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The Antibiotic Future
Lynn L. Silver

Abstract Will the future of antibacterial therapy rely on an ongoing pipeline of
new small molecule, direct-acting antibacterial agents that inhibit or kill bacterial
pathogens, referred to here as antibiotics? What role will these small-molecule
antibiotics have in the control of the bacterial infections of the future? Although
there is today increased activity in the field of new antibiotic discovery, the history
of this field over the past 30 years is a history of low output. This low output of new
antibiotics does not encourage confidence that they can be central to the future
control of bacterial infection. This low productivity is often blamed upon financial
disincentives in the pharmaceutical industry, and on regulatory difficulties. But I
believe that a critical underlying reason for the dearth of novel products is the
fundamental difficulty of the science, coupled with a failure to directly grapple with
the key scientific challenges that prevent forward motion. The future fate of
antibiotic discovery will depend upon the degree to which the rate limiting steps
of discovery are fully recognized, and the discovery technology turns to overcoming these blockades.
Keywords Antibiotic chemical space, Antivirulence, Combination therapy,
Druggability, Entry barriers, Frequency-of-resistance, Hollow-fiber infection
model, Hypersensitive screening, Monotherapy, Multi-targeting, Natural
products, Synergy
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1 Introduction
The rising tide of antibiotic resistance has compromised the usefulness of existing
antibiotics against many human pathogens. While there usually are appropriate
drugs still available for most infections, there are a growing number of problematic
pathogens that are resistant to most antibiotics. In response to the need for new
drugs and new paradigms to address the problem of antibiotic resistance, policy
makers and funders have proposed that directing monetary incentives, rewards and
support to small companies in the area will increase “innovation” [1–3]. The
realization of innovation in this case is the introduction of new antibiotics
(or other therapies) to combat rising resistance. That is, innovation is directly
connected to the end product. But innovation is also a process involving the
application of new technology and creative ideas at the level of individual innovative scientists. Can there be innovation without ultimate success? Will money drive
innovation of either sort? Clearly financial incentives can bring more players to the
table, but ultimate success will require efforts to forcefully confront the reasons for
failure.
Much of antibiotic discovery over the past 20 years has focused on the discovery
and exploitation of novel targets for new drugs, with little success. The challenges
of this approach have been much discussed [4–10] and, in my opinion, are mainly
due to the focus on inhibiting targets that are subject to rapid resistance selection
and to the poverty of chemical libraries, which lack compounds with properties
correlated with antibacterial activity and entry. Without an effort to seriously
address these limitations, it is hard to see a rosy future for direct-acting smallmolecule antibiotics.
Even though many large pharmaceutical companies have cut back their antibiotic discovery programs over the past 10 years or so, there has been a great deal of
ongoing industrial and academic work in the field of antibiotic discovery. These
efforts indeed have involved a great deal of innovation – creative individuals using
new technologies to solve problems – of the sort mentioned above. Often, this work
has been directed toward improving old classes of antibiotics in order to render
them less susceptible to resistance mechanisms. A major success of current
antibacterial discovery is the ongoing discovery of new combinations of often
novel β-lactams and β-lactamase inhibitors. This effort has only recently produced
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registered compounds which will allow the treatment of some very hard-to-treat
pathogens including MDR P. aeruginosa (ZERBAXA®) and many carbapenemresistant Enterobacteriaceae (CRE) (AVYCAZ®). A new aminoglycoside, plazomicin, in late clinical development is also targeted against CRE. But sometimes
the efforts toward finding novel agents have been misguided: jumping head first
into “genomics as panacea” without first considering the rate-limiting steps in
discovery was a mistake. Can new technologies open up the field, or will they
lead us astray? We must take hype with a grain of salt and continue to probe the
assumptions underlying the application of new technology for its own sake. That
said, it is important to bring in new viewpoints and different scientific backgrounds
to attack these problems. But those new players must familiarize themselves with
the field, its aims, its history, what has been tried and, importantly, what the
roadblocks are.
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Will antibiotics, small molecules that directly inhibit the growth of or kill
bacterial pathogens, be the mainstay of antibacterial therapy in the future? Is
there a path to replenishing the failing pipeline? Will other modalities take the
place of direct acting antibiotics? If there are to be innovative breakthroughs, then
they will be, perforce, difficult to predict. Thus, it seems more productive to focus
on the problems whose innovative solutions will lead to those breaks in the logjam.
This focus necessitates a more historical discussion than perhaps envisioned by the
editors of this book. Nonetheless, I maintain only by understanding the history of
this field will we will make progress. After a small excursion this chapter will focus
on the obstacles to antibacterial discovery that must be overcome in order to
discover and develop small-molecule, direct-acting antibacterial agents: the antibiotics of our future.

2 Excursion: Alternatives to Antibiotics
It may be that novel, direct-acting antibiotics will continue to elude us and that the
way forward for the treatment or prevention of bacterial infection lies in alternatives to antibiotics [11–16]. Indeed, interest in this field has been growing apace
with strong emphasis on antivirulence approaches focused on antibodies [14] as
well as small-molecule inhibitors of virulence mechanisms [15]. In any case,
alternatives must be pursued.
A review [16] commissioned by the Wellcome Trust evaluated the pipeline of
alternative antibacterial therapies. The authors limited their study of alternatives to
“non-compound approaches that target bacteria or approaches that target the host”.
For example, they included antibodies but excluded small-molecules targeting
virulence factors. There is clearly a great deal of effort in these “alternates-toantibiotics” areas: antibodies and vaccines, both prophylactic and therapeutic;
drugs inhibiting or modifying the activity of host factors involved in responses to
bacterial infection; adjuvants that enhance the activity of antibiotics by enhancing
permeability or inhibiting efflux pumps; inhibitors or blockers of antibiotic resistance functions. It is likely that some of these will take their place in the armamentarium, but most likely as adjuncts to existing antibiotics and to the small-molecule
antibiotics of the future. It must be noted that many of these areas have been under
study for many years with little progress. As the Wellcome review concluded, the
need in these alternative approaches is not so much for discovery efforts but for
“enhanced translational expertise” [16], including guidance in clinical development
and regulatory paths for such alternate therapies. A recent review of antivirulence
efforts, specifically including small molecules, seems quite upbeat [14]. The latter
review discusses several antibodies that have been approved for prophylaxis or
therapy against bacterial toxins, including those for C. botulinum BoNT toxins,
B. anthracis PA toxin, and C. difficile toxin B (TcdB). Five antibodies (four
monoclonals against toxins, one engineered bispecific antibody against two
P. aeruginosa surface proteins) are listed as being in clinical trials and a large
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variety of small molecules targeting various virulence factors and functions are
under preclinical study. While antitoxin therapy has a long history [17], the
development of non-antibacterial small molecules, those acting indirectly to affect
infectious processes in the host, is a path less traveled.
There are a number of such indirectly-acting small molecules under study for
antivirulence, as described in a recent review [15]. Many of these have been
uncovered in innovative screens or by in silico selection through genetic and
structural study of the desired targets. In most cases, antivirulence activity is
measured via surrogate in vitro assays that involve specific engineering of reporter
bacterial strains. In order to develop such therapies for clinical use would require
simple diagnostic tools to estimate the presence of the virulence mechanism in
populations of clinical isolates (a surrogate for an MIC90) as well as testing
susceptibility to the compound of specific pathogens in the laboratory. Implementation of these tools may not be straightforward. It is often claimed that
antivirulence approaches would discourage resistance development due to lack of
selective pressure. That may be true in some cases, but resistance mutations would
undoubtedly arise. Their amplification in the population would then be dependent
upon the degree of selection. But resistance mutations can be useful in defining the
actual molecular targets of a compound, in order to support the identification of
the proposed antivirulence function as the critical target of inhibitor action. Since
desirable antivirulence compounds lack antibacterial activity, it is generally
difficult to select in vitro for resistance. Hence there is little evidence (for most
small-molecule antivirulence compounds) that they are acting solely through the
supposed target.
Other possibilities for therapeutic intervention may involve visionary synthetic
biology and genome engineering approaches, including the very interesting possibility of using methods based on RNA-guided nucleases of the CAS/CRISPR
(clustered, regularly-interspaced, short palindromic repeats) type [18–22]. Such
proposed systems that recognize unique DNA sequences could narrowly target
and kill specific pathogens or inactivate resistance mechanisms. The limitation
for the CRISPR-based approach resides in design of suitable delivery methods
which generally involve bacteriophage vectors. Such vectors would have to infect
virtually every infecting pathogen.

3 The Resistance Problem with Single Targets
I subscribe to the view that inhibitors of single enzymes have a high likelihood of
selecting for single-step resistance due to changes in the target molecule that result
in large increases in MICs [9, 23–25]. Although there are exceptions (see below) I
predict that most such inhibitors will fail in monotherapy, unless the resistance
mutations lead to much lowered fitness. Conversely, successful monotherapeutic
systemic antibiotics are those which have multiple targets, or targets that are the
products of multiple genes or a pathway [23, 25]. While the potential peril of single-
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targeted antibiotics was first hypothesized ~25 years ago [24], the first clear
example of this was the failure due to rapid resistance development in a Phase II
clinical trial of Epetraborole (GSK2251052) an inhibitor of leucyl-tRNA synthetase
with excellent activity against Gram-negative pathogens [26–28]. This failure is
discussed more fully below.
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Sutterlin et al. discuss [29] “Antibacterial New Target Discovery” and note the
potential for single-targeted compounds to yield single-step resistance in vitro. In
the footnote to Table 2 of that chapter, an acceptable starting point for frequency of
resistance (FoR) is stated as 108. But what is an acceptable final FoR in vitro (and
in vivo)? They note that the initial FoRs observed for a lead structure may be
modulated favorably by chemical optimization, often by increasing target affinity
via additional compound-target interactions. While the optimism voiced by
Sutterlin et al. that in vitro results showing potentially high rates of resistance
may not translate in vivo is sometimes true, there are definitely exceptions, as
discussed below. However, each compound must be evaluated separately, and care
taken that compounds are not mistakenly maintained in a development pipeline as a
result of neglecting to test rigorously for resistance potential.

3.1

Measurement of Resistance

With advances in technology, one might think that methodologies for predicting
the likelihood of clinically-important rapid resistance were well in hand. In vitro
measures to ascertain the frequency of single-step resistance (FoR) generally
involve plating a large inoculum of a bacterial strain on agar plates containing
increasing amounts of test compound [30]. The rate of resistance (number of
resistance mutations per bacterium per generation) can be measured by a LuriaDelbruck-type fluctuation test (or variations thereof) [31–35]. It is also useful to
measure FoR in hypermutable (mutator) strains, where such frequencies may be
increased 1,000-fold or more [36]. Such mutators occur at significant rates among
clinical isolates of many pathogens and so are likely to play a role in resistance
development [37–40]. There are also a variety of methods for selecting mutations
by serial passage at sub-inhibitory levels of compound, which might be thought to
mimic some clinical condition. In addition to revealing stable mutations that can
give rise to incremental steps in resistance, serial passage can uncover unstable
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adaptive changes leading to transient phenotypic resistance that requires maintenance of selective pressure. These adaptive changes may involve induction of
resistance functions or target gene amplification [41]. Andersson et al. discuss the
place of serial passage and resistance selection at sub-MIC levels in laying a
predicate for clinical behavior [42–44].
Of course, none of these methods takes into account the horizontal genetic
transfer which accounts for much clinical resistance [44]. Furthermore, in vivo
growth rates, nutrient limitation, varying drug levels and the immune status of the
host certainly contribute to the survival and propagation of resistant mutants.
Indeed, the value of in vitro methods to predict resistance occurrence in the clinic
in treatment of human infections is largely untested. While there are animal models
for antibacterial efficacy that are highly predictive of clinical results, animal models
for development of resistance are few and not standardized. One reason for this
difference is that efficacy models are normally run with relatively low bacterial
inocula, generally 106 or fewer infecting pathogens, and even fewer when virulent
pathogens are used. This inoculum yields populations that are too small to contain
pre-existing resistant mutants. The level of pre-existing mutants is likely critical to
the rapid increase in resistance during therapy. Nevertheless, efforts to tie in vitro
results to predictions of clinical performance should continue. An important in vitro
approach, the hollow-fiber infection model (HFIM), can demonstrate the efficacy of
antibiotics and the appearance of resistance under conditions of dynamic variation
of drug concentration, mimicking human discontinuous dosing pharmacokinetics
[45–48]. HFIM can play a useful role in relating in vitro findings to clinical
outcomes, as discussed below.
What FoR determined in vitro is bound to yield rapid resistance in vivo? As
noted above, while in vitro methods of FoR determination are feasible and should
be routine tools in antibacterial discovery programs, there is a disconnect between
in vitro results and clinical reality. This disconnect is due to the fact that there has
been little clinical experience with single-targeted agents in the treatment of
standard bacterial pathogens. Put another way, there is little experience with
antibacterials that select rapidly for high level resistance. For the mainstays of
systemic monotherapy that are multi-targeted, there may be single-step FoRs
in vitro that, in the main, lead to modest increases in MICs. These single-step
FoRs are often due to changes in permeability or efflux, and not to mutational
changes in targets. Often there are claims in the literature that a new inhibitor has a
low FoR – say a value of 108 – which is said to be in the range of that seen with
standard drugs. But the amplitude of change in MIC for those standard drugs is
usually not very large, while the amplitude of MIC increase for single-step resistance for a single-targeted agent can be >100-fold. In a fulminant infection, the
bacterial burden is likely to be high enough to contain spontaneously-resistant
mutants. Thus, while it is likely that an FoR of 106 (which might be seen if a
genetic deletion can give rise to a resistant phenotype) would show overnight
resistance in a clinical situation, it is not clear how low a frequency would have
to be to insure that rapid resistance would not arise.

L.L. Silver

In the clinical trial, mentioned above, for complicated UTI infection of the
leucyl tRNA inhibitor, GSK2251052, an in vitro resistance frequency of 108
yielding mutants with good fitness led to a significant rate of high-level rapid
resistance in 3 of 14 patients, after 1 day of treatment [26, 27]. The mutants had
MICs as high as 2,000-fold the initial MIC. This result was modeled retrospectively
in an HFIM experiment [28] which showed that with a starting inoculum of 108
E. coli, resistant mutants took over the population within 24 h. This result had not
been seen in preclinical animal-efficacy models, again most likely because the
infecting inoculum was low.

3.2

Overcoming Single-Target Resistance

There is a strong likelihood that single-step mutations leading to resistance against
single targeted agents can and will arise before challenge with the agent, given that
the inverse of the FoR is less than the population size. Does this result obviate the
exploitation of any single target? The future of antibiotics research and development may well involve creative solutions for the exploitation of single-target
inhibitors in ways that reduce resistance potential. These solutions may lie in
target-inhibitor exceptions to the rapid resistance problem, including low virulence
of resistant mutants; low toxicity allowing high dosing to prevent survival of
resistant mutants; focus upon narrow spectrum agents which could allow design
of very high affinity, high-potency inhibitors that are insusceptible to target-based
resistance; and the use of combinations of single-target inhibitors to lower the
probability of resistance selection. There are clearly exceptions to the “no singletargets” dictum that might be explained by special circumstances. Can we learn
anything from those exceptions?

3.2.1

Low Fitness

Single-step mutations to resistance to certain antibiotics can reduce growth rates,
decrease virulence, and otherwise lower the competitive fitness of the pathogen in
the host milieu. These changes can counteract the effect of pre-existing resistant
mutants and reduce their contribution to the infecting population. Thus,
fosfomycin, an inhibitor of the MurA (UDP-N-acetylglucosamine-enolpyruvyltransferase) enzyme, the first committed step of peptidoglycan synthesis, has been
used traditionally as a single dose oral treatment for uncomplicated urinary tract
infections (uUTI). As fosfomycin has a broad antibacterial spectrum including
many MDR pathogens, is active both orally and parenterally, and has an excellent
safety profile, there has been recent interest in expanding its indication. Rapid
resistance through transport loss, albeit occurring at high frequency in vitro, yields
lowered fitness in vivo, in the urinary tract setting. Thus, fosfomycin has been quite
successful in treatment of uUTI. Very few target-based resistance mutations, which
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likely arise at low frequency, have been detected in the clinic, possibly due to this
lowered fitness. It is not clear whether mutational resistance, which has not been
problematic for uUTI, will translate to low fosfomycin resistance in other tissue
sites [49]. Furthering this caveat is a study of fosfomycin resistance development in
a mouse lung model of P. aeruginosa infection showing that mutations did arise
during treatment and that the mutants (in the glpT transporter) were not
compromised in fitness [50]. Importantly, recent reports point to the rise of transmissible resistance due to modification of fosfomycin, including (in China) plasmids encoding both resistance to fosfomycin and the presence of the β-lactamase
KPC-2 [49, 51–55].
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3.2.2

Dosing above the Mutant Prevention Concentration (MPC)

The idea of the mutant-prevention concentration, MPC, was developed in studying
resistance to the fluoroquinolones [56]. Single-step mutations with increased MICs
could be selected in vitro up to a threshold concentration, above which the frequency fell dramatically (to less than 1011). This pattern is due, in the case of the
fluoroquinolones, to the occurrence of mutations in the most sensitive target (DNA
gyrase, GyrA, in E. coli) that increased the MIC to that threshold concentration,
above which concentration a second mutation, in a second target (topoisomerase
IV, ParC, in E. coli), would be required to raise the MIC further. Thus, the MPC is
the concentration of drug above which a single mutation cannot afford resistance. In
some cases the increase in MIC due to a single target mutation can be >100-fold, as
with rifampicin (targeting RNA polymerase) in S. aureus.
Fidaxomicin is an inhibitor of RNA polymerase with a significant FoR in vitro
[57, 58], nonetheless successfully treats C. difficile-associated disease since very
high concentrations can be maintained in the gut [59]. Essentially, this is an
example of dosing above the MPC. Such dosing can be done when the drug is
sufficiently safe so as to achieve very high concentrations at the infection site.
Fusidic acid is an inhibitor of protein synthesis elongation factor G (Ef-G) that has
been in use in Europe for many years in the oral treatment of S. aureus infections.
Mutations in the target gene fusA can arise and yield resistance. Cempra Inc., in a
trial for fusidic acid treatment of ABSSSi, is investigating the use of a loading dose
of fusidic to kill off the pre-existing resistant mutants. Dosing above the MPC has
been endorsed by many experts [60–63]. This dosing requires careful attention to
the pharmacokinetic/pharmacodynamic (PK/PD) parameters for each drug, as well
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as the reimagination of the concept of MIC breakpoints, perhaps evolving to an
MPC breakpoint.
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Avoiding Resistance by Multiple Target-Ligand Interactions

If resistance due to changes in the target-binding site is significant, it may be
possible to reduce the FoR by increasing binding affinity for example by adding
ligand-target interactions. This outcome was the aim in the development of
iclaprim, a derivative of trimethoprim, an inhibitor of dihydrofolate reductase
(DHFR), which is not yet registered. POL7080 (murepavidin) is a peptide mimetic
targeting LptD of P. aeruginosa, a protein involved in translocation of lipopolysaccharide to the outer membrane, and is also in development. Murepavidin has an
FoR of 1010 [64]. Mutants contain an 18-bp duplication that apparently prevents
compound binding. Presumably the lack of single-base-change resistance mutations
is due to the multiple target-ligand interactions of this peptide mimetic.
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3.2.4

Narrow Spectrum Agents

Other single-target agents are under development including those inhibiting FabI
and LpxC. Inhibitors of LpxC (UDP-3-O-[acyl]-N-acetyl glucosamine deacetylase,
the first committed step in Lipid A synthesis) are subject to various resistance
mechanisms depending upon the species being inhibited [65, 66]. However, it
appears that resistance in Pseudomonas aeruginosa is infrequent and due either to
increased efflux or increased LpxC expression, generally leading to MIC increases
of two- to fourfold (with exceptions) [67]. It may be possible to engineer compounds less susceptible to efflux and/or increase potency such that the compound
can, if sufficiently safe, be dosed above the MPC. Thus, P. aeruginosa-directed
LpxC inhibitors are a stated goal of Achaogen [68]. FabI, enoyl-ACP reductase, an
essential enzyme in fatty acid synthesis in some bacterial species, is the target of the
anti-S. aureus-compound, Debio1452 (AFN-1252) [69]. As this compound is being
developed for a single species, the potency attained can be very high, due to the
possibility of developing very tight binding inhibitors to the single isoform of the
enzyme rather than to the many homologues requiring coverage for broad spectrum
targets. Indeed, the MIC of this compound against S. aureus is ~3.9 ng/mL.
Resistant mutants map solely to two sites in fabI and can raise MICs significantly,
from 3.9 ng/mL to 250–500 ng/mL [70, 71]. These mutants appear fit. However,
these MICs are easily covered by standard dosing regimens of the compound and so
should not give rise to rapid resistance in the clinic.
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3.3

Leveraging Single Targets by Truly Assessing
Combinations

In the areas of M. tuberculosis, HIV, HCV, and cancer, treatment with combinations of multiple single agents has become the norm. In the case of the infectious
agents, while such combinations may be directed toward covering important subpopulations (such as persisters or non-growing MTB cells), these therapeutic
regimens have been optimized over time, by addition of new classes of drugs, to
reduce rapid selection of resistant mutants to which each of the individual drugs is
subject. This process proceeded with the serial introduction of the first and following drugs for each of these pathogens, followed by appearance of resistant
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organisms. The histories of these drug regimens against HIV [72–76], HCV [77–
80] and TB [81] show a progression to the use of three or four moieties as standard
therapy. This progression is in contrast to the history of therapy of more “standard”
(non-mycobacterial) bacterial pathogens, where the systemic agents available were
not subject to rapid high-level target-based mutational resistance in the pathogen.
Those standard antibiotics (including β-lactams, vancomycin, the ribosomallytargeted natural product antibiotics such as tetracycline, chloramphenicol, erythromycin, as well as the synthetic fluoroquinolones) have multiple targets or inhibit the
products of multiple genes or a pathway. I believe this multitargeting is responsible
for the low frequency of high-level target-based resistance [9, 23, 25]. As the
discovery paradigm for standard pathogens changed in the late 1990s to wholesale
pursuit of novel essential enzyme targets (as theoretically discovered through
genomics), the benefits of multi-targeting were underemphasized. While not proven
for every such inhibitor of single enzymes, single-targeted inhibitors (when tested)
do select resistance in a single-step. Thus, in light of successful combinations of
single-targeted agents for therapy of TB, HIV and HCV, it would seem reasonable
to test this approach for standard pathogens, treating with combinations of singletargeted agents. If it is possible to evolve successful combinations of two or three
single-targeted drugs to treat the ESKAPE pathogens, for example, then the whole
of antibacterial discovery could return to the pursuit of single-targeted agents with a
rational path to development and deployment – albeit one which would require
regulatory buy-in and most probably, cooperation of inventors to pool the agents.
There is a great deal of literature on the clinical use of combinations of the
classical (mostly multi-targeted) antibiotics to treat problematic, even MDR, infections, with varying results. Success may be based on synergistic activity, sensitization by one sub-inhibitory drug of another, or other, not well understood,
mechanisms. But the idea of developing and using combinations of single-target
agents against important standard bacterial pathogens in order to prevent resistance
development has not been tested much. Exceptions include the use in animals and
humans of combinations of various single targeted-agents, like rifampicin, fusidic
acid, trimethoprim or novobiocin to treat MRSA infections [82–85], and the long
standing use of combinations of trimethoprim and sulfamethoxazole, the combination of two inhibitors of the bacterial folate pathway [86].
While the hypothesis that combinations of single-targeted antibiotics should
reduce resistance development in standard pathogens has been much discussed,
there has been little direct testing of this in vitro with suitable controls. Recently,
however, it was shown that targeting two different tRNA synthetases with a
combination of inhibitors does lead to a great reduction in resistance frequency
in vitro, as expected [87]. The authors showed that inhibitors of isoleucine,
leucine and methionine tRNA synthetases (mupirocin [88], epetraborol (AN3365/
GSK2251052) [26], and bederocin (REP8839/CRS3123) [89], respectively) which
have high (107 to 108) resistance frequencies, show <1012 frequencies when
combined pairwise.
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There have been a large number of HFIM studies of PK/PD and resistance
development of combinations of single targeted agents in TB, for example [90–
92]. Drusano et al. [63, 93] argue cogently for the use of PK/PD methods to
approach ways of suppressing resistance development during monotherapy and in
combination therapy. They consider both mouse models and hollow-fiber infection
models (HFIM). It is explicitly proposed [93] to study combinations of antibiotics
in order to suppress resistance emergence, using both standard classes of antibiotics
but also preemptively studying combinations which might be used with new agents
under development. I would expand this to include testing by HFIM (and, if
possible, animal models) of as many of the published, validated single-target
inhibitors as are available, in combinations both pairwise and in higher multiples.
Table 1 lists a number of validated inhibitors subject to single mutations that
significantly raise MICs. They could be used for testing in combinations against,
for example, S. aureus, E. coli, H. influenzae, P. aeruginosa and permeable strains
of E. coli and P. aeruginosa.

3.3.1

Problems that could Compromise Combinations

It should be noted that the feasibility of combination therapy in standard pathogens
is not a given. The concept behind the use of combinations to avoid rapid resistance
selection is based on initial killing (or growth inhibition) of pre-existing resistant
mutants in the starting population, such that one drug will kill off the mutants
resistant to the other. Theoretically, if the pre-existing rate is 108 per cell per
generation, then for a combination of two drugs, a pre-existing double mutant
should arise at the rate of 1016. As noted above, mutators are enriched among
clinical isolates and can lead to increased resistance [37, 39, 40, 124]. This increase
could require that more than two components be used in the combination. Two
drugs might suffice to prevent rapid resistance during therapy, but over time if the
level of either drug becomes insufficient, single mutations could arise in the
surviving population (perhaps among persisters) that would then provide a
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LpxC

Target
Cell wall
MurC
MurA
MraY
MurG
PBP2
Dxr
TarG
Cell division
FtsZ
MreB
Lipoprotein/lipid
LolC E
LspA
Fab I
CoaD (PPAT)

Target/
overexpression
Target

Target
Target
Bypass, efflux,
upcopy

Target
Bypass
Target
Target

Target
Target

Target
Uptake
Uptake
Target
Target
Uptake
Bypass

Resistance
mechanism

Yes
Unk
Unk
Yes
Yes
Yes

108 to 3  108
5  109
106 to 2  107 (Ec tol)
107
1010 to 2  109
107 to 109

Yes
Yes

109 to 2.3  1010 in Sa
6  109

Yes
Yes
Yes

Unkc
Yes
Yes
Unk
Yes
Yes
Yes

109
107 to 108 (Ec)
2  106 to 108
107
NAd
NAe
106

<109
108 to 109
1.5  108 to 3.4  108
(Pa)

In vivo?b

Resistance frequency

Table 1 Compounds subject to single step mutations to resistance for testing in combinations

[111]

[110]

[107, 108]
[109]
[67]

[103]
[104]
[105]
[106]

[100, 101]
[102]

[94]
[55]
[95]
[96]
[97]
[98]
[99]

Reference for
resistance
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Sa, Ec tol
Sa
Sa, Hflu
Sa, Ec lpx

Sa
Sa, Ec tol
Sa
Ec, Pa
Sa, Ec tol
Ec
Sa
Sa

Sa
Ec lpx tol

Nargenicin
EMAIPU
Adenosine analogs
Rifampicin

LFF571
Fusidic acid
Nocathiacin
GSK2251052
Mupirocin
PPD-2
REP3123
GSK1322322

ADEP4
Ribocil

Target
Target

Target
Target
Target
Target
Target
Target
Target
Bypass

Target
Target
Target
Target

Yes
Yes
Yes
Yes
Yes
Yes
Unk
Yes
Topical
Unk
Unk
Yes
Yes
Yes

109
NAd
NAd
107 to 108
1.2  109 to <3  1011f
107 to 108
107 to 109
1  107 to 4  107
8  108
3.3  109
107 to 108
5  107 to 6  108
1  106
1  106

[122]
[123]

[116]
[115, 117]
[118]
[26]
[88]
[119]
[120]
[121]

[112]
[113]
[114]
[115]

Mini spectrum: Active on E. coli (Ec), P. aeruginosa (Pa), H. influenza (Hflu) and permeable strains: tolC E. coli (Ec tol), P. aeruginosa efflux deletion
(Pa effΔ), E. coli lpxC (Ec lpx), E. coli tolC lpx C (Ec lpx tol)
b
Reported in vivo activity
c
Unknown whether compound has in vivo activity
d
Not available but target mutations obtained
e
Not available but should be same as fosfomycin
f
In C. difficile

a

DnaE
PolC
Lig
RpoB
Protein synthesis
Tuf (Ef-Tu)
FusA (Ef-G)
RplK (L11)
Leu-RS
IleRS
ProRS
metRS
PDF
Other
ClpP
FMN
riboswitch
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background in which resistance to the second drug was possible. It seems important, but remains to be tested and proven, that combinations to retard resistance
development would require matched pharmacokinetics of all drugs in the combination such that there is no time in which coverage is by a single drug only. A fixed
dose of all components would be desired for both physician ease-of-use and patient
compliance.
Treatment with multiple compounds could have further liabilities: possible
increased toxicity, deleterious drug-drug interaction, and direct antagonism due to
incompatible mechanisms of action. Antagonism between inhibitors may not be
evident at the MIC level but could be seen in reduction in killing. For example, the
killing effect of β-lactams is counteracted by drugs that inhibit protein synthesis.
Projan has noted [125] that successful drug targets are not necessarily enzymes
(which require very strong inhibition) but may be those functions that, if inhibited,
interfere in a dominant way with cell viability – that is, they act as poison
complexes. He notes that these targets include those whose inhibition leads to
“stimulating autolysis, causing protein misfolding, stalling ribosomes on mRNA”.
I would add to this list DNA breakage, as exemplified by the fluoroquinolones
acting on topoisomerases. These activities would still be subject to resistance, but
their action might be subject to antagonism by inhibitors of other pathways that
prevent those killing activities. Thus the effects of combinations on MBC and on
killing must also be taken into account.
A tendency in considering the use of combinations of antibiotics is to favor
combinations synergistic in terms of potency. But for this resistance-prevention
use, synergy might add to selective pressure for resistance mutations, as the
synergistic increase in activity would be reduced by mutations yielding resistance
to one member of the combination. The idea that synergy can select for resistance
mutations has been explored by Kishony’s group [126]. In fact, that group demonstrated that antagonistic (as opposed to synergistic) interactions can even suppress
resistance selection [127, 128]. Thus, choice of drugs in a combination must take
into account intracellular drug interactions. Perhaps systems biology can uncover
the right combinations of targets to be hit in order to effect sufficient antagonism to
retard resistance. On the other hand, “right combinations” could be identified by
empirical means.

4 Old Targets new Chemical Matter
The emphasis in antibacterial discovery since 1995 has been the pursuit of inhibitors of “new targets”, previously “unexploited” by marketed drugs. The motivation
behind this emphasis is that inhibitors of such targets should not be subject to crossresistance with drugs in the clinic. While resistance to the drugs in current use is in
some cases target-based, it is more often based on the chemical nature of the
compound. Further, since much of the history of antibacterial discovery involved
empirical (kill-the-bug) screening, all possible killing targets were ostensibly
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screened. What resulted was not obviously biased against or for specific targets but,
in the case of natural products screening, was biased towards those targets
(or receptors) selected by nature. Nevertheless, the advent of whole genome
sequencing led to the search for new targets. Criteria for target suitability have
traditionally included (1) essentiality to the pathogen, (2) non-homology with
mammalian enzymes/targets, (3) “druggability”, and (4) low likelihood of crossresistance with existing classes. This list should be expanded to include (5) preference for an accessible location (see below, text on the entry problem) and (6) low
probability of rapid resistance selection. Such rapid resistance can include resistance mutations in the target itself, or the appearance of bypasses and redundancies
that might be accessed by regulatory changes or single mutations. As noted above,
good antibacterial targets (as identified by successful monotherapeutic systemic
drugs) are generally not the product of a single gene. It has been proposed that the
already-exploited targets for antibacterials are likely to be privileged and thus are
already so-called “multitargets”. These targets are different from the 160 or so
broad-spectrum essential gene products that have been noted as targets of interest
[7]. If we accept that the 30–40 established targets [5] are privileged, it seems
reasonable to continue to search for inhibitors of these targets among novel
chemical matter with the purpose of finding new inhibitors that are not crossresistant with old, and that do not themselves select for single-step resistance.
The classical targets worth attacking with new chemical matter include the cell
wall pathway, rRNA of ribosomes, Lipid II, and Gyrase/Topoisomerase IV. Targets
in the cell wall pathway have been reviewed [129–132]. The penicillin-binding
proteins (PBPs) are demonstrated and the Mur-ligases are potential multitargets.
Recent work from the Mobashery-Chang group has focused on novel oxadiazole
compounds, unrelated to β-lactams, that inhibit PBPs and are active in vitro and
in vivo against S. aureus including MRSA [133, 134]. Work toward finding
developable inhibitors of multiple Mur-ligases has been in progress for many
years, notably in the Tomasic group. Reported multi-Mur-ligase inhibitors – for
an example, see [135] – have been discovered, but show only very limited wholecell activity. Lipid II is an intermediate in the synthesis of peptidoglycan and is the
target of the glycopeptides. It is the product of a single pathway. No single
mutations in pathway members are likely to yield high-level resistance. A new
Gram-positive inhibitor, teixobactin, targets both Lipid II and Lipid III, the lipid
involved in teichoic acid synthesis. As expected, resistance to teixobactin has not
been observed in vitro [136, 137]. Ribosomal targets have been reviewed recently
[138] and chapters in this book cover the oxazolidinones and tetracyclines. Novel
ribosomal inhibitors in the clinic include the systemic compound lefamulin being
developed by Nabriva [139, 140]. Under preclinical study are the 50S subunit
targeted ESKAPE pathogen compounds of Melinta therapeutics [141] and the
Gram-negative 30S ATI-1503 (a negamycin derivative) of Appili Therapeutics [142].
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Probably the most popular set of multitargets are the bacterial type II
Topoisomerases, DNA Gyrase and Topoisomerase IV. The fluoroquinolones target
the A subunits of both enzymes (GyrA and ParC). Efforts toward finding new
inhibitors of these enzymes that target sites separate from those targeted by the
fluoroquinolones have been widespread and are addressed [143]. Non-fluoroquinolone
Inhibitors of the topoisomerases that are in the clinic include zoliflodacin (ETX0914/
AZD0914), a spiropyrimidinetrione being developed by Entasis for treatment of
uncomplicated gonorrhea [140, 144]; and gepotadacin (GSK2140944), a triazaacenaphthylene being developed by GSK for cUTI, uncomplicated gonorrhea and
community acquired bacterial pneumonia [140, 145].
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The concept of conjugating two antibiotics to make a hybrid molecule, active
against the targets of each of the components and potentially less subject to
resistance than either component, has been explored for many years [146]. One
compound, originally discovered by Cumbre Pharmaceuticals, is a hybrid of
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rifampicin (an RNA Polymerase inhibitor) and a quinolizinone (a topoisomerase
inhibitor, similar to a fluoroquinolone). The compound (TNP-2092) is now
under preclinical development by TenNor Pharmaceuticals for the treatment of
prosthetic-joint infections [147]. A hybrid of a quinolone and an oxazolidinone,
Cadazolid, is being developed by Actelion for treatment of C. difficile-associated
disease [58, 140].
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5 The Entry Problem
5.1

Gram Positives: Cytoplasmic Membrane Transit

Some classes of Gram-positive antibiotics, such as the β-lactams and glycopeptides,
have extracellular targets and hence do not require membrane passage for activity.
However, most of the catalogued potential genomic targets are located in the
cytoplasm, as are the targets of many antibiotics in clinical or veterinary use.
Obviously, to reach the cytoplasm requires properties that allow permeation of
the cytoplasmic membrane. Chemical properties associated with diffusion through
membranes have been uncovered, mostly based on studies with mammalian cells,
synthetic membranes and liposomes. Diffusion through lipid bilayer membranes is
correlated with optima of size and lipophilicity, and it is the neutral species of
ionizable compounds that are preferred for entry [148].
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Lipinski and co-authors formulated a set of guides (the Rule of 5 or Ro5) [149]
for the properties of drugs that are orally bioavailable due to permeability through
intestinal membranes via diffusion. Oral absorption is more likely with compounds
that have fewer than 5 H-bond donors, 10 H-bond acceptors, a molecular weight
(MW) less than 500 Da, and calculated Log P (CLogP) that is less than 5 [149]. Variations of this rule also specify fewer than 10 rotatable bonds and polar surface area
equal to or less than 140 Å2 [150]. These “rules” have heavily influenced the
composition and physicochemical characteristics of many/most industrial chemical
libraries. Lipinski noted that the outliers (drugs that do not follow the Ro5) among
the 2,245 orally active compounds used to generate the rule were antibiotics,
antifungals, vitamins, and the cardiac glycosides. He postulated that this result
was due to their ability to act as substrates for (intestinal) transporters. Later
publications note that “substrates for transporters and natural products are exceptions” to the Ro5 [151, 152]. It has been argued that focus on oral bioavailability in
drug discovery and expansion of chemical screening libraries to follow the Ro5 has
perhaps retarded the process of drug discovery in general, as has avoidance of
natural products and their semisynthetic derivatives, as they form a large percentage of successful drug classes (34% as of 2007) [152]. But the Ro5 may well be
useful in identifying compounds capable of diffusion through lipid bilayer membranes in general, even though the lipid composition of membranes can vary greatly
from species to species.
Clearly, there are orally-active, cytoplasmically-targeted, often large, natural
product antibiotics that are among Lipinski’s outliers and do not obey the Ro5, but
appear to enter cells by diffusion, without the intercession of active transporters.
These include erythromycin, fusidic acid, tetracycline, rifamycin, novobiocin,
efrotomycin, and others. Although there may be mammalian transporters for
these compounds (as proposed by Lipinski), it appears that these non-Ro5 compounds can diffuse through Gram-positive cytoplasmic membranes. Thus, some
natural products have evolved to solve the membrane diffusion problem in ways
outside the Ro5. For example, erythromycin and tetracycline [153, 154] although
possessing many H-bond donors and acceptors (5 and 7 H-bond donors and 14 and
10 H-bond acceptors for erythromycin and tetracycline, respectively) may undergo
intramolecular H-bonding [155]. Furthermore, the pKa values of these protonatable
groups are such that the molecules are ionizable to the extent that neutral species
can exist at pH 7.4 in aqueous solution [153], and it is these species that can diffuse
through the bilayer. Perhaps further rules could be derived for these larger natural
products from QSAR studies of their permeability characteristics.
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On the other hand, if molecules do adhere to Ro5, do they automatically enter the
cytoplasm? Not necessarily. As an example, meropenem has no Lipinski exceptions
but is unlikely to enter the cytoplasm due to its hydrophilicity [156]. It would be
useful to formulate rules, or to compile exceptions, that could guide optimization of
compounds for Gram-positive entry. Historically, if activity against the isolated
cytoplasmic antibacterial target is measurable, then a rough estimate of relative
permeation of the cytoplasmic membrane may be obtained for a series of inhibitors
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by inspecting the ratio of MIC to IC50 or Ki of the inhibitor. However, in the
absence of measurable activity against the target (or complete impermeability),
obviously no ratio is obtained. Thus, there has not been much work measuring the
rate or extent of uptake of a compound in the absence of activity. Recently, a
number of methods have been described for this evaluation using liquid
chromatography-mass spectrometry (LC-MS) [157, 158] and Raman spectroscopy
[158, 159]. As noted below, the measurement of entry into Gram-negatives is
complicated by the necessity of determining the compartment of accumulation.
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5.2

Gram Negative Entry Barriers

Many reviews have discussed the barrier functions of Gram-negative bacteria [160–
164]. In simplest terms, Gram negatives (like Gram-positives) are bounded by a
cytoplasmic membrane (CM) but in addition a second “outer membrane” (OM),
which consists of an asymmetric bilayer comprising an inner phospholipid leaflet
and an outer leaflet of lipopolysaccharide. The sieving properties of these two
membranes are largely orthogonal. The cytoplasmic membrane favors passage of
neutral lipophilic compounds, while the outer membrane allows passage of small
hydrophilic, charged compounds through water-filled protein channels called
“porins”. This orthogonality makes it problematic to create compounds with physicochemical properties suitable for crossing both barriers. Additionally, powerful
efflux pumps can remove compounds from the cytoplasm or periplasm. Their action
is synergized by the low permeability of the outer membrane [165]. The variety of
pumps and the relative promiscuity of some of them make it difficult to rationally
avoid efflux, while allowing accumulation in the cytoplasm and/or periplasm.
Clearly, there are compounds that have the right combination of properties to
allow cytoplasmic entry by passive diffusion, but that collection of antibiotics
arriving in the Gram-negative cytoplasm is quite small (in the low hundreds,
representing few chemical classes). Do these compounds share chemical characteristics that enable their entry? The search for rules or guidelines for endowing
small molecules with entry ability has been frustrating [164, 166].
Recently, the Innovative Medicines Initiative (IMI) TRANSLOCATION consortium and a number of academic groups have been working on the problem of
Gram-negative entry, attempting to dissect the various contribution to barrier
function of efflux, porins, and membrane bilayers [162, 167–169]. It may be that
there is a set of physicochemical parameters that favor the diffusion of compounds
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into the cytoplasm, past the various barriers [163, 170–172]. In a recent article I
suggested that the set of compounds which appeared to enter the cytoplasm by
diffusion were characterized as having relatively high polarity, with a cLogD
between 4 and +2, and MW less than ~500 Da. They are either neutral, or have
a net charge of 1 [163]. This analysis must be extended to include more physicochemical descriptors. However, the paucity of compounds known to arrive in the
Gram-negative cytoplasm limits meaningful analysis. To approach the problem
productively requires methodology to measure the accumulation of a large number
of compounds in various compartments by activity-independent means. Published
methods for analysis of compound localization include an LC/MS method for
measuring accumulation of ciprofloxacin [157] and two single-cell methods, one
employing tunable UV excitation combined with light microscopy [173] and
another using C60-secondary ion MS [174]. The exquisite sensitivity of LC-MS
analysis was applied recently to an ensemble of antibacterial structures to identify
the structural similarities among the compounds that accumulate within the E. coli
bacterium [175]. Accumulation coincided generally with compounds that were
rigid, had low globularity, and that paired hydrophobic structure with a sterically
unencumbered amine (thus, having positive charge at physiological pH). Application of these principles to the selective Gram-positive gyrase inhibitor, deoxynybomycin (left structure), gave an analog (right structure) now having Gramnegative activity (MIC values for the racemate of 0.5–16 μg/mL, depending on
strain). Moreover, the analog retained the Gram-positive activity [175]. The basis
for attacking the problem of Gram-negative entry, and proposals for solutions, is
reviewed in the Pew Scientific Roadmap for Antibiotic Discovery [176, 177].
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5.2.1

Other Routes of Gram-Negative Entry

It seems that some antibiotics do arrive in the cytoplasm by passive diffusion. But
other antibiotics use other various routes that could be emulated. Figure 1 summarizes routes of cytoplasmic entry, including the route of transit of the outer membrane by porins and the cytoplasmic membrane by diffusion (Route A in Fig. 1).
Many natural product antibiotics can enter the Gram-negative cytoplasm via the
active transporters that the cell deploys for the uptake of small, generally hydrophilic, molecules and to which the cytoplasmic membrane is minimally permeable.
These natural products may cross the outer membrane through porins, or by use of
facilitated diffusion pores (Route B). As described in an earlier section, fosfomycin
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Fig. 1 Routes to the cytoplasm. A Entry through OM via porins and diffusion through
CM. B Diffusion through porins, active transport through CM. C Self-promoted uptake of cations
through OM; C1 CM passage via Δψ or C2 clustering of anionic lipids with passage at clusteredges. D Diffusion of hydrophobic molecules through both OM and CM. LPS lipopolysaccharide,
O-Ag O antigen, OM outer membrane, CM cytoplasmic membrane

is transported to the cytoplasm by either of two permeases, GlpT or Uhp. Loss of
permease function leads to rapid resistance: but, in this case, the resistant mutants
are not fit in UTIs. The oligopeptide permease, Opp, can transport pacidamycin, an
inhibitor of the MraY enzyme, but high-level resistance to pacidamycin arises at
very high frequency via mutations in opp [95].
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Facilitated transport across the outer membrane, notably via siderophore
re-uptake mechanisms has been exploited to import into the periplasm antibiotics
to which iron-binding moieties such as catechol have been attached. Thus far a
number of such efforts have demonstrated rapid resistance development, adaptive
or mutational, due to its use of the siderophore uptake mechanism [178, 179]. However, at least two such agents using this method for periplasmic entry are still under
active study [180, 181]. It is certainly worth pursuing the avenue of endowing
antibiotics with the ability to use natural permeases and uptake pathways, (so-called
Trojan horse approaches). Again, care should be taken to critically test for resistance emergence, not only in vitro but also in vivo. Permease loss could affect
fitness of resistant mutants in the host and high FoR in vitro might discourage
development of a useful compound.
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A different route of cytoplasmic entry is by certain cationic compounds which
can mediate their own passage through the outer membrane by means of “selfpromoted uptake” [182] (Route C) and then cross the cytoplasmic membrane by
less well understood mechanisms, such as that promoted by the Δψ component of
the proton motive force (Route C1) or via clustering of anionic lipids in the
cytoplasmic membrane leading to disruptions at the edge of such domains [183]
(Route C2). Aminoglycosides are among the compounds using this route. The
precise structural and physicochemical characteristics of such compounds are ripe
for study. An understanding of the requirements for their entry could add another
set of rules for entry.
Finally, it has been noted that early work showing very poor penetration of the
outer membrane by hydrophobic molecules was likely compromised by the existence of efflux pumps, which were unknown at the time. Thus Plesiat and Nikaido
have presented data showing that highly hydrophobic molecules can transit the
outer membrane bilayer via the “hydrophobic route”, not via porins, albeit slowly
[184]. Such compounds, if they could avoid efflux, should easily enter the cytoplasm by diffusion.

5.2.2

Make new Gram-Negative Libraries

If chemical rules can be derived for any routes of entry, it should, from this
microbiologist’s point of view, be possible to create chemical libraries with the
desired characteristics within which to screen for antibacterial activity, whether
phenotypically or against in vitro targets. However, compounds in the cLogD range
of 4 to +2 are poorly represented in corporate compound libraries, as this cLogD
range does not match that for eukaryotic drug targeting. Initially such compounds
might be gleaned from existing libraries industrial and commercial sources.

6 Natural Products
In the foregoing sections I’ve highlighted the target and entry problems which I feel
are pre-eminent and which, if surmounted, will lead us to future antibiotics. Now let
us address briefly the old source, natural products (NPs). But first a caveat: it is easy
to kill bacteria with agents both synthetic and natural, but it is rare to find
compounds whose toxicity is sufficiently selective to produce an acceptable therapeutic index. Microbial NPs have indeed been the source of the majority of our
antibiotics, and were discovered for the most part by empirical means. While
penicillins are indeed fungal products, the β-lactamase synthetic genes were apparently imported from Actinomycetes [185], which are the major source of antibacterials and in my opinion should remain the preferred producers to be exploited.
Antibacterial agents are produced by many Kingdoms, but I would propose that the
bulk of non-bacterial NPs are generally toxic to species unrelated to the producer,
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while bacteria produce at least some antibiotics that are more selectively toxic,
perhaps so the producers can co-evolve resistance mechanisms.
The value of NPs lies in the possibility of novel chemistry that has evolved
through selection by forces not well understood by us to create optimized ligands
for receptors we are left to define. One may regard NPs as just another chemical
library, but a library incorporating chirality, fused rings, 3-dimensionality, and
polar nitrogen and oxygen-containing functional groups. In short, a library that
can be used to identify inhibitors of one’s favorite antibacterial target. On the other
hand, commercial development requires that structural novelty is found amidst the
commonly found antibiotics. The process of narrowing the hits to those hits having
novelty is called dereplication. It is the rate-limiting step of the process of NP
antibacterial discovery. Dereplication has been addressed traditionally by biological and chemical methodologies [186–189] and also by the use of hypersensitivephenotypic screens [190–193]. Hypersensitive screens are whole-cell screens
designed to detect active compounds at concentrations below the MIC. Numerous
recent reviews have addressed new methodologies for detection and discovery of
novel antibiotics, especially by genome mining and by accessing previously
unculturable producing organisms [194–199]. The subject is too vast for further
discussion here, except to note the discovery of teixobactin, a novel inhibitor of
Lipid II and III, through screening of unculturable organisms [136, 137] and of
platensimycin and platencin [200, 201], by hypersensitive screening for inhibitors
of FabF. They have not been developed as yet, but they represent the possibility of
finding novelty among NPs.
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7 Conclusion
Recently, the recognition of increasing antibiotic resistance has led to strong
interest in the area of antibacterial discovery, yielding many policy statements
from governments and NGOs promoting the need for discovery of new antibacterials to replenish the pipeline. This recognition has spurred increases in funding and
a variety of efforts, mostly in academe and small companies, toward discovery of
new ways to attack resistant pathogens. While many such efforts have been directed
toward improvements to old antibiotic classes, there are inroads into novel areas,
some new targets and new chemistry. This progress is illustrated by the recently
revealed first round of funding by the CARB-X initiative supporting preclinical
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development of a variety of molecules which include “3 potential new classes of
antibiotics, 4 innovative non-traditional products and 7 new molecular targets”
[202]. In this chapter, rather than reviewing in detail the current discovery programs
(as appear in the literature, at meetings, and on websites) I have instead approached
the subject of future antibiotics by noting the scientific problems that must be
overcome in order to produce new successful drugs. While I have trodden this
ground repeatedly in previous reviews (copiously referenced herein), it has been my
experience that defining the problem is the important first step to solving the
problem. I have emphasized the need to address the probability of rapid resistance
development early on in the discovery process, preferably at the stage of target
choice. I view the optimization of combinations of single-target inhibitors as a path
to readdressing target-based discovery in the antibiotic field. Additionally, the
problem of entry of compounds into the bacterial cytoplasm, especially of Gramnegatives, must be solved in order to fully address the need for new Gram-negative
agents. Finally, I believe antibacterial natural products still offer a wealth of novel
possibilities, which should be addressable by new methods along with hypersensitive screening. The future of antibiotics lies in addressing these obstacles.
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