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ABSTRACT

The worldwide spread of drug-resistant bacteria is now a critical prob-
lem in global healthcare. Hence, the continuous development of effec-
tive antibacterial drugs for the treatment of severe infections caused by
drug-resistant Gram-positive bacteria is an urgent matter of great
importance. This article summarizes our efforts to overcome bacterial
resistance through drug discovery and includes other achievements
recently reported by other research groups. Approaches can be catego-
rized into three classes: the new approach, the proven approach and
the hybrid approach. Our efforts to overcome bacterial resistance have
focused on the proven approach, with chemical modifications of
mutilin, oxazolidinone and quinolone derivatives. Among them, the
mutilin derivative RAM-150 and the oxazolidinone derivative AM-7359
showed highly potent antibacterial activity against methicillin-resist-
ant Staphylococcus aureus (MRSA), penicillin-resistant Streptococcus
pneumoniae (PRSP) and vancomycin-resistant enterococci (VRE). AM-
1954, a quinolone derivative, showed highly potent antibacterial activ-
ity against quinolone/methicillin-resistant S. aureus (QMRSA),
quinolone/methicillin-resistant S. pneumoniae (QMRSP) and VRE.
These three compounds have been selected as candidates for further
evaluation. Other reported compounds representing progress in each
category are also described in this paper.

INTRODUCTION

Ever since the “magic bullet” of penicillin was discovered over 60
years ago, physicians have been engaged in a perpetual battle with
resistant bacteria. The endeavor to overcome bacterial resistance
has always fluctuated between hope and fear. In the last two
decades, the uncontrollable spread of drug-resistant bacteria has

become a critical problem in global health. The broad and indiscrim-
inate use of antibacterial agents in animals and humans has exert-
ed strong pressure favoring the development of multidrug-resistant
bacteria. Of particular importance are severe infections caused by
drug-resistant Gram-positive bacteria such as methicillin-resistant
Staphylococcus aureus (MRSA), penicillin-resistant Streptococcus
pneumoniae (PRSP) and vancomycin-resistant Enterococcus faecalis
(VRE) in hospitals and the community (1-4). Recently, the expansion
of Gram-negative drug-resistant bacteria such as β-lactamase-non-
producing ampicillin-resistant Haemophilus influenzae (BLNAR),
extended-spectrum β-lactamase-producing Klebsiella pneumoniae
or Escherichia coli (ESBL) and multidrug-resistant Pseudomonas
aeruginosa (MDRP) has contributed to this serious situation (5-10).
This review summarizes recent efforts in medicinal chemistry to
overcome bacterial resistance through drug discovery in terms of
three approaches, along with novel compounds representing
progress in each approach. These three approaches are the new
approach, the proven approach and the hybrid approach.

NEW APPROACH

The new approach typically explores novel antibacterial agents with
new modes of action and/or new scaffolds possessing potent anti-
bacterial activity against bacteria with resistance to currently avail-
able antibacterial drugs. For about the last decade, bacterial
genomics and mechanism studies of antibacterial compounds have
revealed many candidates for new drugs with efficacy against resist-
ant bacteria. Selecting good antibacterial mechanisms from the new
candidates by high-throughput screening (HTS) is not easy because
the outcome of this empirical screening method strongly depends
on the quality and quantity of the compound library for HTS. The hit
compounds identified from the antibacterial HTS campaigns often
include false-positives and nonspecific compounds. In addition, poor
chemical tractability and poor drug-like properties of the hits make
it hard to overcome the barrier between cell-free activity and whole-
cell activity. Even if the initial hits proceed to highly potent com-
pounds, the target mechanism may not result in antibacterial activ-
ity or the antibacterial spectrum may be very limited. Overall, it has
been reported that the success rate from antibacterial HTS is 4- to
5-fold lower than for targets in other therapeutic areas. In spite of
great efforts, genomic approaches have yielded disappointing
results (11, 12).
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In contrast, efforts to identify new scaffolds with known mechanisms
of action have intensified based on both the empirical screening
method and structure-based drug design. The most difficult prob-
lem in finding new scaffolds for antibacterial drugs is overcoming
the barrier between cell-free activity and whole-cell activity.
Recently, a group at Merck Research Laboratories reported an ele-
gant solution for identifying antibacterial compounds with new
mechanisms of action from among the huge natural product extract
library (13). They employed a whole-cell HTS method, a target-based
two-plate assay in which each target was differentially expressed by
using antisense methodology. The following examples overcame the
barrier between cell-free activity and whole-cell activity. AFN-1252
(Affinium) (14), an enoyl-[acyl-carrier-protein] reductase [NADH]
(FabI) inhibitor, showed potent antibacterial activity against MRSA
and methicillin-resistant Staphylococcus epidermidis (MRSE) and
has advanced to phase I clinical trials. Bederocin (REP-8839;
Replidyne) (15), a methionyl-tRNA synthetase inhibitor, displayed
broad-spectrum antibacterial activity against Gram-positive and 
-negative bacteria; however, the company has discontinued devel-
opment due to restructuring.

PROVEN APPROACH

Traditional antibacterial drugs have well-proven clinical efficacy for
the treatment of various infections. The proven approach is still the
most fruitful strategy for developing new antibacterial drugs for
resistant bacteria. Even if the current antibacterial drugs have lost
their efficacy against resistant bacteria, effective chemical modifica-
tion of these compounds is possible to renew their potential against
resistant bacteria and extend their antibacterial spectrum. Indeed,
many efforts have focused on the chemical modification of proven
antibacterial drugs. The following recent examples, including our
studies, have succeeded in overcoming bacterial resistance.

β-Lactams and β-lactamase inhibitors

Ceftobiprole medocaril (Basilea Pharmaceutica/Johnson & Johnson)
is the first anti-MRSA cephalosporin. Ceftobiprole holds fast track
designation in the U.S. for the treatment of complicated skin and

skin structure infections (cSSSIs) and for the treatment of hospital-
acquired pneumonia and was launched in Canada in 2008 (16). The
success of Augmentin® (amoxicillin/clavulanic acid; GlaxoSmithKline)
(17) led many research groups to develop new combinations of
β-lactams with β-lactamase inhibitors. NXL-104 (Novexel), the first
non-β-lactam β-lactamase inhibitor, is one of the most advanced
β-lactamase inhibitors, having reached phase II trials in combination
with ceftazidime (18).

Mutilins

Tiamulin (Novartis), a compound related to the diterpene antibiotic
pleuromutilin, is a therapeutic agent for veterinary use (19). More
recently, the GlaxoSmithKline group reported SB-264128, with
improved activity against bacteria causing respiratory tract infec-
tions, and launched retapamulin for the topical treatment of skin
infections in 2007 (20, 21).

During the course of our initial research to develop novel mutilins,
we focused on the chemical modification of the C-12 position of
mutilin (22). Our key methodology was regio- and diastereoselective
alkylation at the C-12 position of de-ethenylated 4-epimutilin 1, pre-
pared from pleuromutilin using five steps. Alkylation of 1 with vari-
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ous electrophiles smoothly proceeded to give C-12-alkylated 4-
epimutilins in a regio- and diastereoselective manner. The C-12-
modified 4-epimutilins 2 were converted to the novel mutilin deriv-
atives 3a-q, as shown in Scheme 1.

Among the synthesized C-12 alkyl analogues 3a-q, RAM-150 (3a)
(Table I) bearing a propenyl group at the C-12 position exhibited
more potent antibacterial activity against methicillin-susceptible S.
aureus (MSSA), MRSA, penicillin-susceptible S. pneumoniae (PSSP),
PRSP and VRE than tiamulin and SB-264128. In an MSSA systemic
infection model, RAM-150 was more effective compared to pleuro-
mutilin and tiamulin, and equally effective as SB-264128 (23). We
have selected RAM-150 as a candidate for further evaluation.

Oxazolidinones

Linezolid (Pfizer) (24), the only oxazolidinone approved for clinical
use, represents the first in a new class of antibacterial drugs and is
now the last resort for the treatment of Gram-positive infections
caused by MRSA or VRE. However, linezolid resistance in Gram-pos-
itive bacteria has already been reported (25-30). Linezolid is now in
the position of vancomycin, which was also once considered the anti-

bacterial agent of last resort. Therefore, many research groups have
attempted to improve the potency and the antibacterial spectrum of
linezolid. Currently, two oxazolidinones, torezolid (TR-701; Trius
Therapeutics, Dong-A) and radezolid (Rib-X), are in the clinical
stage of development (31, 32).

In our initial research in this area, we identified our lead compound
4 (Scheme 2), showing more potent antibacterial activity against
MRSA (MIC = 0.25 µg/mL), quinolone-resistant PRSP (QMRSP; MIC
= 0.25 µg/mL) and VRE (MIC = 0.5 µg/mL) compared with linezol-
id (MIC = 1, 1 and 2 µg/mL, respectively) (33). Our structure–activity
relationship (SAR) studies revealed that a cyano group at the C-6
position of the azabicyclo[3.1.0]hex-3-yl ring system greatly con-
tributed to enhancing antibacterial activity. We next focused on the
design and the synthesis of novel biaryl oxazolidinones bearing the
azabicyclo[3.1.0]hex-6-yl ring system (34). We employed stereose-
lective cyclopropane ring formation utilizing the 1,2-cyclic sulfate 6
and arylacetonitrile 7 (Scheme 3) to construct a 6-aryl-6-cyanoaza-
bicyclo[3.1.0]hexane ring system. The various azabicyclo[3.1.0]hex-
6-yl biaryl oxazolidinones 5a-o were prepared by way of the Pd-cou-
pling reaction of 8, as shown in Scheme 3. The synthesized
compounds, including AM-7359 (5b) (Table II), showed superior
antibacterial activity against MSSA, MRSA, PSSP, PRSP and VRE
compared to linezolid. AM-7359 also exhibited highly potent anti-
bacterial activity against resistant clinical isolates such as MRSA and
VRE (35). AM-7359 showed greater potency in a mouse thigh infec-
tion model caused by linezolid-resistant MRSA (LMRSA) than line-
zolid (36) and it possesses a significantly lower potential for resist-
ance compared to linezolid (37). We have therefore selected the
azabicyclo[3.1.0]hex-6-yl biaryl oxazolidinone AM-7359 as a candi-
date for further evaluation.

Quinolones

Norfloxacin (Kyorin) (38) opened the door to fluoroquinolones,
which have a broad antibacterial spectrum including Gram-positive
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and -negative bacteria. As a consequence, many fluoroquinolones
have enjoyed wide clinical use, but some MRSA have acquired
quinolone resistance. Recently developed and marketed quinolones
include garenoxacin (Taisho/Astellas), a nonfluorinated quinolone
launched in 2007, and sitafloxacin (Daiichi Sankyo), a fluoro-
quinolone launched in 2008.

Since the launch of gatifloxacin (Kyorin) (39), we have continued to
develop novel quinolones showing potent activity against mul-
tidrug-resistant bacteria including quinolone-resistant bacteria. We
first examined a group of 3-ethylaminomethylpyrrolidinyls, includ-
ing merafloxacin (CI-934; Pfizer) (40) and PD-117558 (Pfizer) (41,
42). Merafloxacin showed enhanced antibacterial activity against
Gram-positive bacteria. In contrast, PD-117558 exhibited strong
cytotoxicity against mammalian cells.

Although the fluoropyridobenzoxazine 9 was first reported to be
effective against Mycobacterium spp. (43), we found 9 to have more
potent activity against QMRSA and VRE than clinafloxacin (Pfizer,
Kyorin), the development of which has been discontinued. Thus, we
have focused on the design and synthesis of novel fluoropyrido-
benzoxazine derivatives with highly potent antibacterial activity. The
synthesis of (3R,4S)- and (3R,4R)-3-cyclopropylaminomethyl-4-
methylpyrrolidine (11a,b) and (3R,4S)- and (3R,4R)-3-cyclopropyl-
aminomethyl-4-fluoropyrrolidine (14a,b) was achieved as shown in
Scheme 4. Each pyrrolidine was subsequently subjected to a nucle-
ophilic substitution reaction with the diacetoxyboron chelate of the
(3S)-methyl- and (3R)-fluoromethylpyrido[1,2,3-de][1,4]benzox-
azinecarboxylic acid derivatives (15a,b) to give compounds 16a-h. All
of the synthesized compounds, including AM-1954 (16g) (Table III),
were shown to possess about 8 times higher activity against
QMRSA, QMRSP and VRE than clinafloxacin. AM-1954 exhibits
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Table I. Antibacterial activity of mutilin derivatives.

MIC (µg/mL)

Compound R MSSA MRSA PSSP PRSP VRE

3a (RAM-150) 1-propenyl 0.125 0.06 0.125 0.125 0.25
3b 1-butenyl 0.25 0.25 0.5 0.5 1
3c 1-pentenyl 0.125 0.125 0.25 0.25 0.5
3d 2-Cl-vinyl 0.5 0.5 1 1 2
3e (E)-2-F-vinyl 0.25 0.25 2 0.5 0.5
3f (Z)-2-F-vinyl 0.25 0.25 0.5 0.25 0.5
3g 2-CF3-vinyl 32 32 > 128 > 128 128
3h methyl 0.25 0.25 1 2 0.5
3i fluoromethyl 0.25 0.5 2 2 1
3j 2-fluoroethyl 0.25 0.25 1 0.5 0.5
3k 2,2,2-trifluoroethyl 0.5 0.5 2 2 1
3l propyl 0.25 0.25 2 2 1
3m i-propyl 0.5 0.5 1 2 1
3n allyl 0.25 0.25 0.5 0.5 0.5
3o 3-fluoropropyl 2 1 8 8 4
3p butyl 0.5 0.25 2 2 1
3q 2-methoxyethyl 0.5 0.5 4 8 2

Pleuromutilin 0.5 0.5 16 8 0.5
Tiamulin 0.25 0.25 4 2 0.5
SB-264128 0.25 0.125 1 2 0.5

MSSA, methicillin-sensitive Staphylococcus aureus; MRSA, methicillin-resistant S. aureus; PSSP, penicillin-sensitive Streptococcus pneumoniae; PRSP, peni-
cillin-resistant S. pneumoniae; VRE, vancomycin-resistant Enterococcus faecalis.
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Table II. Antibacterial activity of oxazolidinone derivatives.

MIC (µg/mL)

Compound R Y1 Y2 Z1 Z2 MSSA MRSA PSSP PRSP VRE

5a 1,2,3-triazolyl H H N H 0.125 0.125 0.125 0.125 0.25
5b (AM-7359) 1,2,3-triazolyl F H N H 0.06 0.06 0.06 0.06 0.125
5c 1,2,3-triazolyl F H CH H 0.125 0.06 0.125 0.06 0.25
5d 1,2,3-triazolyl F H CH F 0.25 0.125 0.25 0.25 0.25
5e 1,2,3-triazolyl F H CF F 0.5 0.5 1 1 0.25
5f 1,2,3-triazolyl F F N H 0.125 0.125 0.125 0.125 0.25
5g NHCOMe F H N H 0.125 0.125 0.125 0.06 0.25
5h NHCOEt F H N H 0.25 0.25 0.25 0.125 0.25
5i NHCOCHF2 F H N H 0.125 0.125 0.06 0.06 0.25
5j NHCOcPr F H N H 0.5 0.25 0.25 0.25 0.5
5k NHCO2Me F H N H 0.125 0.125 0.125 0.125 0.125
5l NHC(=S)OMe F H N H 0.06 0.03 0.06 0.03 0.06
5m NHC(=S)Me F H N H 0.03 0.03 0.03 0.03 0.06
5n 3-isoxazolyl-O F H N H 0.125 0.125 0.25 0.25 0.5
5o 3-isoxazolyl-NH F H N H 0.06 0.06 0.125 0.06 0.125

Linezolid 1 1 1 1 2

MSSA, methicillin-sensitive Staphylococcus aureus; MRSA, methicillin-resistant S. aureus; PSSP, penicillin-sensitive Streptococcus pneumoniae; PRSP, peni-
cillin-resistant S. pneumoniae; VRE, vancomycin-resistant Enterococcus faecalis.
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superior in vivo efficacy in systemic infection models caused by
MSSA, QMRSA or PSSP. Structure–toxicity relationship studies of
AM-1954 revealed that the introduction of a fluorine atom to the C-
4 position of the pyrrolidine ring was effective in reducing the single-
dose acute toxicity and convulsion-inducing ability, and the intro-
duction of a fluorine atom to the C-3 methyl group of the
pyridobenzoxazine ring contributed to complete elimination of pho-
totoxicity (44). We have selected AM-1954 as a candidate for further
evaluation.

Other compounds

Tigecycline (Wyeth) is the first in a class of glycylcyclines derived
from tetracycline and was designed for the treatment of complicat-
ed intraabdominal infections and cSSSIs in adults (45). In contrast to
tetracyclines, glycylcyclines can overcome tetracycline resistance
mediated by acquired efflux pumps and/or ribosomal protection
(46). Iclaprim (Arpida), a novel trimethoprim derivative which has
been submitted for regulatory review, is a dihydrofolate reductase

inhibitor that shows potent and extended-spectrum antibacterial
activity against various drug-resistant bacteria (47).

HYBRID APPROACH

The hybrid approach entails combining several pharmacophores in
one molecule with covalent linkages. This approach is considered to
be a reasonable strategy for developing new molecules with high
potency, extended spectra and low resistance potential. In contrast
to drug cocktails, hybrid molecules ensure that the pharmacokinet-
ics, pharmacodynamics and tissue distribution of the pharma-
cophores are synchronized. MCB-3837 (Oxaquin®; Biovertis), an
oxazolidinone and quinolone hybrid in early clinical development,
showed more potent activity against both oxazolidinone- and
quinolone-resistant MRSA than respective drug cocktails and pos-
sessed a low potential for resistance (48). CBR-2092 (Cumbre
Pharmaceuticals), a 2-pyridone and rifamycin hybrid in phase I clin-
ical evaluation, exhibited more potent activity against both
quinolone- and rifamycin-resistant bacteria such as QMRSA than
the combination, as well as a lower potential for resistance (49). TD-
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Table III. Antibacterial activity of quinolone derivatives.

MIC (µg/mL)

Compound X R1 R2 MSSA QMRSA PSSP QMRSP VRE

16a H Me H 0.008 0.5 0.016 0.125 1
16b H H Me 0.002 2 0.016 0.5 1
16c H F H 0.008 1 0.016 0.125 0.5
16d H H F 0.016 16 0.063 2 4
16e F Me H 0.008 0.5 0.016 0.125 1
16f F H Me 0.008 2 0.031 0.5 1
16g (AM-1954) F F H 0.008 1 0.016 0.25 0.5
16h F H F 0.016 16 0.063 2 4

Clinafloxacin N H F 0.016 8 0.031 0.5 4

MSSA, methicillin-sensitive Staphylococcus aureus; QMRSA, quinolone/methicillin-resistant S. aureus; PSSP, penicillin-sensitive Streptococcus pneumoniae;
QPRSP, quinolone/penicillin-resistant S. pneumoniae; VRE, vancomycin-resistant Enterococcus faecalis.

1792 (Theravance), a cephalosporin and vancomycin hybrid, has
entered phase II evaluation for cSSSI caused by MRSA (50). It is of
interest to note that the hybrids show highly potent antibacterial
activity compared to the respective combinations, although the
mechanism has not yet been elucidated. It was reported that one
possible mechanism for CBR-2092 was the circumvention of intrin-
sic or mutationally activated efflux systems (49). Mechanism studies
of the hybrids may reveal a new strategy for overcoming bacterial
resistance. Successful results for these new hybrids possessing par-
ticularly potent activity against resistant bacteria will constitute an

important new option for the treatment of serious infections caused
by resistant bacteria. Our initial research on this approach has iden-
tified several novel hybrid compounds, and these studies will be
reported in the near future.

CONCLUSIONS

As described above, continuous effort is indispensable for breaking
the vicious circle of antibacterial discovery and use and the develop-
ment of resistant bacteria. The new approach has attractive possibil-
ities for providing new answers to disarming bacterial resistance. The



proven approach remains the most reliable methodology to develop
new antibacterial drugs. On the basis of this approach, we have iden-
tified the mutilin derivative RAM-150, the oxazolidinone derivative

AM-7359 and the quinolone derivative AM-1954 as promising candi-
dates. The hybrid approach involving combinations of proven drugs is
increasingly being pursued as a method for overcoming resistance.
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