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Abstract

This review discusses next-generation antibacterial agents developed using rational, or targeted, 

drug design strategies. The focus of this review is on small-molecule compounds that have been 

designed to bypass developing bacterial resistance, improve the antibacterial spectrum of activity, 

and/or to optimize other properties, including physicochemical and pharmacokinetic properties. 

Agents are discussed that affect known antibacterial targets, such as the bacterial ribosome, 

nucleic acid binding proteins, and proteins involved in cell-wall biosynthesis; as well as some 

affecting novel bacterial targets which do not have currently marketed agents. The discussion of 

the agents focuses on the rational design strategies employed and the synthetic medicinal 

chemistry and structure-based design techniques utilized by the scientists involved in the 

discoveries, including such methods as ligand- and structure-based strategies, structure-activity 

relationship (SAR) expansion strategies, and novel synthetic organic chemistry methods. As such, 

the discussion is limited to small-molecule therapeutics that have confirmed macromolecular 

targets and encompasses only a fraction of all antibacterial agents recently approved or in late-

stage clinical trials. The antibacterial agents selected have been recently approved for use on the 

U.S. or European markets or have shown promising results in phase 2 or phase 3 U.S. clinical 

trials.
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Long past the historical “golden era” of antibacterial drug discovery, the modern “resistance era” 

is being countered by new legislation and advances in the rational design of antibacterial agents.
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Introduction

Beginning with the discovery of penicillin in 1928, the early twentieth century ushered in an 

unprecedented “golden era” of antibacterial drug discovery. Phenotypic whole-cell screening 

of natural products predominated this era and carried with it a success that is yet to be 

reproduced. Effective drug discovery and development later transitioned into the mid- to 

late-twentieth century in the form of a strong “medicinal chemistry era.” This period was 

mainly oriented around synthetic modifications of known compounds, high-throughput 

screening (HTS), and library design.1 It was initially hoped that this subsequent age of 

antibacterial discovery and development would be a triumph over the long reign of bacterial 

infections, but instead it has more recently proven to be a simple prelude to the modern 

antibacterial era—an age marked by the looming threat of expanding bacterial resistance 

coupled with the stark reality of an inversely diminishing antibacterial pipeline.2-4 As 

opposed to those bygone golden and medicinal chemistry eras, the contemporary “resistance 

era” is marked by a drug discovery climate that is comparatively less fruitful and geared 

around more time-consuming rationalized design modalities featuring target-based HTS 

campaigns that make use of commonly exhaustive tools like combinatorial libraries.5

Continuing along the antibacterial timeline, the commonly forecasted “post-antibiotic era” 

showcases a bleak future in which it is estimated that by the year 2050 the number of human 

deaths attributed to resistant microorganisms will surpass 10 million per year, up from the 

current 700,000 per year.2 To combat this issue, a multi-faceted approach has commenced. 

The U.S. has recently launched infectious disease initiatives including legislation such as the 

Generating Antibiotics Incentives Now Act (GAIN Act) aimed at fast-tracking Qualified 

Infectious Disease Products (QIDPs). Europe has also responded with its own 

countermeasures, such as Innovative Medicines Initiative’s (IMI's) ENABLE project under 

the “New Drugs 4 Bad Bugs” (ND4BB) program aimed at battling Gram-negative bacteria.

To meet the antibacterial drug discovery and development challenges at hand, modern 

research efforts have further expanded upon rational design and optimization strategies—
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such efforts addressing specific targets or problems, such as cell penetration.5 These efforts 

revolve around improved activity, physicochemical properties, pharmacokinetics, adverse 

effects, off-target activities, and so forth. Moreover, researchers have recently appeared to 

“re-discover” natural products chemistry, additionally employing novel approaches like 

modern semi-synthetic techniques.6, 7 With newly implemented incentivization and modern 

advances in research methods, it is hoped that the threat of antibacterial resistance will be 

met with appropriate countermeasures. It is therefore the objective of this review to discuss 

the latest progress and developments in the rational design and optimization of antibacterial 

agents recently approved or in late-phase trials.

Discussion

Advanced generation cephalosporins

Recent advances in the chemistry of the β-lactam antibiotics have resulted in the approval or 

near approval of several advanced (or 5th) generation cephalosporins with enhanced spectra 

of activity, including methicillin-resistant Staphylococcus aureus (MRSA), and 

Pseudomonas aeruginosa (PA). While the general structure-activity relationship (SAR) of 

the cephalosporins has been covered well in previous communications,8 there has been some 

notable medicinal chemistry applied to the advanced generation cephalosporins that merits 

discussion here. The classical cephalosporin scaffold (Figure 1) includes a four-membered 

β-lactam ring fused with a dihydrothiazine ring (cephem) that contains a double bond 

between the 2- and 3-position carbons, and a 2-position carboxylate. Essential to the activity 

of the cephalosporin antibiotics is a functional group substitution at the 3-position that can 

stabilize a negative charge resulting from β-lactam ring opening and increase the overall 

reactivity of the β-lactam ring when interacting with target transpeptidase enzymes.

Ceftaroline (Teflaro® in the U.S., Zinforo® in Europe, Forest Laboratories) was approved for 

use in the U.S. for treatment of community-acquired bacterial pneumonia (CABP) and acute 

bacterial skin and skin structure infections (ABSSSI) in 2010. Ceftaroline is marketed as the 

prodrug Ceftaroline fosamil, which incorporates a hydrolysable phosphono group to 

improve aqueous solubility (Figure 2A).9 The drug has excellent Gram positive coverage, 

including activity against resistant strains of Streptococcus pneumoniae and MRSA, and 

moderate Gram negative coverage, but is less active against Pseudomonas aeruginosa, 

enterococci, or clinically relevant anaerobic organisms.10-12 Key to the drug's activity is a 

high binding affinity for the penicillin-binding protein 2a (PBP2a), which is known to play a 

significant role in resistance to anti-staphylococcal β-lactams, and PBP2x, found in β-

lactam-resistant S. pneumoniae. As can be seen from the chemical structure (Figure 2A), 

ceftaroline retains an oxime group as part of the 7-position substituent, in this case an ethyl 

oxime. This is also seen in the third- and fourth-generation cephalosporins, and is known to 

confer resistance to some β-lactamase enzymes. The 1,2,4-thiadiazine ring component of the 

7-position substituent is believed to improve the drug's penetration into Gram-negative 

organisms, as well as contribute to overall target affinity.13 The 1,3-thiazole ring, connected 

to the cephem ring at the 3-position by a unique sulfide bond, has been reported to play a 

key role in the improved affinity of ceftaroline for PBP2a and the resulting anti-MRSA 

activity.13 Finally, the quaternary nitrogen of the pyridine ring in the 3-position substituent 
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contributes a positive charge to the overall zwitterion ceftaroline and improves drug 

penetration into Gram-negative organisms.

Ceftobiprole (Zevtera®, Basilea Pharmaceutica) was approved in Europe and Canada for the 

treatment of community-acquired pneumonia (CAP) and hospital-acquired pneumonia 

(HAP), excluding ventilator-associated pneumonia (VAP) in 2013. After initially being 

postponed in Europe and discontinued in Canada in 2010 due to recommendations from 

regulatory agencies in Europe and the U.S. regarding clinical trial concerns, Ceftobiprole is 

now marketed as ceftobiprole medocaril sodium, a prodrug incorporating a solubilizing 

group attached to the pyrrolidine nitrogen (Figure 2B) by a hydrolysable carbamate 

ester.14, 15 The drug has reported broad-spectrum activity against many Gram positive and 

Gram negative organisms, including resistant strains of S. aureus (MRSA & VRSA), S. 
pneumoniae (PRSP & CRSP), P. aeruginosa, and Enterobacteriaceae.16, 17 It is less active 

against clinically relevant anaerobic organisms, including Prevotella species and B. fragilis 
group species.18 The presence of the oxime functionality in the 7-position substituent 

confers a degree of β-lactamase resistance to ceftobiprole similar to that seen in the 3rd and 

4th generation cephalosporins, however the drug is not resistant to the extended-spectrum β-

lactamases (ESBL) produced by resistant strains of Enterobacteriaceae.19 Similar to 

ceftaroline, the activity of ceftobiprole is attributed to an increased affinity for PBP2a (S. 
aureus) and PBP2x (S. pneumoniae). The co-crystal structure of the complex of ceftobiprole 

bound to PBP2a has provided key insights in the nature of the binding interactions of the 

drug to its target (PDB accession code 4DKI).20 Key to the increased binding affinity of 

ceftobiprole for PBP2a appears to be the vinyl-pyrrolidinone component of the 3-position 

substituent, which interacts with a narrow groove of the PBP2a active site, forming pi-

stacking interactions with a nearby tyrosine residue (Tyr-446) and general hydrophobic 

interactions with other nearby residues, resulting in a favorable positioning of the β-lactam 

ring for acylation by the key serine residue (Ser-403). Binding-induced conformational 

changes in secondary structure elements near the active site also appear to facilitate the 

acylation reaction.20

Another advanced generation cephalosporin, ceftolozane, was approved in the U.S. for use 

in combination with the β-lactamase inhibitor, tazobactam, for treatment of complicated 

intra-abdominal infections (in combination with metronidazole) and complicated urinary 

tract infections in 2014 (Zerbaxa™, Merck). Ceftolozane lacks activity against many 

clinically relevant Gram positive organisms, with no appreciable activity against MRSA. 

However, the addition of tazobactam gives the combination product excellent Gram negative 

activity including potent activity against many resistant P. aeruginosa strains and most 

ESBL-producing Enterobacteriaceae.21, 22 The combination (ceftolozane/tazobactam) shows 

highly variable activity against anaerobic organisms, particularly against B. fragilis species, 

which necessitates the use in combination with metronidazole for complicated intra-

abdominal infections (cIAIs).23 Structurally, ceftolozane possesses the 7-substituent oxime 

functionality conferring a degree of β-lactamase resistance similar to the 3rd and 4th 

generation cephalosporins. Similar to ceftazidime, the oxime functionality incorporates a 

dimethyl acetic acid moiety that is believed to enhance activity against P. aeruginosa (Figure 
2C).24 At the 3-position, the bulky, substituted pyrazole ring prevents hydrolysis of the β-
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lactam ring by steric hindrance and confers some stability to AmpC β-lactamases commonly 

seen in P. aeruginosa.25, 26 Unlike ceftaroline and ceftobiprole, the 3-position substituent of 

ceftolozane does not appear to improve the drug's affinity for PBP2a, which explains the 

compounds lack of activity against MRSA, and the drug has low overall affinity for PBP4, 

similar to ceftazidime, which explains it's very weak induction of AmpC expression.27 

However, the ceftolozane has particularly strong affinity for PBP3, at least 2-fold higher 

than ceftazidime, which explains its potent P. aeruginosa activity.27 Indeed, the 3-substituent 

pyrazole substituents were intentionally designed to maximize this affinity and hence 

activity against P. aeruginosa.24, 26

Compound S-649266 (Shionogi, Inc.) is an unapproved, advanced generation cephalosporin 

currently in phase 2 clinical trials in the U.S for treatment of complicated urinary tract 

infections (cUTI). The compound is notable for its activity against bacterial strains 

producing ‘K. pneumoniae Carbapenemase’ (KPC) and ‘New Delhi Metallo-β-lactamase’ 

(NDM-1), particularly worrisome β-lactamases with the ability to inactivate most β-lactams, 

including carbapenems, and resistance to most marketed β-lactamase inhibitors.28, 29 The 

structure of S-649266 (Figure 2D) incorporates a catechol moiety in the 3-position 

substituent, which acts as a siderophore, and employs a ‘Trojan Horse’ strategy to increase 

cell penetration of the agent.30 In this case, the catechol group acts as an iron chelator and 

enables the active transport of S-649266 into the bacterial cell by way of the cell's iron 

transport systems. S-649266 possesses the same dimethyl acetic acid substituted oxime 

group at the 7-position seen in ceftolozane and ceftazidime, which confers a high degree of 

β-lactamase resistance and activity against P. aeruginosa.29 In fact, the compound has been 

reported to possess intrinsic resistance to the β-lactamases produced by many problematic 

strains of Enterobacteriaceae, including ESBL's, KPC, and NDM-1.31 Clinical trials 

currently underway are comparing S-649266 with imipenem/cilastatin for treatment of cUTI 

and are expected to be complete in September, 2016.32

Next Generation Beta-Lactamase Inhibitors

Bacteria-produced β-lactamase enzymes hydrolytically cleave the cyclic amide bond of the 

β-lactam antibacterial agents before they are able to bind to and inhibit their target PBPs, 

representing a challenging bacterial drug resistance strategy. There are a large and diverse 

number of β-lactamase enzymes produced by bacteria (Table 1). The development of β-

lactam antibacterials with intrinsic resistance to β-lactamases (i.e., methicillin, higher 

generation cephalosporins, and the carbapenems) and mechanism-based inhibitors of the β-

lactamase enzymes that can be co-administered with β-lactam antibacterials (Figure 3), 

initially helped to overcome this drug resistance mechanism.8 Unfortunately, the recent 

emergence of inhibitor-resistant β-lactamases with activity against the previously 

intrinsically resistant β-lactams, has led to a critical lack of antibacterials with the capability 

of treating resistant infections. Particularly problematic β-lactamases that have seen recent 

emergence in Gram negative organisms include the extended-spectrum β-lactamases 

(ESBLs) such as TEM, SHV & CTX-M (Class A), and OXA (Class D), that have the ability 

to hydrolyze extended-spectrum cephalosporins with the oxime (oxyimino) functional 

group.33-36 The AmpC-type β-lactamases (Class C), seen in Enterobacteriaceae and P. 
aeruginosa, have the ability to hydrolyze broad and extended spectrum cephalosporins 
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(cephamycins & oxime cephalosporins) and are not inhibited by classical β-lactamase 

inhibitors (i.e., clavulanic acid).37, 38 Lastly, the very recent emergence of carbapenemases, 

including KPC (Class A), VIM, IMP, and NDM-1 (Class B), is of great concern as these 

enzymes have the ability to hydrolyze the carbapenems that have been used as a last resort 

for treatment of organisms expressing ESBLs and AmpC.39-42 The recent, or near approvals 

of two new classes of β-lactamase inhibitors has provided hope of some reprieve from pan-

drug resistant infections. The novel chemistry and mechanisms of these agents is discussed 

below.

Avibactam (formerly NLX104), a member of the diazabicyclo[3.2.1]octanone (DBO) series, 

is a novel β-lactamase inhibitor that does not possess the typical β-lactam ring seen in the 

previously marketed agents clavulanic acid, tazobactam, and sulbactam (Figure 4A).43, 44 

Avibactam, in combination with the 3rd generation anti-pseudomonal cephalosporin, 

ceftazidime (Avycaz, Allergan, Inc.), was approved in the U.S. in 2015 for the treatment of 

cIAI (in combination with metronidazole), and cUTI caused by multidrug-resistant Gram 

negative bacteria. It is also in phase 2 clinical trials in Europe in combination with 

aztreonam for cIAIs and phase 3 trials in Europe for serious infections like complicated 

UTIs, acute pyelonephritis, and hospital acquired bacterial pneumonia. Avibactam has an 

extended spectrum of activity against β-lactamase enzymes compared to the classical β-

lactamase inhibitors, including activity against ESBLs, AmpC, and KPC β-lactamases.45, 46 

The combination of avibactam with ceftazidime extends the coverage of this agent to include 

activity against many resistant Gram-negative organisms, including ESBL-producing and 

carbapenem-resistant Enterobacteriaceae. The activity of the ceftazidime/avibactam 

combination against P. aeruginosa is modestly improved over ceftazidime alone, while 

Acinetobacter species remain mostly resistant to the combination drug.47, 48 The activity of 

the combination product against anaerobic and Gram positive organisms is limited and 

similar to that of ceftazidime alone, which necessitates the combination with metronidazole 

for the treatment of cIAI.49, 50 The structures of avibactam bound to Class A (CTX-M), 

Class C (AmpC), and Class D (OXA) β-lactamases have been solved and provide key 

insights into the drug's mechanism of β-lactamase inhibition.51-53 The classical β-lactamase 

inhibitors exert their activity by either transient or irreversible inhibition of the enzymes via 

the formation of an acyl-enzyme covalent bond associated with ring-opening. Hydrolysis of 

this bond can restore the active enzyme, but the β-lactamase inhibitor, once freed from the 

enzyme, is inactivated. Avibactam differs from the classical β-lactamase inhibitors by 

forming a carbamate linkage to the β-lactamase enzyme with opening of the diaza-bicyclo 

ring structure.52 The crystal structures indicate that the drug is more tightly bound within the 

β-lactamase active site compared with the classical inhibitors, with a large degree of rigidity 

along the carbamate linkage, and multiple hydrogen bonds in the active site.54 Avibactam's 

displacement of a key water molecule in the active site that is presumed to be involved in the 

hydrolytic release of the classical β-lactamase inhibitors has been proposed to contribute to 

the drug's longer residence time in the active site compared with the classical inhibitors; i.e., 

50% of clavulanic acid is released from TEM-1 within 7 minutes, versus 7 days for 

avibactam.52, 55 Lastly, upon release from the β-lactamase active site, avibactam has been 

shown to return to its original active form, unlike the classical β-lactamase inhibitors, which 

are inactive upon release.56 Taken together, these factors contribute to the enhanced activity 
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of avibactam over classical β-lactamase inhibitors against class A KPC β-lactamases, Class 

C β-lactamases, and some Class D β-lactamases.55, 57

Relebactam (formerly MK-7655, Merck) is another new β-lactamase inhibitor in the DBO 

class that is currently undergoing phase 3 clinical trials in Europe and the U.S. (Figure 4B). 

The compound is being investigated for use in combination with imipenem-cilastatin (a 

carbapenem combined with a dehydropeptidase inhibitor that prevents degradation of 

imipenem in the kidney) for treatment of HAP, VAP, cIAI, and cUTI. Similar to avibactam, 

relebactam shows activity against class A and class C β-lactamases, including ESBLs.58 

When combined with imipenem-cilastatin, relebactam improved the activity of imipenem 

against carbapenemase-producing (KPC) Enterobacteriaceae and AmpC-producing P. 
aeruginosa.59, 60 The combination is not effective against organisms expressing Class B 

metallo-β-lactamases or Class D carbapenemases and does not appear to add activity against 

Acinetobacter baumannii.61, 62 Structurally similar to avibactam, relebactam has a piperidine 

ring added to the carbamoyl moiety at the 2-position. This compound was synthesized in an 

effort to test the effects of positively and negatively charged side chain substitutions to the 

carbamoyl group.63 It is believed that a positively charged group at this position plays a key 

role in preventing the efflux of the drug from the bacterial cell, thereby facilitating synergy 

with imipenem. An x-ray crystal structure of relebactam bound in the active site of AmpC 

from P. aeruginosa (PDB entry 4NK3) shows the compound binds in a manner very similar 

to avibactam, with the piperidine substituent extending into an empty pocket of the active 

site and interacting primarily with water molecules (Figure 5).63

In contrast to avibactam and relebactam, which possess a novel diaza-bicyclic-octanone 

scaffold, the novel β-lactamase inhibitor, vaborbactam (formerly RPX7009), possesses a 

unique, boronic acid-based cyclic scaffold (Figure 4C). Vaborbactam is currently 

undergoing phase 3 clinical trials in Europe for use in combination with meropenem 

(Carbavance™, Rempex Pharmaceuticals) for treatment of cUTI, HAP, VAP, & bacteremia 

caused by carbapenem-resistant Enterobacteriaceae.64, 65 Vaborbactam has been extensively 

studied in combination with the investigational carbapenem RPX2003 (biapenem).66, 67 The 

combination showed excellent activity against class A carbapenemase-producing 

Enterobacteriaceae, including KPC-producing strains of K. pneumoniae. The boronic acid 

pharmacophore has been known for many years to have affinity for serine proteases,68, 69 

and boronic acid compounds have been explored as inhibitors of serine β-lactamases since 

the early 1970's.70 A structure of a boronic acid-based compound covalently bound to a 

TEM β-lactamase was published in the early 90's,71 and led to over a decade of structure-

guided design of boronic acid-based β-lactamase inhibitors.72-76 Vaborbactam differs from 

previously reported boronic acid inhibitors of β-lactamase by the rational design of a cyclic 

boronate ester, which was hypothesized to provide selectivity toward β-lactamase enzymes 

over other serine proteases, the latter showing preference for acyclic substrates due to a more 

sterically restricted active site.77 Solved structures of vaborbactam bound to β-lactamases 

CTX-M-15 and AmpC show that the compound binds to the β-lactamase enzymes in a 

similar manner as avibactam and relebactam, with the exception that the catalytic serine 

residue forms a covalent bond with the boronic ester moiety (Figure 6).77
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Next-Generation Oxazolidinone Antibacterials

The oxazolidinone class of antibacterials, a fully synthetic class of agents, has been 

considered a major breakthrough in antimicrobial drug development.78 The class is 

represented by the U.S. marketed agents linezolid (Zyvox®, Pfizer, approved 2000) and 

tedizolid (Syvextro®, Merck, approved 2014), and several other promising agents currently 

in clinical development (Figure 7). The history of the discovery and development of the 

oxazolidinone class as antibacterial agents have been previously reviewed,79-81 as well as 

early SAR studies.82-94 Oxazolidinones exert their antibacterial activity by binding to the 

bacterial 70S ribosome and inhibiting protein synthesis. The mechanism of this effect is 

unique from other classes of protein synthesis inhibitors in that they bind to the 50S 

ribosomal subunit, thereby preventing the binding of aminoacyl-tRNA to the peptidyl 

transferase center at the A-site.95-97 The antibacterial spectrum of the oxazolidinone class is 

excellent with respect to most clinically relevant Gram positive pathogens, including 

methicillin-resistant S. aureus (MRSA), penicillin-resistant S. pneumoniae (PRSP), 

macrolide-resistant streptococci, and vancomycin-resistant enterococci (VRE).78, 98 The 

class in general is clinically ineffective against most Gram negative pathogens, primarily due 

to an efflux mechanism of resistance.79, 99-101 Linezolid is currently approved for use in the 

U.S. for treatment of nosocomial and community-acquired pneumonia (CAP), 

uncomplicated and complicated skin and skin structure infections (cSSSI), and infections 

caused by vancomycin-resistant enterococci. While a very promising agent for treatment of 

infections caused by resistant pathogens, linezolid is, unfortunately, not without its 

drawbacks. The drug is known to cause reversible thrombocytopenia and bone marrow 

suppression, neuropathies with prolonged use, and has been associated with adverse 

serotonergic effects due to its inhibition of monoamine oxidase (MAO).102 Further, the 

recent emergence of linezolid resistance has driven the investigation and advancement of 

next-generation oxazolidinones with improved antibacterial activities and decreased adverse 

effect profiles.103-105

Tedizolid (formerly torezolid and TR-701), is a second-generation oxazolidinone that was 

approved in the U.S. in 2014 for treatment of acute bacterial skin and skin structure 

infections (ABSSSI) caused by susceptible organisms (Figure 7B).96, 102, 106-109 The drug is 

marketed as tedizolid phosphate, a prodrug formulation of tedizolid that is phosphorylated at 

the 5-position hydroxymethyl group.110-112 Structurally similar to linezolid, tedizolid 

possesses the core oxazolidinone ring (A-ring) as well as the fluoro-phenyl B-ring. As 

discussed in previous communications, the 5-R configuration of the A-ring and the N-aryl 

B-ring are minimally required for antibacterial activity.81, 113 Fluorination of the B-ring 

improves antibacterial activity and this substituent is seen in all approved oxazolidinones as 

well as those in clinical development (Figure 7). In tedizolid, a C-5 hydroxymethyl group 

replaces the acetamide moiety seen in linezolid. This group serves as an attachment point for 

the prodrug phosphate which improves water solubility and may decrease MAO inhibition. 

Additionally, the substitution of hydroxymethyl at this position decreases steric bulk which 

has been proposed to allow for retained activity against bacterial species with resistance 

mediated by active site methylation (cfr gene).113, 114 Tedizolid also substitutes a bi-aryl 

system (C-ring pyridine and D-rings) for the morpholine C-ring seen in linezolid. This 

substitution has been suggested to be responsible for improved potency of tedizolid over 
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linezolid, as the new ring system is able to form additional binding interactions in the 50S 

ribosomal subunit.115, 116 With respect to the spectrum of activity, tedizolid is up to 8-fold 

more potent than linezolid against most Gram-positive staphylococci, streptococci, and 

enterococci, including MRSA and VRE species.117-121 It possesses moderately improved 

activity over linezolid against the Gram-negative M. catarrhalis and H. influenzae, an 8- to 

16-fold improvement in activity against Gram-positive anaerobes, and 2-fold improvement 

in activity against Gram-negative anaerobes.117, 120 Tedizolid also retains reasonable activity 

against linezolid-resistant Gram-positive cocci with cfr-mediated resistance.122 Additional 

favorable properties of tedizolid include a long half-life that allows once-daily 

administration (versus twice daily linezolid), low serotonergic effect due to decreased MAO 

interaction, and a significantly improved adverse event profile.96, 102, 106

Radezolid (formerly RX-1741 and Rx-01), Melinta Therapeutics) (Figure 7C) completed 

phase 2 clinical trials in the U.S. in 2009 for treatment of community-acquired pneumonia 

and uncomplicated skin and skin-structure infections.123 The compound was rationally 

designed using experimental ribosome structures and computational models to have 

enhanced Gram-negative activity and improved oral bioavailability.124-127 Structurally, the 

drug replaces the D-ring of tedizolid with a (triazolyl-methyl)-aminoyl-methyl moiety 

attached para to a phenyl C-ring and possesses the same acetamide group at the 5-position of 

the oxazolidinone A-ring seen with linezolid.113, 126-129 The antibacterial activity of 

radezolid has been evaluated in comparison to linezolid and the drug has been shown to have 

moderately improved activity against streptococci (S. pneumoniae and S. pyogenes), 

staphylococci (MSSA and MRSA), and enterococci, including some activity against 

linezolid-resistant staphylococci, enterococci, and S. pneumoniae.128 The safety profile and 

any advantages of radezolid compared to linezolid and tedizolid is not clear based on the 

current literature. To date, no phase 3 trials have been announced.

MRX-I (MicuRx Pharmaceuticals, Inc.) is another next-generation oxazolidinone currently 

in early phase 2 clinical trials in the U.S. for the treatment ABSSSI (Figure 7D). This 

compound is reported to have been rationally designed to possess significantly decreased 

myelosuppression and inhibition of MAO resulting in an improved safety profile over 

linezolid.130 MRX-I deviates from traditional SAR of the oxazolidinones by incorporating a 

novel 2,4,6-trifluorophenyl B-ring, a diydropyridone C-ring, and a unique isoxazolyl-

aminomethyl substitution at the A-ring 5-position. The trifluorophenyl B-ring is believed to 

be responsible for the improvement in the safety profile of MRX-I possibly due to a 

distortion of A-ring, B-ring planarity forced by the ortho-fluoro substituent that affects off-

target binding to MAO and the mitochondrial ribosome.130 With respect to the drug's 

spectrum of activity, MRX-I has similar antibacterial range to other oxazolidinones, 

including MRSA, PRSP, and VRE, and is comparable or slightly better than that of 

linezolid.131 The literature is not clear on the activity of MRX-I against linezolid-resistant 

bacterial strains.

The last agent of interest within the developing oxazolidinone class is cadazolid 

(ACT-179811, Actelion Pharmaceuticals, Ltd.).132 Structurally, cadazolid is almost a 

complete departure from molecules previously discussed. It is a bifunctional molecule 

containing the oxazolidinone core scaffold on one half tethered to a fluoroquinolone via a 

Jones et al. Page 9

Medchemcomm. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phenoxyether linkage (Figure 7E).133-135 The common structural feature that serves as a 

bridge between the two molecules is a piperidine ring. This positioning of this ring is 

analogous to the morpholine seen in linezolid and the piperazine ring found in ciprofloxacin. 

Most reports seem to indicate that the primary mechanism of action for cadazolid is protein 

synthesis with very little effect on DNA synthesis as a possible secondary mechanism.136 

This would suggest that this agent acts more like an oxazolidinone with very little 

fluoroquinolone activity. It is being studied for the treatment of C. difficile-associated 

diarrhea (CDAD), and has progressed to phase 3 clinical trials in Europe and in the U.S. in 

comparison with vancomycin.137, 138 It has very limited oral bioavailability due to its acidic 

and lipophilic nature, which means its activity is primarily localized to the gut.139, 140 The 

drug has received QIDP and Fast Track development status from the U.S. FDA.

Next Generation Bacterial Topoisomerase Inhibitors

Currently, there are four independent drug classes that target the bacterial type II 

topoisomerases DNA Gyrase and topoisomerase IV. Chronologically, Novobiocin is the 

classic representative of the first class of such antibacterial agents. No longer commercially 

available, Novobiocin operates via the competitive inhibition of ATP on DNA Gyrase. Next, 

while technically not the first class to exploit type II topoisomerases, the outstanding success 

of the quinolone class has almost single-handedly validated the target via the formation of 

DNA-quinolone-enzyme ternary complexes. Since their discovery in the 1960s, wide use of 

quinolones has resulted in high resistance levels. As such, rational improvements are 

continually being made to these indispensable agents, some of which are discussed below. 

Thirdly, a novel class of bacterial type II topoisomerase inhibitor has arisen that occupies a 

topoisomerase binding site distinctly separate from the quinolones and, therefore, possesses 

a unique MOI. These agents, known as novel bacterial topoisomerase inhibitors (NBTIs), 

consequently lack cross-resistance among pathogens possessing quinolone resistance. 

Lastly, the newer spiropyrimidinetrione class has recently arisen with yet another unique 

mechanism of topoisomerase II inhibition. Though discovered via whole-cell activity 

screens, spiropyrimidinetriones have since been rationally optimized.141 As one would 

expect, the unique MOIs of these newer classes imply accordingly unique structures, 

scaffolds, and SARs.

Zoliflodacin (previously known as ETX0914/AZD0914, Entasis Therapeutics, Inc.) is an 

oral antibacterial agent with QIDP fast-track status currently in phase 2 clinical trials in the 

U.S. for the treatment of uncomplicated gonorrhea. It is a spiropyrimidinetrione, a novel 

class of topoisomerase II inhibitors that uniquely inhibits re-ligation and consequently 

causes a bactericidal buildup of DNA double-strand cleavages.142, 143 It shows no cross-

resistance with other type II topoisomerase inhibitor classes and exhibits an antibacterial 

spectrum of activity (SOA) that includes Gram-positive organisms; fastidious Gram-negative 

organisms such as Neissaria gonorrhoeae, Haemophilus influenzae, and Moraxella 
catarrhalis; as well as anaerobes.142-144 While much of the SAR was previously optimized 

or intolerable to manipulation, the benzisoxazole 3-position on the spiropyrimidinetrione 

scaffold proved to be modifiable. Thorough SAR optimization at this position resulted in the 

minimization of toxicity issues seen with fluoroquinolones (Figure 8A).142
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Gepotidacin (also known as GSK2140944, GlaxoSmithKline plc) is a novel NBTI currently 

in phase 2 clinical trials in Europe for uncomplicated urogenital gonorrhea and the U.S. for 

Gram-positive ABSSSI, respiratory tract infections, and uncomplicated gonorrhea. It is a 

triazaacenaphthylene that binds to both gyrA and parC subunits at sites distinctly different 

from the fluoroquinolones and aminocoumarin-binding sites.145, 146 Early NBTIs arose from 

whole cell antibacterial screens and have since been structurally characterized.147, 148 

Structural motifs include a bicyclic aromatic heterocycle connected to another aromatic 

heterocycle by a variable linker that must contain a basic nitrogen at position-7 in order to 

form a requisite salt bridge with Asp83 as seen via X-ray crystallographic structural data 

(Figure 8B).146, 147 NBTIs commonly exhibit high potencies and rather broad-spectrums of 

activity, but are generally plagued by unacceptable hERG activity that appears to be 

determined by overall compound polarity.146 Gepotidacin, however, has shown relatively 

low hERG activity with an IC50 of 1.4 mM.146

Finafloxacin (MerLion Pharmaceuticals Pte Ltd., Singapore; licensed as Xtoro® under 

Alcon Pharmaceuticals in the U.S.) is an 8-cyano fluoroquinolone with QIDP status that, 

while already approved in the U.S. in the form of an otic suspension for the treatment of 

acute otitis externa, is currently in phase 2 clinical trials in the U.S. for the treatment of 

ventilator-associated bacterial pneumonia (VABP) due to pseudomonas, acute bacterial skin 

and skin structure infections (ABSSSI), and complicated intra-abdominal infections. Unlike 

other fluoroquinolones, which exhibit reduced activity under acidic conditions, finafloxacin 

shows improved activity under slightly acidic conditions (pH 5.0 – 6.0) due to a unique 7-

substituent chiral base component that confers a distinctive base capacity (Figure 
8C).149, 150 It is presumed that the stereoconfiguration of the 7a hydrogen on the base 

component is responsible for this characteristic. Finafloxacin's ability to act under harsh 

acidic environments grants it a number of potential applications, such as Helicobacter pylori 
infections, urinary tract infections (UTIs), and more.

Nemonoxacin (TaiGen Biotechnology Co., Ltd.) is a non-fluorinated C-8-methoxy 

quinolone with QIDP status that has entered phase 3 clinical trials for the treatment of 

community acquired pneumonia (CAP), ABSSSI, and diabetic foot infection. The C-8-

methoxy group grants nemonoxacin activity against both DNA Gyrase and topoisomerase 

IV, thereby decreasing resistant mutant selection, while the removal of the C-6-fluorine is 

presumed to decrease the incidence of toxic side effects (Figure 8D).151, 152 As compared to 

standard fluoroquinolones, it has shown increased activity against certain Gram-positive 

pathogens, including MSSA, MRSA, and multi-drug resistant S. pneumonia, but generally 

shows less activity against Gram-negative pathogens, including similar or inferior results as 

compared to standard fluoroquinolones.152, 153 Nemonoxacin has also shown varying 

degrees of activity against different quinolone-resistant pathogens.154

Delafloxacin (Baxdela™, Melinta Therapeutics) is a fluoroquinolone with QIDP status in 

phase 3 clinical trials for the treatment of ABSSSI and at the time of this review, is soon set 

to begin phase 3 trials for the treatment of CAP. Unlike other fluoroquinolones, delafloxacin 

exhibits a similar affinity for both DNA Gyrase and topoisomerase IV in both Gram-positive 

and Gram-negative pathogens and, therefore, is expected to be less selective for resistance 

mutants.155, 156 Delafloxacin has not been found to be a more potent topoisomerase inhibitor 

Jones et al. Page 11

Medchemcomm. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



than other fluoroquinolones, but has been found to have greater potency, particularly against 

Gram-positive bacteria.156 Structural characteristics implicated for this attribute include a 

bulky heteroaromatic substituent (6-amino-3,5-difluoropyridine) at the 1 position, a C-8-

chlorine that grants weak polarity, and the lack of a basic group at the 7 position (3-

hydroxyazetidine) (Figure 8E).156 This last characteristic grants delafloxacin properties 

particularly unique among quinolones. Lacking a basic group available for protonation at the 

7 position results in an anionic charge at neutral pH values (whereas most quinolone 

antibacterials form zwitterions at a physiological pH) and a mainly neutral charge at a 

slightly acidic pH.156 As such, delafloxacin has shown improved activity under slightly 

acidic conditions, which as mentioned above, is a rare characteristic for quinolones, and 

results in improved MICs against different bacteria as compared to moxifloxacin and 

ciprofloxacin.157-159

While there is less rational design information readily available at the time of this review, 

two more quinolones are being developed and in late-phase trials. Zabofloxacin (Dong Wha 

Pharmaceutical Co., Ltd.) is a fluoroquinolone that has completed phase 3 trials for the 

treatment of acute bacterial exacerbations of chronic obstructive pulmonary disease (COPD) 

(Figure 8F). Avarofloxacin (previously known as JNJ-Q2 and JNJ-32729463, Janssen 

Pharmaceutica, licensed to Furiex Pharmaceuticals) is a wide-spectrum fluoroquinolone 

with QIDP status that has completed phase 2 trials for the treatment of complicated skin and 

skin structure infections (CSSSIs) (Figure 8G).

Next Generation Tetracyclines

Since their discovery in the 1940s, tetracyclines have been widely used to treat both Gram-

positive and Gram-negative pathogens. SAR studies of tetracycline analogues and the 

cocrystallization of tetracycline with the 30S subunit revealed significant interactions 

between several functional groups in the drug and nucleotides in the ribosomal structure 

(Figure 9).160 The same studies showed a lack of significant interactions between ring D 

and ribosomal nucleotides. The lack of significant binding at the C-7 through C-9 positions 

spurred the search for ring D-modified analogs, with the resulting development of 

tigecycline. Tigecycline (Tygacil®; Wyeth Pharmaceuticals Inc., a subsidiary of Pfizer Inc., 

initial U.S. approval in 2005) is the first semi-synthetic representative of a class of 

antimicrobials called glycylcyclines, which are 9-t-butylglycylamido derivatives of 

minocycline, a second generation tetracycline (Figure 10A).161 The design and synthesis of 

glycylcyclines were intended to overcome the major problems of resistance associated with 

the tetracyclines, namely ribosomal protection and efflux-pump-mediated resistance.162, 163 

Tigecycline consequently demonstrates good in vitro and in vivo activity against a wide 

range of mutant bacterial strains enabled with these resistance mechanisms, as well as potent 

activity against MRSA, penicillin-resistant streptococci (PRS), and VRE.160, 162, 164 SAR 

studies determined that the t-butylglycylamido moiety of tigecycline confers the highest 

activity, and replacement of glycine with other amino acids does not further enhance it.165 

The 7-deaminated analog of tigecycline showed comparable antimicrobial activity.166 The 

binding mode of tigecycline to the 70S ribosome has been elucidated as well, showing 

similar interactions as observed with tetracycline, but with some significant differences.167 

In particular, although both the 7-dimethylamino and the 9-tbutylglycylamido moieties of 
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tigecycline do not seem to directly interact with any ribosomal nucleotide, they may enhance 

binding by increasing electron density of ring D, thereby enhancing the π-stacking 

interaction with C1054. The rigidity of the 9-t-butylglycylamido moiety also seems to 

induce conformational changes that allow stacking between C1054 and U1196, similar to 

the ribosomal conformation when tRNA is bound to the A site. The success and utility of 

tigecycline, coupled with climbing resistance rates against other major antibacterial classes, 

have recently prompted the development of several more novel tetracycline analogues.

Omadacycline (Paratek Pharmaceuticals) is a novel tetracycline derivative with QIDP status 

in phase 3 trials for the treatment of ABSSSIs and CAP. Specifically, omadacycline is a C-9-

substituted semi-synthetic minocycline derivative known as an aminomethylcycline (AMC) 

(Figure 10B).168, 169 It is a broad-spectrum antibacterial that shows strong activity against 

various tetracycline-resistant Gram-positive and Gram-negative organisms.168, 169 It has 

shown in vitro activity against additional organisms as well, including anaerobes, atypical 

pathogens, and organisms resistant to other classes of antibacterials, such as methicillin, 

vancomycin and ciprofloxacin.168 During the development of omadacycline, diversity sets 

based around a 9-aminomethylminocycline intermediate were analyzed to find and explore 

hits against tetracycline-resistant Gram-positive organisms.169 Initially increasing alkyl 

group size at this C-9 position was found to substantially increase activity against these 

organisms, while the side chain seen at this position on omadacycline was found to be 

optimal for activity as further increased methyl branching and different alkyl chain length 

were both found to decrease activity.169 Omadacycline is being formulated in both oral 

tablet form and intravenous form.168

Eravacycline (Tetraphase Pharmaceuticals) is another next-generation tetracycline, known as 

a fluorocycline. It has QIDP status and is in phase 3 trials for the treatment of cUTIs and 

cIAIs. While semi-synthetic development of tetracyclines has previously been hindered by a 

limited ability to manipulate C-7 and C-9 substituents, total synthesis approaches have 

recently been developed that allow for improved diversity at these positions (as well as C-8), 

which has allowed for the development of new 7,9-disubstituted tetracycline analogues, 

including eravacycline.170 As electronegativity at the C-7 substituent has been shown to 

effect the antibacterial potency of tetracyclines, a fluoro substituent at this position is found 

on eravacycline (Figure 10C).170, 171 Furthermore, SAR studies showed a small alkylamine 

substituent on the C-9 side chain to be the optimum amino group for antibacterial activity.170 

Eravacycline has shown broad-spectrum in vitro activity against aerobic and anaerobic 

Gram-positive and Gram-negative pathogens, as well as MDR pathogens including ESBL- 

and carbapenemase-producing pathogens.172 It also maintains activity against tetracycline 

efflux pumps and ribosomal protection.173 Additionally, while results are still being 

analyzed, it is reported that eravacycline did not achieve its primary endpoint of statistical 

non-inferiority compared to levofloxacin for cUTI in the phase 3 trial IGNITE2.174

Next Generation Macrolides

Macrolide antibiotics are natural product-based antibacterials that are composed of a large, 

macrocyclic lactone core, to which a variety of sugar substituents may be attached. 

Erythromycin, which was discovered in soil samples collected in the Philippine islands, 
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entered the U.S. market in 1952 and was followed by a variety of other macrolides over the 

following decades, notably clarithromycin (Biaxin, approved 1995) and azithromycin 

(Zithromax, approved 1996). Macrolide antibiotics exert their antibacterial effect by binding 

to and inhibiting the action of the bacterial 70S ribosome, specifically by binding to the 23S 

rRNA component of the 50S subunit and subsequently inhibiting cellular protein synthesis. 

The macrolide antibiotics are notable for their Gram-positive activity and are typically 

prescribed to treat respiratory tract infections caused by Gram-positive organisms 

(Streptococci, Staphylococci, and Enterococci) as well as certain “atypical” organism, 

including Legionella pneumophila, Mycoplasma spp., Chlamydia spp. and some Rickettsia. 

Disadvantages of the macrolide antibiotics include limited Gram-negative activity, acid 

instability limiting the oral effectiveness of some compounds in the class, and interaction 

with human drug metabolizing enzymes in the cytochrome P-450 system that can result in 

significant drug interactions.175 Further, emerging resistance, typically due to alterations of 

the macrolide binding site on the ribosome, has limited the clinical utility of older 

compounds in the class.

Telithromycin (Ketek, Sanofi-Aventis) was the first ‘next-generation’ macrolide to be 

approved for use in the U.S. in 2004 (Figure 11A). The compound, the first in the ‘ketolide’ 

subclass, is a semi-synthetic erythromycin derivative that substitutes a keto functionality at 

the 3-position for an L-cladinose. Additionally, a novel carbamate ring has been attached to 

the central lactone system at the 11- and 12-positions with a linked aryl-alkyl moiety.176 The 

3-keto functionality is believed to be responsible for several desirable properties of the 

ketolides, including a higher degree of acid stability (aided by the 6-position methyl group), 

a lack of induction of macrolide resistance (MLSB phenotype), and the ability to overcome 

resistance caused by methylation of the 23S subunit (a component of the 50S 

subunit).176, 177 Further, the carbamate substituent plays a role in the expanded activity of 

telithromycin compared to erythromycin, and has been suggested to mediate the drug's 

resistance to bacterial efflux and play a role in improved pharmacokinetic 

properties.100, 101, 176, 178 Classical macrolides interact with domain V of the 23S rRNA 

subunit. The increased binding affinity of telithromycin has been shown to be due to an 

additional interaction between the carbamate functionality of telithromycin and residues in 

domain II of the 23S subunit.179 This increased binding affinity presumably allows the 

ketolide antibiotics to overcome resistance due to active site methylation and confers activity 

of telithromycin against erythromycin-resistant Gram-positive organisms. The drug shows 

excellent activity against most Gram-positive aerobic organisms, including macrolide-

resistant strains of S. pneumoniae, excellent activity against atypical pathogens including C. 
pneumoniae, L. pneumophila, and M. pneumoniae, and good activity against some Gram-

negative aerobes including M. catarrhalis and H. influenzae.177, 180-182 Although initially 

showing great promise and receiving U.S. approval for use in treatment of community-

acquired pneumonia, acute bacterial sinusitis, and bacterial exacerbations of chronic 

bronchitis, telithromycin was subsequently discovered to cause irreversible hepatotoxicity in 

some patients and the sinusitis and bronchitis indications were removed by the FDA in 2007 

and a black box warning added to the package literature.183 Clinical trial safety and data 

integrity concerns with this drug have been raised and have somewhat overshadowed the 

promise of the ketolide class.184, 185
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Two new ketolide antibiotics that are currently in or have completed U.S. clinical trials 

include cethromycin (Figure 11B) (Restanza, ABT-773, Advanced Life Sciences, Inc.) and 

solithromycin (Figure 11C) (CEM-101, Cempra, Inc.). Cethromycin completed phase 3 

clinical trials in 2007 for treatment of community-acquired pneumonia. However, while it 

was found to be safe, the drug was denied U.S. approval by the FDA in 2009 for reasons 

related to clinical trial design.186 Structurally, cethromycin possesses the 3-position keto 

group characteristic of the ketolide class as well as the 11, 12 carbamate moiety. Similar to 

telithromycin, cethromycin possesses an aryl-alkyl side chain, but in this case it is a 

quinolylallyl side chain attached to the C6 position versus the carbamate nitrogen in 

telithromycin. These structural features impart pharmacology similar to telithromycin, with 

two points of interaction with the 23S rRNA subunit, at domains II and V, affording the drug 

a spectrum of activity similar to telithromycin including activity against erythromycin 

resistant organisms and some resistance to efflux.187, 188 Solithromycin (CEM-101, Cempra, 

Inc.) is a novel fluoroketolide in phase 2 clinical trials in Europe for COPD and has recently 

completed phase 3 clinical trials in the U.S. comparing it to moxifloxacin for the treatment 

of community-acquired pneumonia.189, 190 Solithromycin is structurally similar to 

telithromycin, with a 3-keto moiety, an 11, 12 carbamate with an aryl-alkyl substitution (in 

this case a butyl-[1,2,3]-triazolyl-aminophenyl), and a unique fluorine substitution at the 2-

position of the lactone (Figure 11C). With respect to its spectrum of activity, solithromycin 

shows a similar profile to telithromycin, with enhanced activity against some telithromycin 

intermediate and resistant organisms.191 The enhanced activity has been proposed to be due 

to improved binding of solithromycin to the bacterial ribosome over telithromycin, including 

Erm-methylated ribosomes.192 The x-ray crystal structure of solithromycin bound to the E. 
coli ribosome provides insight into possible reasons for this improved binding.192 First, the 

aryl-alkyl side chain forms interactions with rRNA base pairs in domain II of the 23S 

subunit, including a possible hydrogen bond mediated by the amino group. Second, weak 

electrostatic interactions of the 2-fluorine with an rRNA base near domain V may enhance 

the activity of solithromycin over telithromycin. Lastly, as with other ketolides, the 

substitution of the keto group at the 3-position for the cladinose sugar seen in earlier 

macrolide generations contributes to the binding affinity of the drug for Erm-methylated 

bacterial ribosomes.

Next Generation Aminoglycosides

Plazomicin (ACHN-490, Achaogen, Inc.) is a next generation, semi-synthetic 

aminoglycoside (neoglycoside) with reported activity against a broad range of Gram-

positive and Gram-negative organisms, including carbapenem-resistant Enterobacteriaceae, 

when used in combination therapy with other antibacterial agents.193 Derived by synthetic 

modification of sisomicin, a hydroxy-aminbutyric acid substituent at position 1 and a 

hydroxyethyl substituent at position 6’ are reported to protect the compound against 

aminoglycoside-modifying enzymes in clinically relevant organisms (Figure 12).194 

Plazomicin is not active against organisms with aminoglycoside resistance due to the 

expression of ribosomal methyltransferases. This agent is currently undergoing phase 3 

clinical trials in Europe for blood stream infections and nosocomial pneumonia due to 

carbapenem-resistant Enterobacteriacea as well as cUTIs and acute pyelonephritis. It is also 
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in phase 3 trials in the U.S. for treatment of complicated urinary tract infections, hospital- 

and ventilator-associated bacterial pneumonia, and complicated intraabdominal infection.

Novel Bacterial Folate Synthesis Inhibitors

Iclaprim (Motif Bio plc) is a next generation dihydrofolate reductase (DHFR) inhibitor with 

QIDP status in phase 3 clinical trials for ABSSSI and cSSSI. It is a novel 2,4-

diaminopyrimidine trimethoprim analogue that was rationally designed and synthesized by 

F. Hoffman-La Roche Ltd. using structural data and molecular modeling (Figure 13).195 

Studies show a single point mutation on DHFR to be responsible for trimethoprim 

resistance, illustrated by an F98Y mutation in S. aureus strain B71 that causes the loss of a 

single H-bond between trimethoprim's 4-amino group and the enzyme, resulting in a 64-fold 

increase in MIC.196 It is posited that increased hydrophobic interactions between DHFR and 

iclaprim increase affinity, thereby overcoming trimethoprim resistance. Structural data 

shows that within the hydrophobic channel of DHFR, positioning of the p-aminobenzoic 

acid moiety of folate is similar to that of the chromene moiety of iclaprim.197 It has potent 

Gram-positive bactericidal activity, including activity against MSSA, MRSA, and 

trimethoprim-resistant F98Y mutant strains.197 Activity against Gram-negative and atypical 

organisms is reported to be similar to that of trimethoprim.198 The drug has reported synergy 

with the sulfonamide inhibitors of dihydropteroate synthase (DHPS), another key enzyme in 

the bacterial folate pathway.199, 200 In clinical trials, iclaprim has been compared with 

linezolid as monotherapy for cSSSI (ASSIST-1 and ASSIST-2 trials) and further phase 3 

trials are underway comparing the drug, again as monotherapy, with vancomycin for 

ABSSSI (REVIVE-1 and REVIVE-2 trials).32 With respect to selectivity over mammalian 

DHFR, iclaprim has been found to inhibit bacterial DHFR at submicromolar concentrations 

and lack inhibition of human DHFR at more than 5 orders of magnitude higher 

concentrations, showcasing favorable selectivity.195

Novel Inhibitors of the Bacterial FAS-2 Pathway

The type II bacterial fatty acid synthesis pathway, FAS II, provides fatty acid precursors for 

membrane phospholipids that are essential to bacterial cells. The pathway is distinct from 

the mammalian FAS I pathway which is composed of a single, multifunctional synthase, 

thus the FAS II enzymes represent novel and selective antibacterial targets that remain 

relatively unexploited. The structure and function of the enzymes in the bacterial FAS II 

pathway have been previously reviewed.201-204 As a metabolic pathway there is some 

concern about the ability of bacteria to bypass FAS II inhibition using exogenous fatty acids 

and this has been the subject of intense debate.205-207 Recent work, however, has 

demonstrated that certain bacteria, including S. aureus, remain susceptible to FAS II 

inhibition even in the presence of exogenous fatty acids due to differences in their regulation 

of genetic expression and feedback regulatory systems.208, 209 As a rate-limiting enzyme in 

the FAS-II pathway, FabI, enoyl-[acyl-carrier protein (ACP)] reductase, represents a 

particularly attractive drug target and a number of inhibitors of this enzyme have been 

characterized.210-221 Triclosan, a stereotypical FabI inhibitor with a diphenyl ether scaffold, 

has been marketed for a number of years and is used in a variety of over-the-counter 

household products as a sterilizing agent, however it has low utility for systemic use because 

of poor bioavailability.222, 223 Two promising FabI inhibitors, Debio 1452 and CG400549, 
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with activity against S. aureus, have progressed sufficiently in clinical trials to merit 

discussion here.

Debio 1452 (previously AFN-1252, Debiopharm Group) is a FabI inhibitor with specific 

activity against staphylococci, including MRSA.219, 224 The drug has little to no activity 

against non-staphylococci Gram-positive organisms, including streptococci, due to the 

ability of these organisms to bypass the FAS II pathway with exogenous fatty acids or the 

absence of the FabI target enzyme in some species such as the streptococci.208 Further, 

Debio 1452 has negligible Gram-negative activity, making the drug quite selective for S. 
aureus and coagulase-negative staphylococci. The drug has recently completed U.S. phase 2 

clinical trials for ABSSSI with favorable outcomes.225 A prodrug formulation, Debio 1450, 

allowing for oral and IV formulations is also currently in phase 2 clinical trials for 

ABSSSI.226 Structurally, Debio 1452 consists of a 3-methyl-benzofuran and an oxo-

tetrahydro-naphthyridine linked by an N-methylpropenamide (Figure 14A).227 The 

compound was initially discovered using an iterative, structure-guided strategy, and has an 

interesting mechanism of inhibition involving the drug binding to a binary complex of 

enzyme and oxidized cofactor, NADP+ 219, 227, 228.

CG400549 (Crystal Genomics, Inc.) completed a phase 2 clinical trial in 2012 for treatment 

of cABSSSI caused by MRSA.32 Similar to Debio 1452, CG400549 has selective anti-

staphylococcal activity, including activity against MRSA.229-231 The company announced 

the completion of the phase 2 trial and confirmed in vivo efficacy with minimal adverse 

events, however no plans for subsequent clinical trials have been reported.232 Structurally, 

the compound is a 2-pyridone analog (Figure 14B), having been rationally designed to 

improve on the poor pharmacokinetics of the diphenyl ether compounds represented by 

triclosan, specifically by replacing a metabolically unstable phenol group of triclosan with 

the pyridone ring system and the ether functionality of triclosan with a methylene 

group.215, 232 Recent x-ray structures have revealed the binding interactions of CG400549 in 

E. coli FabI and S. aureus FabI.232 The keto group of CG400549's pyridone ring, similar to 

the amide keto in Debio 1452, forms electrostatic interactions with both the protein (a key 

tyrosine residue) and the NADPH cofactor. Unlike Debio 1452, CG400549 is believed to 

bind to the protein-NADPH (reduced cofactor) binary complex, making the drug 

uncompetitive with respect to NADPH (vs. NADP+ for Debio 1452) and competitive with 

respect to the enoyl substrate. This structural information has guided recent efforts to expand 

the activity of CG400549 by iterative, structure-guided design strategies, to include Gram-

negative pathogens and mycobacteria.232

Conclusions

The number of novel antibacterials recently approved or under late-stage development is 

highly encouraging, as is recent U.S. and European legislation facilitating the rapid 

development and approval of new antibacterials. At the time of this review, there are almost 

60 antimicrobial drugs that have gained QIDP status in the U.S., 6 of which have already 

attained U.S. approval, and 37 that are in late-phase clinical trials.233 These results stand as 

evidence for the initial success of these new initiatives and their ability to drive the 

advancement of antibacterial development. A thorough analysis of the antibacterial pipeline, 
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however, showcases the relatively low number of compounds under development with 

original targets, thereby highlighting the urgent need for the characterization and validation 

of such. Furthermore, it has been argued that ample attention should be given to the future 

development of selective antibacterial targets, giving way to what some predict will be the 

next phase of antibacterial discovery and development, the “narrow spectrum-era”.1 It is 

reasonable to believe that antibacterial agents geared toward such selective targets would 

have substantial benefits—such as the possibility of developing effective microbiome-

sparing and resistance-mitigating therapeutic strategies. Characterizing and validating novel 

narrow-spectrum targets, of course, would require an understandably significant amount of 

resources, innovation, and effort—including fully rational drug design based around 

heretofore unconventional targets, the efficient use of modern techniques like diversity-

oriented synthesis, as well as a certain degree of anticipated success.

Current techniques and methods being implemented in the rational design and optimization 

of antibacterial agents forecast a possible change in the state of affairs regarding infectious 

disease. As described above, recent advances in various techniques have helped gain ground 

in a struggle against bacterial infections where prolonged trends have demonstrated mostly 

the opposite. Promising examples include specific chiral configurations of new quinolones 

that grant improved activity under acidic conditions, fully-synthetic techniques used in the 

next-generation tetracyclines that allow for novel side-chains that grant activity against 

resistant pathogens, and semi-synthetic techniques used in the next-generation macrolides 

that allow for the modification of functional groups that yields subsequent binding 

improvements and, again, activity against resistant pathogens. Upon review, the recent 

advances in the rational design and optimization of antibacterial agents are, for the time 

being, highly encouraging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABSSSI acute bacterial skin and skin structure infection

AMC aminomethylcycline

CAP community acquired pneumonia

cIAI complicated intra-abdominal infection
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COPD chronic obstructive pulmonary disease

cSSSI complicated skin and skin structure infection

DHFR dihydrofolate reductase

GAIN Act Generating Antibiotics Incentives Now Act

HTS high-throughput screening

IMI Innovative Medicines Initiative

MOI mode of inhibition

MRSA methicillin-resistant Staphylococcus aureus

MSSA methicillin-sensitive Staphylococcus aureus

NBTIs Novel Bacterial Topoisomerase Inhibitors

ND4BB New Drugs 4 Bad Bugs

QIDP Qualified Infectious Disease Product

SOA spectrum of activity

VABP ventilator-associated bacterial pneumonia
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Figure 1. 
Cephem ring, structure and positional numbering.
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Figure 2. 
Advanced generation cephalosporins recently approved or in clinical trials. A. Ceftaroline 

fosamil. B. Ceftobiprole medocaril (prodrug moiety in red). C. Ceftolozane. D. S-649266
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Figure 3. 
Marketed, mechanism-based β-lactamase inhibitors. A. Clavulanic Acid. B. Tazobactam. C. 

Sulbactam.
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Figure 4. 
Next generation β-lactamase inhibitors recently approved or in clinical trials. A. Avibactam. 

B. Relebactam. C. Vaborbactam.
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Figure 5. 
Avibactam (cyan carbons) and relebactam (green carbons) shown bound into the active site 

of beta-lactamases, SHV-1 from K. pneumoniae [PDB ID 4ZAM] and AmpC from P. 
aeruginosa [PDB ID 4NK3), respectively.
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Figure 6. 
RPX7009 bound to AmpC from E. cloacae [PDB ID 4XUX].
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Figure 7. 
Oxazolidinones currently marketed or in clinical trials. A. Linezolid. B. Tedizolid. C. 

Radezolid. D. MRX-I. E. Cadezolid.
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Figure 8. 
Next generation bacterial topoisomerase inhibitors. A. Zoliflodacin. B. Gepotidacin. C. 

Finafloxacin. D. Nemonoxacin. E. Delafloxacin. F. Zabofloxacin. G. Avarofloxacin.
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Figure 9. 
Tetracycline (cyan carbons) shown binding to the bacterial ribosome, 30S subunit [PDB ID 

1HNW]. Hydrogen bonds are shown as dashed, yellow lines.
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Figure 10. 
Next generation tetracyclines & glycylcyclines marketed or in clinical trials. A. Tigecycline. 

B. Omadacycline. C. Eravacycline.
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Figure 11. 
Advanced generation macrolides. A. Telithromycin. B. Cethromycin. C. Solithromycin.
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Figure 12. 
Plazomicin.
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Figure 13. 
Bacterial DHFR inhibitors. A. Trimethoprim. B. Iclaprim.
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Figure 14. 
Inhibitors of the bacterial FAS2 pathway. A. Debio 1452. Debio 1450 is a reported prodrug 

of Debio 1452, with undisclosed structure. B. CG-400549.
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Table 1

Ambler Classification of β-lactamases, substrate affinity, and selected examples. (Adapted with permission 

from Mandell's Principles & Practice of Infectious Disease, Chapter 18, Table 18-2, p. 240)

Ambler Class
1 Enzyme Activity Substrates Examples

A Broad-Spectrum (Penicillinases) benzylpenicillins, 
aminopenicillins, 
carboxypenicillins, 
ureidopenicillins, narrow-
spectrum cephalosporins

PCI (S. aureus); TEM-1, SHV-1 (E. coli, K. 
pneumoniae & other G-ve bacteria

A Extended-Spectrum (ESBL) Substrates of broad-spectrum, 
plus: oxyimino-β-lactams, 
aztreonam

TEM-derived, SHV-derived, CTX-M-derived 
(Enterobacteriaceae); PER-1, VEB-1, VEB-2, 
GES-1, GES-2, IBC-2 (P. aeruginosa)

A Carbapenemases Substrates of ESBLs, plus: 
cephamycins & carbapenems

KPC-1, KPC-2, KPC-3 (K. pneumoniae); NMC/
IMI, SME family

B Carbapenemases Substrates of ESBLs, plus: 
cephamycins & carbapenems

NDM-1 (Enterobacteriaceae); IMP, VIM, GIM, 
SPM, SIM (P. aeruginosa, Acinetobacter spp.

C Cephalosporinases Substrates of ESBLs, plus: 
cephamycins

AmpC-type (Enterobacteriaceae, Acinetobacter 
spp.)

D Broad-Spectrum (Oxacillinases) Aminopenicillins, 
ureidopenicillins, cloxacillin, 
methicillin, oxacillin, and some 
narrow-spectrum cephalosporins

OXA-family (P. aeruginosa)

D Extended-spectrum (ESBL) Substrates of broad-spectrum, 
plus: oxyimino-β-lactams, 
aztreonam

OXA-derived (P. aeruginosa)

D Carbapenemases Substrates of ESBLs, plus: 
cephamycins & carbapenems

OXA-derived (Acinetobacter spp.)

1
Ambler Class A, C, and D β-lactamases possess a catalytic active site serine; Ambler Class B β-lactamases are Zn2+ metallo-β-lactamases.
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