Outline mechanism of action of a clinically useful class A serine B-lactamase inhibition as exemplified
with clavulanic acid (for part B, see following page). (A) Note reactions of the -lactam inhibitors give multiple
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acyl-enzyme complex with respect to hydrolysis (and as
indicated above some B-lactams are optimized in this
regard), this work indicates that if the acyl-enzyme can
be stabilized compared with the starting y- (or other
non-f3-) lactam then, potent non-fB-lactam inhibitors of
nucleophilic serine enzymes might be possible.

In fact, work on non-f-lactam analogues of the
B-lactams had begun in the early days of structure
activity studies on the B-lactam antibacterials, with
analogues of the penams (80,81]. In the mid-1980s, this
work led to the identification of 5,4- and 5,5-lactam
ring systems, of which some of the penem analogues
displayed antibacterial activity (Figure 5), though the
molecular mechanisms underlying the structure activ-
ity studies were not apparent at the time. At least in
some cases, the antibacterial activity was associated
with the increased reactivity of the unsaturated, com-
pared with the saturated, y-lactams (which as indicated
above may be only one factor) [42.77.80-84].

Following the demonstration that y-, but not -,
lactams can react reversibly with nucleophilic serine
enzymes (Figure 6) (42,77], various y-lactam inhibitors of
nucleophilic serine enzymes have been developed, at least
some of which derived from the idea of reducing recycli-

oxyanion |

zation of the acyl-enzyme complex to the y-lactam, by
reducing the availability of electron density on the nitro-
gen in the acyl-enzyme complex, for example, by delo-
calization, with an aromatic ring system [47]. In related
work, bicyclic lactam derived ‘trans-lactam’ inhibitors,
ultimately derived from more complex natural products,
were developed as potent inhibitors of nucleophilic serine
proteases [101-104] (though these have not been developed
as PBP/serine B-lactamase inhibitors).

Lactivicin

Perhaps, however, the most interesting example of a
non-f-lactam acylating inhibitor comes from nature. In
1987, natural product work led to the isolation of lactivi-
cin (105,106, the first and, to date, only naturally occurring
non-f-lactam PBP acylating PBP/serine PB-lactamase
inhibitor. Lactivicin contains a cycloserine ring, in other
words, a y-lactam-related motif, and is fused via its
ring nitrogen to a y-lactone. Both lactivicin and phen-
oxyacetyl-lactivicin are active against clinically isolated
penicillin-resistant Streptococcus pneumoniae strains [107].
Recent efforts to conjugate siderophore mimics to lac-
tivicin have resulted in the broadening of the scope of
lactivicin activity to include clinically relevant Gram-
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Figure 6. Work involving serine proteases revealed that (some) y-lactam analogues of B-lactam inhibitors can react
reversibly. (A) Reversible reaction of a y-lactam with porcine pancreatic elastase (PPE) [77]. (B) Irreversible reaction
of an analogous B-lactam [23]. Note the lactam derived nitrogen in the acyl-enzyme complex of the y-lactam
occupies the space of the ‘hydrolytic water’ as observed in the acyl-enzyme complex derived from a peptide
substrate [77]. (C) In (B), the acyl-enzyme complex for the B-lactams has undergone a conformational change;

thus, the ester linkage is rotated out of the oxy-anion hole, and the B-lactam carboxylate occupies the space of the
hydrolytic water. (D) View from a crystal structure of PPE (cyan) complexed with a monocyclic y-lactam (pink) (PDB
ID: 1QGF) [77]. (E) View from a crystal structure of the acyl-enzyme complex formed between PPE (cyan) and a
monocyclic B-lactam (pink) (PDB ID: 1BTU) [23].
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negative strains, such as Pseudomonas aeruginosa [108).
Like the B-lactams, lactivicin and its analogues [106,109]
irreversibly inhibit PBPs (Figure 7) [s2.83,110,111]. Stud-
ies, including by crystallography, reveal that the lac-
tivicins react with the nucleophilic serine of PBPs/serine
B-lactamases to give an initial acyl-enzyme complex, but
that release of the B-lactam derived nitrogen long pair
results in opening of the y-lactone ring to give the crys-
tallographically observed species [s2.83]. This secondary
fragmentation, which is related to those occurring with
some cephalosporins and the class A serine B-lactamase

inhibitors (e.g., clavulanic acid), is proposed to stabilize
the acyl-enzyme complex [52.76,12-114].

It is also notable that nonacylating inhibitors of
PBPs/serine B-lactamases have been developed, includ-
ing ‘transition state analogue’ based inhibitors, such as
boronic acids, some of which show activity in cells (104,115~
123] (Figure 10). However, these have not yet reached clin-
ical utility, though some display promise, and are beyond
the scope of this article which focuses on mechanistic
aspects of acylating inhibitors (see [124-126] for relevant
work on boronic acids and related compounds).
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Avibactam & DBOs

Avibactam ([25,5R]-2-carbamoyl-7-oxo-1,6-diazabicy-
clo[3.2.1.]octan-6-yl hydrogen sulfate) is the prototype
of a new type of clinically useful serine 3-lactamase and
in the future, maybe, PBP/other nucleophilic enzyme
inhibitor. Avibactam contains a diazabicyclo[3.2.1]
octane (DBO) heterocyclic core structure (Figure 8).
The concept of avibactam has its origins in research

at Hoechst Marion Roussel, who proposed that DBOs
might act to acylate nucleophilic enzymes in a manner
analogous to B-lactams [22]. Due, in part, to commercial
factors, DBO-based inhibitors were subsequently pur-
sued in Rhone Poulenc and Sanofi Aventis [127], Novexel,
and then AstraZeneca [22.128]. These studies ultimately
resulted in the clinical development of avibactam, with
modified versions of the pioneer DBO compounds
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being pursued by several companies (e.g., Merck,
Novexel) [129-133]. Avibactam has no useful intrinsic
antibacterial activity, but is a potent inhibitor of class
A, class C and, some, class D serine -lactamases. It is
the only DBO to be approved for clinical use — in com-
bination with a B-lactam antibacterial (Avycaz, ceftazi-
dime-avibactam) [22,134-138]. Interestingly, some DBO
derivatives (Novexel) also display antibacterial activ-
ity (139.140]. Notably, NXL-105, which belongs to a tricy-
clic series, exhibits activity against P. aeruginosa, which
is likely due to PBP inhibition [133]. Further, some new
DBO analogues [22,141,142], such as FPI-1602 (Fedora)
(Figure 9), are reported to possess PBP inhibitory activ-
ity, in addition to serine B-lactamase inhibitory activity
against class A and some class D enzymes [22].

Avibactam mode of action

Detailed kinetic and crystallographic studies have been
reported for the interaction of avibactam with class
A s8] (TEM-1 psou60), CTX-M-15 617, SHV-1 and
KPC-2 (143)), class C (P99 [160) and AmpC) and class
D (OXA-10, -24 and -48) [162] serine -lactamases [158].
These studies reveal that, with the isolated enzymes, avi-

bactam has a comparable or better inactivation efficiency
for both class A and class C serine 3-lactamases compared
with the classical B-lactam based class A B-lactamase
inhibitor clavulanic acid or tazobactam [160], at least in
part, due to the additional stabilization of the carbam-
oyl-enzyme complex from interactions with polar resi-
dues in the active site [160]. Biophysical and kinetic analy-
ses employing mass spectrometry, infrared spectrometry
and crystallography reveal that avibactam reacts with
the nucleophilic serine to form a relatively stable carbam-
oyl-enzyme complex [143,161]. In contrast to the fragmen-
tation reactions that B-lactam-based serine B-lactamase
inhibitors (e.g., clavulanic acid) can undergo after acyl-
enzyme formation [s4112-114] (Figure 4), the available
evidence is that, following regioselective ring opening of
the 5-membered cyclic urea group of avibactam, a single
(major) stable carbamoyl-enzyme complex is formed
(Figure 8) [144].

As revealed by a crystal structure of the CTX-M-
15-avibactam complex [161], the nitrogen of the N-sulfate
group of the ring opened avibactam and a structural
water are close to the ester link with the nucleophilic ser-
ine (Ser-70); the complex is apparently stabilized by inter-
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9.6 [147], 9.7 [147], 9.8, 9.9 and 9.10 [148]).

fsg

future science group

www.future-science.com

1073



Special Report wang, Abboud, Markoulides, Brem & Schofield

® HO\B,OH
HN)
L_0
AN W
| o)
,N\ N/
N-NH
10.1
CR161

COH

10.11

AcO"
TO,H

10.12
(natural product from Lantana camara)

10.2 10.3
OH N
~—= O B ,
o B, , HO™ ©O R
HO" OH R COH
10.5

COH R N

(+)-strigyl acetate R4 =CHj;, R, =0Ac, Rz =H
(+)-orobanchol Ry =CHj Ry, =H, R3= OH
(+)-orobanchyl acetate R; = CH3, R, =H, R3= OAc
(+)-5-deoxystrigol Ry =CHj3 R;=R3=H
sorgolactone Ri=R,=R3=H

(+)-strigol Ry =CHas Ry =OH,Rz=H |

Figure 10. Examples of different types of B-lactam and non-B-lactam compounds as penicillin-binding protein/
B-lactamase inhibitors. (A) Examples of boronic acids which are proposed as analogues of the tetrahedral
intermediates/transition state in B-lactamase/penicillin-binding protein-catalyzed reactions (10.1 [149], 10.2,

10.3 [150], 10.4 [148], 10.5 [151], 10.6 [152], 10.7 [148] and 10.8 [153]). (B) Examples of ‘'new’ B-lactam scaffolds also show
promise, but they have not been commercially developed (AM-112 (10.9) [154] and LK-157 (10.10) [155]). (C) Examples
of natural product derived non-B-lactam type scaffolds which are inhibitors of nucleophilic serine enzymes
(trans-lactams (10.11) [101] and a related natural product from Lantana camara (10.11) [156], and the strigolactones
(10.13) [157]); derivatives of these could be pursued as penicillin-binding protein/p-lactamase inhibitors.

1074

Future Med. Chem. (2016) 8(10)

future science group



The road to avibactam - the first clinically useful non-p-lactam working somewhat like a B-lactam Special Report

actions with the Lys-73:Ser-130 and Glu-166:Asn-170
‘dyads’ which are important in catalysis. The primary
amide of avibactam is positioned to interact with the
proposed ‘hydrolytic’ water. The avibactam sulfate is
positioned to interact with, in a manner similar to bind-
ing of the carboxylate of B-lactam substrates (as well as
the sulfate of aztreonam), conserved polar residues in the
active site (51,161]. These interactions appear to be opti-
mized for binding of the ring opened form of avibactam,
and are consistent with the observed long-lived nature
of the avibactam complex (t,,,>7 days compared with
5 h for the tazobactam-derived complexes) [141,144,160].
Avibactam is more efficient than the B-lactam based
B-lactamase inhibitors in terms of the number of
molecules required to inhibit each B-lactamase mol-
ecule [158], since it requires only 1-5 avibactam molecules
per B-lactamase, compared with the B-lactam inhibi-
tors which require 10s—100s of molecules to completely
inhibit a B-lactamase (due to hydrolysis competing with
inhibition) [160,163]. Although the number of molecules
of DBO required to completely inhibit the B-lactamase
may vary with the structure of the DBO and the par-
ticular serine -lactamase, the available evidence is that
DBOs appear to be, in general, more efficient than the
B-lactam based B-lactamase inhibitors (i.e., clavulanic
acid, tazobactam and sulbactam) in this regard [144,163].

Interestingly, and consistent with earlier work on
y-lactam analogues of B-lactams (48], avibactam has
been shown to react reversibly with, at least some, serine
B-lactamases (e.g., CTX-M-15) [161.164]. Given the DBO
core of avibactam, the observation of recyclization is
remarkable (though note the nucleophilicity of the nitro-
gen involved in the reversal reaction is enhanced via the
presence of an alpha-effect nucleophile). The reversible
reaction of the avibactam carbamoyl-enzyme complex
contrasts with the predicted (based on available evidence)
irreversible reaction of lactivicin [82], where subsequent
ring opening of the lactam linked spirocyclic lactone
hinders recyclization of the lactam ring [161]. Hydroly-
sis of the avibactam derived carbamoyl-enzyme complex
can occur, as shown by work on KPC-2 B-lactamase [143)
(the avibactam carbamoyl-enzyme complex of which is
more prone to hydrolysis than that of CTX-M-15 [161),
through a mechanism which likely includes the initial
loss of the N-sulfate via an El type elimination to give
an imine, which may be hydrolyzed to a ketone, prior
to hydrolysis of the carbamoyl-enzyme complex [165].
Time will likely tell, however, whether the formation
of a (predominantly) single enzyme—inhibitor complex,
rather than multiple complexes, as observed with some
B-lactams, will prove an Achilles heel for DBOs with
respect to resistance.

Avibactam was approved for clinical use in combina-
tion with ceftazidime [138,166] in the USA in 2015 for treat-

ment of complicated urinary tract and intra-abdominal
infections for patients with limited or no alternative treat-
ment options. Other combinations of avibactam [167.168],
including with ceftaroline [169.170] and aztreonam [171],
are in development. The aztreonam—avibactam com-
bination is of interest 137], given that aztreonam is the
only B-lactam antibacterial/serine -lactamase inhibitor
nonsusceptible to inactivation by the class B metallo-f3-
lactamases (MBLs) [14,172] (Figure 3). Derivatization of
the primary amide functionality in avibactam has led
to the development of new DBO analogues [22], such as
9.1 (NXL-105) [133], 9.2 [130], 9.3 (MK-7655) [129,131-132]
and 9.4 (OP0595) [145,146] (Figure 9), some of which
have antibacterial activity. /n vitro studies have been
carried out on these DBO-based compounds, both
independently and in combination with various types
of B-lactam antibacterials, including penicillins (piper-
acillin), cephalosporins (cefepime) and carbapenems
(imipenem and meropenem) [173-178].

Future perspective

As the first clinically useful non-B-lactam B-lactamase
inhibitor, avibactam represents a major breakthrough
in the B-lactamase/PBP antibacterial field. The effort
required to develop a commercially viable and clini-
cally useful DBO should not be underestimated; the
first related patent on DBOs inhibitors was filed by
Hoechst Marion Roussel in the mid-1990s [22]. Avibac-
tam, like the carbapenems [40.41], is produced by total
synthesis [128] and developing a commercially viable
multistep route to prepare avibactam [128] is a consider-
able achievement. It is to be hoped that the success-
ful synthetic chemistry required to make avibactam
viable will inspire future investigations to develop new
types of B-lactamase/PBP inhibitors. In this regard,
the existing literature suggests that there might be
other promising inhibitor templates beyond the clas-
sical B-lactams and the DBOs. For example, oxapen-
ems [154,179,180], such as AM-112, are potent 3-lactamase
inhibitors, though their synthesis is also challenging.
Further, there is clearly scope for the development of
new types of antibacterial-forming acyl-enzyme type
complexes, perhaps based on natural products/inhibi-
tors of nucleophilic serine (or nucleophilic cysteine)
enzymes, such as lactivicins [111], trans-lactams [101] or
compounds operating via an analogous mechanism of
action, but which have been developed in other fields,
for example, agrochemistry such as strigolactones [157]
(Figure 10). Other types of covalent inhibitors also
show promise including transition state analogues such
as boronates and phosphonates, which have the poten-
tial to target B-lactamases and PBPs [115,118-123]. In this
regard, patent applications containing cyclic boro-
nates, which potently inhibits both serine B-lactamases
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and metallo-B-lactamases, are of particular note [181].
Whether such compounds will be useful as the
B-lactams is an open question — the predominance of
naturally occurring B-lactam inhibitors of PBPs/f3-
lactamases suggests not. However, synthetic chemis-
try can create structures not known to be accessed by
nature, as exemplified by the DBO core of avibactam.
Although the commercial aspects of the antibacterials
are very different from the period when B-lactams were
pioneered and developed (from 1940 to early 1990s),
it just might be that we are on the course for a period
of renewed focus on PBP/B-lactamase inhibitors, not
just with B-lactams, but also with B-lactam inspired
inhibitors such as avibactam. Just as in the first era of
B-lactams, if current efforts are to succeed efficiently,
it will require considerable investments from com-
mercial, healthcare and academic sectors, including in
fields ranging from basic science (including synthesis)
to clinical application.

A subjective factor, not mentioned above in discussing
possible factors that may account for the special nature
of B-lactams, is that the B-lactams (as many other natu-
ral products) are chemically ‘interesting’ and challeng-
ing molecules in terms of their structures, mechanisms
of action and synthesis. Coupled with their medicinal
utility, this ‘interest factor’ may have helped to inspire
chemists to work in the -lactam field. We hope the dis-
covery of the clinical utility of the synthetic DBO ring
system, as in avibactam, will inspire further efforts to

synthesize chemically interesting ring systems for testing
as antibacterials. In this regard, it is notable that there
are many reactions available to the modern synthetic
chemist, for example, many transition metal catalyzed
and asymmetric reactions, which were not available in
the first era of B-lactam chemistry.
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Executive summary

B-lactamases which catalyze B-lactam hydrolysis.

targets.

serine B-lactamase inhibitors.

e Bacteria have evolved efficient mechanisms of resistance to B-lactam antibacterials, including by production of

e Avibactam is a breakthrough because it is a broad-spectrum serine B-lactamase inhibitor, which is not itself a
B-lactam; avibactam is approved for clinical use in combination with a cephalosporin (ceftazidime).

e Like the B-lactam class A serine B-lactamase and penicillin binding protein inhibitors and the lactivicins (the
only naturally occurring small-molecule non-B-lactam penicillin-binding protein/serine p-lactamase inhibitors),
avibactam has a core ring structure which enables inhibition via a mechanism involving covalent modification
of a catalytically important nucleophilic serine residue.

e Unlike B-lactam inhibitors, which react irreversibly, avibactam reacts reversibly with its serine B-lactamase

e The advent of avibactam should inspire further efforts to identify non-f-lactam penicillin-binding protein/
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