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Abstract

In the 80 years since their discovery the β-lactam antibiotics have progressed through structural 

generations, each in response to the progressive evolution of bacterial resistance mechanisms. The 

generational progression was driven by the ingenious, but largely empirical, manipulation of 

structure by medicinal chemists. Nonetheless, the true creative force in these efforts was Nature, 

and as the discovery of new β-lactams from Nature has atrophied while at the same time multi-

resistant and opportunistic bacterial pathogens have burgeoned, the time for empirical drug 

discovery has passed. We concisely summarize recent developments with respect to bacterial 

resistance, the identity of the new β-lactams, and the emerging non-empirical strategies that will 

ensure that this incredible class of antibiotics has a future.

Introduction

Penicillin was saving human life within fifteen years of Fleming’s providential 

contemplation of a curious Petri dish [1••,2••]. Over the next forty years a breadth of natural, 

synthetic, and semi-synthetic β-lactams encompassing the cephalosporin, carbapenem, 

clavulanate and penicillin sulfone, monobactam, and penem subclasses were discovered 

(Scheme 1). β-Lactams target the Penicillin-Binding Proteins (PBPs), enzymes charged with 

the biosynthesis and remodeling of the peptidoglycan structure of the bacterial cell wall [3–

5,6•,7••]. They act as mimics of the D-Ala-D-Ala dipeptide in the peptidoglycan, and form an 

acyl-enzyme that is sterically blocked for further acyl transfer [8]. The β-lactams remain a 

therapeutic bulwark against bacterial infection [9••,10]. However, no new β-lactam subclass 

has been discovered in thirty years, research on the β-lactams has declined, and new β-

lactam derivatives are a minority of new anti-infectives in clinical development [11•]. 

Several factors contribute to this circumstance: a diminished interest by pharma in all 

aspects of antibacterial discovery [12], a belief that the structure-activity interplay for the β-

lactams has matured to such a level of complexity that the effort is no longer justified, and 

the concern that decades of profligate use of the β-lactams as antibiotics has selected such 

powerful resistance mechanisms that small promise for new β-lactams remains [13•]. Yet the 

inexorable emergence of multi-resistant bacterial pathogens, paired against the unparalleled 

efficacy and safety of the β-lactams, raises this question: can the β-lactams contribute to the 

pressing therapeutic need for new antibacterials? The properties of the β-lactams argue that 

they cannot possibly be ignored: the β-lactams target a uniquely prokaryotic structure – the 
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bacterial cell wall – and their therapeutic safety derives from the absence of this target in 

eukaryotes. In this terse forum we forcefully summarize the recent discoveries that argue for 

future relevance of this most important antibacterial class.

What has happened: β-Lactam-resistance in Gram-positive pathogens

The susceptibility of Staphylococcus aureus to penicillins was lost quickly as a result of the 

acquisition of an enzyme capable of hydrolyzing the β-lactam ring of the penicillin, 

rendering the β-lactam ineffective (Figure 1). While the therapeutic advantage of the β-

lactams was restored by new generations of penicillins (methicillin and oxacillin), 

methicillin-resistant S. aureus strain (MRSA) was identified shortly thereafter [14]. The high 

β-lactam resistance seen in MRSA arises from a different mechanism: acquisition of an 

accessory PBP (PBP 2a) that has lower reactivity toward β-lactams [15]. Intensive study of 

β-lactam-resistant PBPs has focused on the molecular basis for this resistance, to enable new 

β-lactam design [16–18]. Studies with peptidoglycan substrate mimetics, as allosteric 

effectors giving a more active conformation of PBP 2a, suggest value for allosteric effectors 

to synergize with existing β-lactams to render PBP 2a more β-lactam susceptible. Indeed, 

several new anti-MRSA cephalosporins by themselves trigger this conformational change 

[19]. In S. aureus both β-lactamase and PBP 2a expression are induced by β-lactam 

exposure [6•]. Likewise, inhibition of this signal transduction may also enable β-lactam 

synergy.

PBP modification is also the primary basis for β-lactam resistance by the pneumococci and 

other α-hemolytic streptococci. For example, β-lactam challenge of Streptococcus 
pneumoniae induces an SOS response wherein mutation-prone transcription results in β-

lactam resistance as a result of extensive mutation of three of its six PBPs [20]. High-level 

resistance occurs by mosaic gene formation of four of its PBPs. Enterococcus faecium 
exploits a different resistance mechanism. Following β-lactam exposure, a mutated PBP 

having minimal reactivity toward any β-lactam is expressed. Moreover, E. faecium (as do 

other Gram-positive bacteria) possesses an L,D-transpeptidase (Ltdfm) that catalyzes L,D-

cross-linking of the peptidoglycan using L-Lys-D-Ala, rather than D-Ala-D-Ala, as the acyl 

donor. Production of the tetrapeptide substrate of Ltdfm is controlled by a two-component 

regulatory system and a metallo-D,D-carboxypeptidase [21]. This altered route is impervious 

to almost all β-lactams. Unexpectedly one β-lactam class, the carbapenems, acts as Ltdfm 

inhibitors [22]. Hence penicillin/cephalosporin and imipenem combination therapy may 

prove effective against resistant E. faecium. Non-classical 3 → 3 linkages generated by L,D-

transpeptidases predominate in the peptidoglycan of nonreplicating Mycobacterium 
tuberculosis. Additionally, M. tuberculosis constitutively expresses a highly active β-

lactamase. Recent recognition that the M. tuberculosis β-lactamase is inactivated by 

clavulanate, a classic β-lactamase inhibitor, suggests promise for dual β-lactam-clavulanate 

therapy against these mycobacteria [23]. Besides, loss of the LtdMt2 activity leads to loss of 

virulence and increased susceptibility to amoxicillin–clavulanate during the chronic phase of 

infection [24].
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What has happened: β-Lactam-resistance in Gram-negative pathogens

Gram-negative bacteria combine porin selection, active efflux, and optimization of β-

lactamase activity to acquire high-level β-lactam resistance (Figure 1). Modification of 

native PBPs also contributes to resistance in some species [25–27,28••]. Their β-lactamase 

activity is decisive. The serine-dependent β-lactamases use a catalytic serine nucleophile to 

form an acyl-enzyme intermediate, as an evolutionarily ancient adaptation of the PBP 

mechanism. The intensive therapeutic use of the β-lactams has resulted in the rapid 

diversification of the initially small β-lactamase family. Metallo-β-lactamases (MBLs) 

comprise a separate class that uses an active site metal for catalysis, and do not form a serine 

acyl-enzyme. The newest of these β-lactamases efficiently hydrolyze even the latest β-

lactams.

Clavulanate and the penicillin sulfones (sulbactam and tazobactam) inhibit the serine-

dependent β-lactamases [29,30]. Co-administration of a β-lactam antibiotic with one of 

these β-lactamase inhibitors has extended the therapeutic utility of early generation β-

lactams [31]. Nonetheless, this combination therapy has further stratified serine-dependent 

β-lactamases such that some are now less efficiently inhibited. Reflecting their different 

mechanism, the metallo-β-lactamases are not inhibited by the serine β-lactamase inhibitors. 

Given the emerging role of the MBLs in β-lactam resistance, an effective MBL inhibitor is 

highly desirable. Notwithstanding recent progress, the prospect of a clinically useful MBL 

inhibitor is distant [30,32].

β-lactam compounds in late stages of development

While there is no longer widespread interest in developing new β-lactams – a statement that 

equally pertains to other antibacterial classes – efforts toward new β-lactam structures have 

not been without reward. These efforts are directed toward the pressing needs of effective 

therapeutics against resistant Gram-positive pathogens such as MRSA, and against Gram-

negative pathogens where the current cephalosporin and carbapenem structures have lost 

effectiveness. These efforts encompass four strategies. The first strategy is new 

cephalosporins that pair the N-(α-oxyimino)acyl sidechain of third-generation 

cephalosporins with structurally complex heterocycles at C-3 of the cephalosporin. The 

resulting cephalosporins (exemplified by CXA-101, ceftaroline and ceftobiprole) have 

exceptional activity against Gram-positives that additionally crosses over to some Gram-

negatives. The second strategy is incorporation of heterocycles, structurally quite similar to 

those used for the cephalosporins, at C-2 of the carbapenems (exemplified by ME-1036 and 

razupenem) so as to impart broad-spectrum Gram-negative activity. The third strategy is new 

generation monobactams. Although the antibacterial spectrum of the monobactam subclass 

is limited to Gram-negative bacteria, monobactams are intrinsically stable to β-lactamase-

catalyzed hydrolysis. The combination of a focused anti-bacterial spectrum and β-lactamase 

stability is advantageous given current opinion on antibiotic stewardship and evasion of the 

primary Gram-negative resistance mechanism, respectively. Last, the outstanding clinical 

success of combined β-lactam and β-lactamase inhibitor therapy is reflected by efforts 

toward more effective β-lactamase inhibitors. Progress toward each of these goals is 

summarized.
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New generation cephalosporins

The C-7 N-(α-oxyimino)acyl sidechain of the third-generation cephalosporins improved β-

lactamase stability and so enabled exceptional antibacterial efficacy even as the capabilities 

of the clinical β-lactamases evolved. As the cephalosporins now move to new generations, 

use of this N-acyl motif is now paired with heterocyclic substitution at C-3. All of these 

heterocycles show a positive charge at their terminus (as first seen in cefuroxime). In 

CXA-101 (Scheme 2) this positive charge is a primary amine; in ceftobiprole, a secondary 

amine; and in ceftaroline, a pyridinium. CXA-101 (currently in phase 2 clinical 

development) has exceptional Gram-negative activity and is especially active against P. 
aeruginosa [33]. CXA-101 has low propensity to induce resistance, and good stability 

against the AmpC β-lactamase. Ceftobiprole is the active component of the parenteral 

prodrug ceftobiprole medocaril [34]. The in vitro activity of ceftobiprole encompasses an 

unusually wide range of Gram-negative (including P. aeruginosa) and Gram-positive 

pathogens (including MRSA, methicillin-resistant Staphylococcus epidermidis, penicillin-

resistant S. pneumoniae, and E. faecalis) [35]. Although ceftobiprole medocaril is approved 

in several countries, approval in the United States was denied owing to issues with the 

clinical data. The future of this antibiotic is uncertain. Ceftaroline, which is released upon in 
vivo hydrolysis of the water-soluble prodrug Ceftaroline fosamil, has potent activity against 

MRSA and S. pneumoniae owing to high-affinity for PBP 2a [19] and PBP 2x [36,37], 

respectively. The Gram-negative spectrum of ceftaroline is similar to that of other broad-

spectrum cephalosporins. Ceftaroline is a substrate of the ESBL and AmpC β-lactamases. 

Accordingly, synergistic combinations of ceftaroline with β-lactamase inhibitors [38] and 

with aminoglycosides, are being explored [39].

The molecular mechanism(s) for the superior activity of these cephalosporins against 

bacterial pathogens is uncertain. For Gram-negatives, a serendipitous combination of low 

affinity for drug export systems, low ability to induce β-lactamase expression [40], and high 

PBP affinity appears to operate. In the Gram-positive bacteria MRSA the catalytic activity of 

PBP 2a responds positively to the presence of the peptidoglycan substrate, opening the cleft, 

and allowing access to the PBP active site. This same opening is also facilitated by lower pH 

[41]. These new cephalosporins appear more adept at engaging the open cleft compared to 

preceding cephalosporin generations [19,42].

New generation carbapenems

Parenteral carbapenem therapy is used for serious Gram-negative infections. As a result of 

the acute angle between the conjoined β-lactam and dihydropyrrole rings forming the 

compact bicyclic core of the carbapenems, their unusual (in terms of structure and 

stereochemistry) 6α-2-hydroxyethyl substituent impairs the β-lactamase catalysis leading to 

long-lived acyl-enzymes. Nonetheless, new β-lactamase enzymes having clinically 

significant ‘carbapenemase’ activity now threaten this β-lactam class [32,43]. Incorporation 

of substitution into the carbapenem – to minimize their neurotoxicity, enable possible 

prodrug oral formulation, evade the carbapenemases, and extend carbapenem activity to 

Gram-positive pathogens – dominates the design of new carbapenems.
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Imipenem was the first parenteral carbapenem. The ensuing generation of carbapenems 

(meropenem, ertapenem, and doripenem) now dominates clinical practice. The structural 

features evidenced by the newest carbapenems (biapenem, ME-1036, panipenem, 

razupenem, tebipenem, and tomopenem) strongly resemble those of new generation 

cephalosporins. Indeed, ME-1036 with its distal pyridinium at C-2 shows the same 

advantageous PBP access as does ceftaroline to PBP 2a of MRSA [19]. Likewise, 

razupenem (in phase 2 clinical trial) [44] has antimicrobial activity extending across a wide 

range of Gram-positive – including MRSA, vancomycin-intermediate S. aureus (VISA) and 

vancomycin-resistant Enterococcus faecium (VREF) – and Gram-negative bacteria, 

distinguishing it from previous carbapenems [45]. Its activity against P. aeruginosa is, 

however, mediocre as a result of diminished ingress via the outer membrane porins and 

efflux by the MexAB-OprM system, rather than as a result of reduced PBP affinity. Indeed, 

the notably high affinities of razupenem for PBP 2a of MRSA and PBP5 of ampicillin-

resistant E. faecium implicate structural importance to its lipophilic C-2 thiazole for binding.

New generation monobactams

The clinical need for a Gram-negative β-lactam with exceptional β-lactamase stability is 

now far greater than at the time of the discovery of the monobactam subclass, some thirty 

years ago. The newest generation monobactams incorporate a siderophore substructure – 

that of an iron-binding chelate as is used by bacteria to secure iron from their environment – 

to facilitate uptake [46••]. Proper incorporation of the siderophore substructure into the β-

lactam – to secure this objective while retaining Gram-negative activity – was a challenge. 

Nonetheless, these criteria appear fulfilled in the ‘siderophore’ monobactams BAL30072 

and BAL30376. The dihydropyridone siderophore substituent of BAL30072 confers potent 

inhibitory activity against Acinetobacter, Burkholderia, and Pseudomonas spp., as well as 

many species of Enterobacteriaceae [47,48]. BAL30072 is highly resistant to hydrolysis by 

metallo-β-lactamases and is an inhibitor of class C β-lactamases. BAL30376 is a three-fold 

combination antibacterial, composed of a siderophore monobactam (analogous to 

aztreonam, with the dihydropyridone iron chelating group), a class-C β-lactamase inhibitor 

(BAL29880, a structurally unique monobactam that acts as a mechanism-based inhibitor) 

[49], and clavulanic acid (a mechanism-based inhibitor of other serine β-lactamases). This 

combination overcomes bacterial resistance by protection of the monobactam (which is 

inherently stable to metallo-β-lactamases) against the AmpC and ESBL enzymes, thus 

achieving activity against carbapenem-resistant strains of P. aeruginosa, among other multi-

drug-resistant Gram-negatives. Against multi-resistant Enterobacteriaceae, BAL30376 

overcame most AmpC- or ESBL-mediated resistance though less consistently than a 

carbapenem. However, BAL30376 was active against many metallo-β-lactamase producers.

New generation β-lactamase inhibitors

The concept of achieving antibacterial efficacy, without accelerating resistance development 

and without compromising safety, by synergism between a β-lactam and a β-lactamase 

inhibitor (inactivator) is proven by the decades of clinical success with the amoxicillin–

clavulanate, ampicillin–sulbactam, and piperacillin–tazobactam combinations. With the 

forward evolution of β-lactamase capability resulting in the diminished effectiveness of 
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clavulanate and the penam sulfones against these enzymes, there is renewed opportunity for 

β-lactamase inhibitor discovery. Specifically, recognizing the emergence of β-lactamases 

capable of carbapenem hydrolysis, future identification of an effective carbapenemase 

inhibitor has the potential to establish clinical longevity for existing carbapenems, as 

clavulanate and the penicillin sulfones have accomplished for the penicillins.

Several inhibitor classes – three of which are new – inactivate serine-dependent β-

lactamases. While there are numerous structures that inhibit the metallo-β-tactamases in 
vitro, none has the potency, breadth of metallo-β-lactamase capability, and drug-like 

characteristics necessary for clinical use [32]. The new serine β-lactamase inhibitors are the 

6-alkylidene-substituted penems and penicillin sulfones [50,51], the BAL29880 

monobactam (in clinical development paired with a second PBP-specific monobactam, as 

cited above) [46••], and a bicyclic N-hydroxylactam-O-sulfate ester (NXL104, also in 

clinical development). NXL104 inhibits class A and class C (and some class D) serine-

dependent β-lactamases, including those with extended spectrum β-lactam capability. The 

ceftazidime-NXL104 combination has potent activity against Enterobacteriaceae having the 

CTX-M ESBL. NXL104 also synergizes with the monobactam aztreonam against other 

Gram-negative pathogens, including those having carbapenemase activity [38,52] These 

collective data suggest promise for new β-lactamase inhibitor–β-lactam synergistic 

combinations.

The future of the β-lactams

The continuing evolution of resistance mechanisms threatens all current antibiotics. Until a 

strategy is in place that supports the discovery of new antibiotics and the cost of their 

clinical development, management of our antibiotic resources by reducing frivolous use, 

ensuring rigorous infection control and surveillance mechanisms, and selecting doses that 

disfavor emergence of resistance are necessary [27,53]. Accordingly, the future of the β-

lactam antibiotics will involve identifying synergism between existing β-lactams and other 

antibiotic classes, while deferring use of these same β-lactams in favor of yet other 

antibiotics that have the potential to eliminate β-lactam-resistant bacteria [9••]. These 

strategies, coupled with the introduction of the new β-lactams now in late-stage clinical 

evaluation, offer promise with respect to management of Gram-positives and possibly – 

although less certainly – against the impending Gram-negatives. Where, however, will we 

find the β-lactams of the future? The combination of genetics, microbiology, and structural 

and mechanistic biochemistry will drive the expansion of the β-lactam structure. 

Manipulation of β-lactam biosynthetic gene clusters [54,55], augmented by epigenetic 

modulation of secondary metabolite expression [56], may uncover entirely new subclasses. 

The pathways used by bacteria to recognize the presence of antibiotics and mobilize their 

defense mechanisms are only now coming into focus. New targets [57] (or ‘targets’ to avoid) 

[26], new synergistic target pairings [57,58], and possible means to antagonize signal 

transduction [59] will be found. The global cooperation among industry, academia, 

government, medical and philanthropic leaders described by the ‘10 × 20 initiative’ of the 

Infectious Diseases Society of America [60••] is needed to ensure the perpetuity of 

antibiotics against future infectious diseases. The β-lactams will contribute to this quest.
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Figure 1. 
A schematic representation of the entities involved in the antibacterial mechanism of the β-

lactams, and the β-lactam resistance mechanisms exploited by Gram-negative and Gram-

positive bacteria. Gram-negative bacteria (left panel) combine porin selection (or deletion) to 

minimize β-lactam access to the PBP, efflux pump expression to facilitate β-lactam removal, 

and β-lactamase expression in order to destroy the β-lactam. Gram-positive bacteria (right 

panel) acquire ‘replacement’ PBPs that are intrinsically less reactive toward β-lactams, often 

as a result of restricted access to the PBP active site, or revert to PBPs that remodel 

peptidoglycan biosynthesis in a way that evades the β-lactam mimicry of the –D-Ala-D-Ala 

peptide terminus otherwise used in the PBP-dependent cross-linking of the peptidoglycan.
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Scheme 1. 
The structures of the β-lactam family.
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Scheme 2. 
Key β-lactam structures in current clinical development.
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