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Platforms for antibiotic discovery

Kim Lewis

Abstract | The spread of resistant bacteria, leading to untreatable infections, is a major
public health threat but the pace of antibiotic discovery to combat these pathogens

has slowed down. Most antibiotics were originally isolated by screening soil-derived
actinomycetes during the golden era of antibiotic discovery in the 1940s to 1960s.
However, diminishing returns from this discovery platform led to its collapse, and efforts
to create a new platform based on target-focused screening of large libraries of synthetic
compounds failed, in part owing to the lack of penetration of such compounds through
the bacterial envelope. This article considers strategies to re-establish viable platforms

for antibiotic discovery. These include investigating untapped natural product sources
such as uncultured bacteria, establishing rules of compound penetration to enable
the development of synthetic antibiotics, developing species-specific antibiotics and
identifying prodrugs that have the potential to eradicate dormant persisters, which are

Persisters

Metabolically quiescent cells
that neither grow nor die when
exposed to bactericidal
concentrations of antibiotics.

High-throughput screening
(HTS). An automated
instrumental process for
detecting the binding or
activity of hundreds of
thousands of compounds to
an isolated receptor target

or whole cells, thereby
identifying worthwhile

leads for development.

Rational drug design

A strategy by which drug
molecules are developed
based on the analysis of the
three-dimensional structure
of a protein interacting with
aligand.
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often responsible for hard-to-treat infections.

In the absence of an effective platform for antibiotic dis-
covery, the rise and spread of resistant pathogens goes
unchallenged. An increase in the occurrence of chronic
infections — a side effect of medical intervention — pre-
sents an additional challenge: these diseases are often
untreatable owing to the presence of antibiotic-tolerant
persisters (BOX 1).

There is a very low probability of successfully develop-
ing an antibiotic from a lead compound identified in pre-
clinical studies, and so it is essential to have platforms that
are capable of reliably generating lead compounds. Nearly
all antibiotics in use today are compounds that were dis-
covered during the 1940s to 1960s — the golden era of
antibiotic discovery — or their derivatives. Most of these
compounds were discovered by screening soil-derived
actinomycetes, but natural product discovery became
impractical owing to the increasing difficulty of identify-
ing new classes of antibiotics against the background of
known compounds. Unfortunately, efforts that began in
the 1990s to develop high-tech platforms as new sources
of antibiotic leads — such as high-throughput screening
(HTS) against defined targets and rational drug design —
failed owing to issues such as the challenges associated
with identifying synthetic compounds that could effec-
tively penetrate bacterial cells.

Many gaps remain in our knowledge of antibiotics.
For example, we only know the targets for a small num-
ber of the thousands of natural antibiotics that have been
discovered (FIC. 1). It is unclear why some compounds

penetrate well into bacterial cells in general, and how
some can breach the more restrictive envelope of Gram-
negative species. Indeed, the presence of an effective
penetration barrier in bacteria and the paucity of novel
penetrating compounds are the two problems largely
responsible for the lack of progress in the field.

With such gaps and challenges in mind, this article
analyses the lessons learned from the golden era of
antibiotic discovery, considers factors that have been
responsible for the failure of the numerous attempts
to develop new platforms for antibiotic discovery
and proposes how effective platforms could either
be re-established or created. Such platforms could be
greatly facilitated by formulating rules of compound
penetration based on empirical measurements of
molecules crossing the bacterial cell envelope, which
would enable the construction of focused compound
libraries for antibiotic discovery through HTS as well as
structure-based rational design. We consider the use of
prodrugs — molecules that are converted into reactive
compounds inside bacterial cells and have the ability
to kill dormant persisters — and the resuscitation of
species-selective drug discovery, which was once a suc-
cessful platform for anti-tuberculosis (TB) compounds.
We also discuss reviving natural product discovery from
untapped sources of antimicrobials such as uncultured
bacteria, coupled with approaches to rapidly identify
novel compounds against a background of known anti-
biotic classes.
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Box 1| Antibiotic resistance and tolerance

The rise and spread of antibiotic resistance presents a unique challenge to both science and medicine. Today, the crisis
is epitomized by the spread of multidrug-resistant ‘ESKAPE’ organisms (Enterococcus spp., Staphylococcus aureus,
Klebsiella spp., Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp.)®’. Indeed, in the case of some
Gram-negative bacteria, such as A. baumannii, there are strains that are resistant to all currently available antibiotics®.

Antibiotics shut down or subvert essential cellular functions, and resistance mechanisms appear to exploit every
possible strategy of preventing a drug from hitting its target. The major types of clinically relevant resistance
mechanisms have been studied for a long time and are generally well understood (reviewed in REFS 3, 4) and are
shown in the figure. These include destruction of the antibiotic (for example, by f-lactamases); target modification
(for example, mutation in the 30S ribosomal protein RpsL confers resistance to streptomycin); as well as restricted
penetration and/or efflux of the drug (for example, efflux of linezolid by the AcrAB-TolC multidrug pump)®>#.

The same cannot be said about tolerance. The main culprit responsible for the tolerance of pathogens to antibiotics is
a specialized survivor — a persister®’®. Persisters are not mutants; they are phenotypic variants of actively dividing cells
produced stochastically in the population, and their relative abundance rises — reaching 1% — at the late-exponential
phase of growth®. Persisters are non-growing® dormant®*? cells, which explains their tolerance to bactericidal
antibiotics that depend on the presence of active targets for killing the cell®®. All of the pathogens examined so far form
persisters®, but the mechanisms underlying the formation of persisters is still largely unknown. Studies have shown,
however, that in the model organism Escherichia coli, toxin-antitoxin modules are the principal mechanism of persister
formation®”®, and that pathways of persister formation are highly redundant®®. Owing to this redundancy, a realistic
target for drug discovery has yet to be identified.

The significance of persisters and drug tolerance in the clinical manifestation of disease was recently demonstrated
when it was shown that elevated levels of persisters are selected for in the course of antimicrobial therapy in infections
caused by Candida albicans®” and Pseudomonas aeruginosa®. Persisters also have an important role in the development
of conventional antibiotic-resistant mutants. Persisters are killed only slowly, if at all, and resume growth when
antibiotic concentrations fall. The result is a relapsing infection with a large effective population size that favours the
development of resistance®. The importance of persisters in the recalcitrance of infectious diseases raises the bar for
drug discovery; there is an urgent need to develop therapies that effectively kill both actively dividing and dormant
pathogens. The figure is reproduced, with permission, from REF. 100 © (2002) Macmillan Publishers Ltd. All rights reserved.
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Figure 1| Targets of antibiotics. There are approximately 200 conserved essential proteins in bacteria, but the
number of currently exploited targets is very small. The most successful antibiotics hit only three targets or pathways:
the ribosome (which consists of 50S and 30S subunits), cell wall synthesis and DNA gyrase or DNA topoisomerase.
The figure is reproduced, with permission, from REF. 100 © (2002) Macmillan Publishers Ltd. All rights reserved.

Antibiotic discovery: a brief history

Although not widely appreciated, the genesis of the anti-
biotic crisis was the breakdown of the once successful
discovery platform introduced by Selman Waksman
in the 1940s'. The platform was simple: soil-derived
streptomycetes were screened for antimicrobial activity
against a susceptible test microorganism by detecting
zones of growth inhibition on an overlay plate'. The
method is similar to the serendipitous discovery of
penicillin by Alexander Fleming?. However, Waksman’s
application of a systematic screen is what made the dif-
ference between luck and a discovery platform, and this
method of discovering antibiotics earned him a Nobel
Prize. The screening of streptomycetes led to the discov-
ery of streptomycin (FIC. 2), the first effective compound
to act against TB and the first aminoglycoside. This
‘Waksman platform’ was widely adopted by the pharma-
ceutical industry and produced the major classes of anti-
biotics over the next 20 years (TABLE 1). But after 20 years

of success, the returns from the mining of soil-derived
streptomycetes (and other actinomycetes) diminished
owing to the rediscovery of known compounds, and so
the platform was abandoned.

In parallel to their discovery, resistance to antibiot-
ics by the target microorganisms was also emerging, but
modifications to existing antibiotics produced active
analogues. An excellent class of synthetic antibiotics,
the fluoroquinolones (FIC. 2), was developed in a small
focused project to optimize nalidixic acid — a rather
unremarkable lead compound — in the 1960s, and the
tempo of drug discovery seemed to be outpacing the
spread of resistance. However, this did not last. Since the
1960s, no new class of broad-spectrum compounds has
been discovered. Although several natural products or
derivatives have recently been developed and approved,
these are based on old discoveries (TABLE 1). The last clin-
ically useful antibiotic in a new class to be discovered
was daptomycin (in 1986), a lipopeptide that acts against
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Lipinski’s ‘rule of five’
guidelines

Guidelines (from Lipinski's
analysis of the World Drug
Index) identifying several key
properties that should be
considered for small molecules
that are intended for oral
delivery. These properties are:
molecular mass <500 Da,
number of hydrogen-bond
donors <5; number of
hydrogen-bond acceptors
<10; and calculated octanol—
water partition coefficient

(an indication of the ability of
a molecules to cross biological
membranes) <5.
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Figure 2 | The most successful antibiotic classes.
Compounds representing the broad-spectrum and
bactericidal antibiotic classes are shown; these
compounds hit multiple targets, diminishing the
probability of developing resistance. Ciprofloxacin
is a fluoroquinolone antibiotic that targets the related
DNA gyrase and DNA topoisomerase. Ampicillin

is a semi-synthetic B-lactam that targets several
penicillin-binding proteins that are responsible

for peptidoglycan synthesis. Streptomycin is an
aminoglycoside inhibitor of protein synthesis that
binds primarily to 16S ribosomal RNA, which is
encoded by several operons. Fluoroquinolones and
aminoglycosides can kill non-growing cells, whereas
B-lactams are only active against growing bacteria.

the bacterial cell membrane, but it was not approved
until 2003. And until last year, when a new drug for
TB, bedaquiline (Sirturo; Janssen Pharmaceuticals),
was approved (see below), the last class of narrow-
spectrum antibiotics (acting against a specific target)
to be discovered were the streptogramins (in 1964), but
these compounds were only introduced to the clinic
~30 years later.

By the 1990s, it became clear that our victory over
bacterial pathogens was an illusion, with resistance
spreading faster than the discovery of new antibiotics (a
classic example is the rate at which resistance is emerg-
ing for B-lactams; see BOX 2), and we found ourselves
in an alarming position of being on the losing side of
this war. The pharmaceutical industry responded to the
rise of antibiotic resistance by focusing on developing
synthetic antibiotics, and various high-tech approaches
were brought together to form a new platform based on

genomics, combinatorial chemistry, HTS and rational
drug design. It was thought that essential, conserved bac-
terial proteins identified through genomics would serve
as targets for HT'S and rational drug design with the aim
of producing novel antibiotics. However, not a single drug
with a reasonable spectrum of activity against important
pathogens emerged from this platform®. Although inhibi-
tors of targets were readily identified through in vitro
HTS, it proved very challenging to produce compounds
that were able to sufficiently penetrate the bacterial cell
wall to reach their targets, especially in Gram-negative
bacterial species. The adoption of Lipinski's ‘rule of five’
guidelines by the industry also posed challenges — anti-
microbials do not obey the rules. Antibiotics also have
an enhanced inherent risk of toxicity owing to the high
doses needed to achieve efficacy, and the returns on
investment are relatively modest (BOX 3).

As a result, research and development on antibiotics
went into severe decline and many larger pharmaceutical
companies left the field altogether. There has nonethe-
less been a continued stream (albeit slow) of derivatives
from old classes of antibiotics and there is no doubt that
novel compounds would have an even better chance of
being developed, given the growing recognition of the
urgent need for new antibiotics. Platforms to produce
such compounds — based on what we have learned from
the golden era of antibiotic discovery, and since then —
are presented below.

Why platforms?

Only two classes of synthetic antibiotics were developed
in the past 50 years: fluoroquinolones and oxazolidinones
(linezolid) (TABLE 1); only fluoroquinolones are broad-
spectrum. All other similar efforts focused on a given
series of compounds failed, which indicates that there
is an extremely low probability of discovering a drug
in the absence of a platform that is capable of churning
out leads. The situation with natural compounds is very
similar. Three novel natural products were introduced
as systemic drugs during the past 40 years: daptomycin?,
quinupristin—dalfopristin® and fidaxomicin®” (TABLE 1).
All three were considered to be insufficiently attractive
when they were first discovered, and the resurrection of
these compounds decades later was necessitated by the
lack of new leads.

This analysis suggests that if we want to efficiently
discover and develop novel antibiotics, we need to
develop reliable discovery platforms. There is another
argument in favour of platforms: combination therapeu-
tics. The first antibiotics to be introduced — penicillin
and streptomycin — were used as monotherapies. The
pathogens rapidly acquired resistance, necessitating
the introduction of drug combinations. An inhibitor,
clavulanic acid, was introduced to block the hydrolysis
of B-lactams by B-lactamases. Streptomycin was highly
effective against TB, until the pathogen acquired a muta-
tion in the 30S ribosomal protein RpsL. As new anti-TB
drugs were introduced, the mycobacterium acquired
mutations in the targets for each of these drugs and
this led to resistance®. It therefore became clear that a
standard course of therapy had to include several drugs
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Table 1| Timeline of the discovery and introduction of antibiotics

Antibiotic class;  Year of Year of Year resistance Mechanism of Activity or target
example discovery introduction observed action species
Sulfadrugs; 1932 1936 1942 Inhibition of Gram-positive
prontosil dihydropteroate bacteria
synthetase
B-lactams; 1928 1938 1945 Inhibition of cell Broad-spectrum
penicillin wall biosynthesis activity
Aminoglycosides; 1943 1946 1946 Binding of 30S Broad-spectrum
streptomycin ribosomal subunit activity
Chloramphenicols; 1946 1948 1950 Binding of 50S Broad-spectrum
chloramphenicol ribosomal subunit activity
Macrolides; 1948 1951 1955 Binding of 50S Broad-spectrum
erythromycin ribosomal subunit activity
Tetracyclines; 1944 1952 1950 Binding of 30S Broad-spectrum
chlortetracycline ribosomal subunit activity
Rifamycins; 1957 1958 1962 Binding of RNA Gram-positive
rifampicin polymerase bacteria
B-subunit
Glycopeptides; 1953 1958 1960 Inhibition of cell Gram-positive
vancomycin wall biosynthesis bacteria
Quinolones; 1961 1968 1968 Inhibition of DNA Broad-spectrum
ciprofloxacin synthesis activity
Streptogramins; 1963 1998 1964 Binding of 50S Gram-positive
streptogramin B ribosomal subunit bacteria
Oxazolidinones; 1955 2000 2001 Binding of 50S Gram-positive
linezolid ribosomal subunit bacteria
Lipopetides; 1986 2003 1987 Depolarization of Gram-positive
daptomycin cell membrane bacteria
Fidaxomicin 1948 2011 1977 Inhibition of RNA Gram-positive
(targeting polymerase bacteria
Clostridium difficile)
Diarylquinolines; 1997 2012 2006 Inhibition of Narrow-spectrum

bedaquiline

in order to have a realistic chance of success (the current
course of TB therapy is a combination of isoniazid, pyrazi-
namide and rifampicin). Moreover, the misuse of antibiot-
ics hasled to multidrug-resistant (MDR)- and extensively
drug-resistant (XDR)-TB, with pan-resistance to almost
all available compounds’. In retrospect, combining the
three antibiotics above into a single pill as soon as they
were approved would have probably kept them effective
for decades and prevented or minimized the development
of resistance.

Although we have the benefit of hindsight, there are
currently no proposals to introduce combinations of
several new antimicrobial compounds; this is unrealistic
given the virtual absence of novel compounds. Platforms
have the potential of changing this and largely solving the
problem of resistance. Once there is a reliable method for
discovering new compounds, this will enable the devel-
opment of drugs acting against multiple as well as single
targets — something that is currently beyond our reach
owing to the development of resistance — and allow the
production of combination therapies with lasting efficacy.

F,F,-ATPase activity

(Mycobacterium
tuberculosis)

The lack of good starting compounds is the main
problem, which underlies our suggestion to identify the
rules of penetration to revive the high-tech platforms.
But is it possible that existing libraries may harbour
useful compounds that have been missed? Are there
other approaches for rational drug discovery apart from
designing ligands that bind to and block targets? Is it pos-
sible to resuscitate Waksman’s platform? These questions
are examined in the sections below.

The prodrug platform

It is useful to consider a theoretically ideal antibiotic
from first principles and then decide whether it is real-
istic to produce it. The approaches that have been used
so far do not address the daunting challenge of kill-
ing persisters or the need for broad-spectrum activity.
With this in mind, one concept for an ideal antibiotic
is a highly reactive compound that kills all cells, includ-
ing persisters. In order to spare the host, the compound
must be delivered as a prodrug, and then a bacteria-
specific enzyme will activate it into a generally reactive
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Box 2 | History of the -lactams

The B-lactams — which encompass penicillins, cephalosporins, cephamycins,
carbapenems and monobactams — are the most successful class of antibiotics
developed so far, and the pace of their discovery and emergence of resistance
to these antibiotics is particularly illuminating.

Resistance to penicillin was recorded shortly after its introduction in 1945,
and traced to hydrolysis of the antibiotic by f-lactamase*’. A naturally produced
B-lactamase inhibitor, clavulanic acid, was discovered in 1976 (REF. 102) and
combined with -lactams. One of the most successful antibiotics currently on the
market is augmentin, which is a combination of amoxicillin and clavulanic acid.
Pathogens, however, continuously develop resistance by modifying or replacing the
target — penicillin-binding proteins — and acquiring new p-lactamases, probably
from soil-derived microorganisms8+1931%% As a result, we are reaching the fourth
generation of semi-synthetic -lactams. Novexell and AstraZeneca are also
developing a new B-lactamase inhibitor, avibactam, which is active against most

B-lactamases'®

and is currently in Phase lll trials (see the 18 November 2011 press

release on the AstraZeneca website). However, bacteria are counteracting these
efforts; metallo-B-lactamases (for which we do not have an inhibitor) have recently
emerged'®, as has the NMD-1 ‘New Dehli’ plasmid encoding a p-lactamase that
provides resistance to all -lactams'".

MDR efflux
Multidrug-resistant (MDR)
efflux; an active transport
system for the removal of
several structurally non-related
antibiotics from cells. The
major facilitator (MF) family

of MDRs are drug or proton
antiporters present in all
bacteria that are primarily
responsible for efflux of
hydrophobic cations and have
some role in protecting
bacteria from disinfectants,
but not from systemically used
antibiotics. The resistance
nodulation cell division (RND)
MDRs of Gram-negative
bacteria are very broad-
spectrum and will extrude
most amphipathic compounds.
These MDRs span the entire
cell envelope and extrude
compounds across the outer
membrane — the main
penetration barrier for
antibiotics.

molecule that will covalently bind to unrelated targets
(FIC. 3). Importantly, this mechanism creates an irre-
versible sink, largely resolving the issue of MDR efflux in
Gram-negative species, so the antibiotic is automatically
a broad-spectrum compound.

So, is there a realistic opportunity of identifying such
compounds? Several existing antibiotics— isoniazid,
pyrazinamide, ethionamide and metronidazole — closely
match the properties of this idealized prodrug antibiotic.
The first three drugs target Mycobacterium tuberculosis,
whereas metronidazole is a broad-spectrum compound
that targets anaerobic bacteria. All four compounds are
converted into active molecules inside bacterial cells and
covalently bind to their targets. It seems no accident that
prodrug antibiotics make up the core of the anti-TB drug
arsenal, as an ability to kill the pathogen — and not just
inhibit replication — is crucial for treating the disease.
M. tuberculosis evades the immune system by hiding
within macrophages, which makes it very hard to eradi-
cate the infection.

A perfect prodrug is nonspecific once activated, but
preferred targets have been identified for isoniazid,
ethionamide'™" and pyrazinamide'?, which indicates
that the activated drugs have a relatively limited reac-
tivity. Metronidazole is the only prodrug that forms a
highly reactive compound, which binds to different tar-
gets (such as proteins and DNA) and indeed has broad-
spectrum activity. Its use is, however, limited to treating
infections with Helicobacter pylori, Clostridium difficile
and other pathogens that live under microaerophilic
and/or anaerobic conditions, in which nitroreductases
— the activating enzymes for metronidazole — are
expressed.

It is interesting to note that all prodrugs were discov-
ered in the 1950s, when the global library comprised less
than 10,000 compounds. So, it seems that we once had a
discovery platform for prodrugs but then lost it, in spite
of an approximately 1,000-fold increase in the number

of available compounds. Why did this happen from the
1960s onwards? One possible reason why we lost the art
of finding prodrugs is because of the introduction of
advanced methods to eliminate nuisance compounds
such as detergents, redox agents and generally active
antiseptics that do not have a specific target. A common
validation step is the specificity test, whereby different
labelled precursors of biopolymers (such as amino acids,
nucleotides, fatty acids and sugars) are added individu-
ally to bacterial cells and the effect of a drug on label
incorporation is measured. A specific inhibitor rapidly
blocks label incorporation only into a given biopolymer
or, if the target is unknown, it has no effect. Nuisance
compounds block all label incorporation simultaneously.
According to this test, metronidazole is a nuisance com-
pound. This analysis suggests that screening for prodrugs
is a validated platform that is waiting to be revived.

The species-specific platform

The history of anti-TB drug discovery provides a com-
pelling case for the development of species-specific
antibiotics. The disease is caused by a single patho-
gen, the diagnosis is unambiguous and testing random
compounds against M. tuberculosis has produced anti-
microbials that act primarily against mycobacteria. The
first anti-TB compound to be discovered was strepto-
mycin, a broad-spectrum natural antibiotic. Subsequent
screening of synthetic compounds against M. tubercu-
losis resulted in the discovery of isoniazid, pyrazina-
mide, ethionamide and ethambutol’, and all of these
compounds turned out to be selective against myco-
bacteria. Increasing resistance of the pathogen owing
to target modification mutations necessitated the con-
tinuous addition of new antibiotics to treatment regi-
mens, and these were then borrowed from the growing
arsenal of compounds that had a broader spectrum of
activity against microorganisms, such as other amino-
glycosides (apart from streptomycin), rifampicin and
moxifloxacin.

Direct screening against M. tuberculosis was largely
abandoned owing to this practice of borrowing broad-
spectrum compounds. However, a screen against a rap-
idly growing surrogate, Mycobacterium smegmatis, was
performed relatively recently by Janssen Pharmaceuticals
and resulted in a compound that is also selective against
mycobacteria. The compound, bedaquiline, turned out to
be an inhibitor of F,F_-ATPase, which is conserved from
bacteria to mammals™.

Several important lessons can be learned from this
empirical quest for TB therapies. It appears that a screen
against a pathogen primarily produces compounds that
act selectively against this pathogen (or against closely
related members of a group). These compounds can
work in either of two ways. One type hits group-specific
targets. For example, ethambutol is an inhibitor of arabi-
nosyl transferase®, which is part of a biosynthetic path-
way for mycolic acids that are specific to mycobacteria.
The other type affects conserved enzymes but is only
effective against mycobacteria. For example, a minor
difference in the sequence of the C subunit of myco-
bacterial ATP synthase compared to ATP synthases
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Box 3 | Additional challenges for antibiotic discovery

Gram-negative bacteria

Gram-negative bacteria in particular are highly efficient at keeping out drugs. Their outer membrane is a barrier for
amphipathic compounds, and essentially all drugs are amphipathic as they need to be soluble and be able to

cross the cytoplasmic membrane. The multidrug-resistant (MDR) pumps extrude any compounds that leak in through
the outer membrane'®®!% and recognize chemically unrelated molecules based mainly on polarity, preferring
amphipathic molecules. The inner membrane restricts the penetration of hydrophilic substances, resulting in a
perfect barrier. Porins in the outer membrane and transporters in the inner membrane allow the uptake of specific
nutrients.

Antibiotics and Lipinski’s ‘rule of five’ guidelines

The vastly negative experience with antibiotic discovery during the past half-century clearly indicates that there is a
bottleneck owing to the paucity of compounds that can penetrate into bacterial cells. High-throughput screening
has been very successful in identifying hits against targets in (and outside) human cells. Compound libraries are
typically focused by filters such as Lipinski’s rules on desirable physicochemical properties to improve the likelihood
of oral bioavailability®'. However, these rules are not useful for identifying good antibiotic lead compounds, which
need to satisfy a different requirement: penetration into prokaryotes. Nevertheless, this does not mean that a
random unfiltered library has promising starting compounds; applying Lipinski’s filters simply exacerbates the
problem, as it may remove compounds that have some capability to penetrate bacterial membranes. It is noteworthy
in this respect that early screening libraries did not have these filters. According to the ZINC database, upwards

of three million compounds are commercially available!'*!!, and around ten million have been screened by the
pharmaceutical industry in search of antibiotics. However, this is still very small compared to the theoretical chemical
space, which is made up of molecules of comparable size and composition to known drugs and has been estimated to
contain 10°° molecules!*? It may be possible to discover new or under-explored regions of this chemical space with
properties that are more suited to antibiotic development if we can, for example, establish rules for effective
bacterial penetration.

Inherent risk of toxicity

Antibiotics are effective at micromolar concentrations that are two to three orders of magnitude higher than for a
typical drug acting against a eukaryotic target. The main reason for this disparity derives from poor penetration:

the binding constants of antibiotics to purified targets are comparable to those observed with other drugs. The need
to deliver high amounts of a compound substantially increases toxicity, diminishing the probability of developing good
lead compounds.

Clinical trials

New compounds are tested in clinical trials against acute infections that last for only several days. The main
reason why new antibiotics are introduced is to combat resistant pathogens, but most patients are infected with
drug-susceptible pathogens. Placebos cannot be used for infected patients owing to ethical considerations.
Such factors make it more challenging to define clear end points for clinical trials of new antibiotics. However,

it seems possible that the regulatory environment could soon begin to better reflect such challenges. For example,
the recent adoption of the GAIN (Generating Antibiotic Incentives Now) Act in the United States, which is aimed
at encouraging the development of antibiotics, promises meaningful reforms to clinical trials and regulatory
assessment for new antibiotics (see the 24 September 2012 press release on the US Food and Drug Administration
(FDA) website for further details). These reforms could, for instance, be based on the development of
pathogen-specific regulatory pathways'*3.

Modest return on investment

Apart from the above obstacles, which science may ultimately overcome, there are also challenges related to
market realities that are specific to antibiotics. Antibiotic therapy is typically short-term, lasting only several days.
Resistance to any antibiotic will eventually develop, limiting its useful lifetime. By contrast, patients with a
typical chronic disease require drug treatment every day for a long period of time, often for the rest of their life.
The best-selling cholesterol-lowering drug atorvastatin, for example, is taken daily and had annual sales of
US$12 billion before losing patent protection, whereas the best-selling antibiotic levofloxacin is taken only for
afew days, and has annual sales of $2.5 billion. However, a $2.5 billion market is attractive enough, provided there
is a realistic chance of producing a drug to be sold in that market.

in other organisms underlies the selective binding of
bedaquiline, which has no activity against other bacteria.
Similarly, isoniazid (a prodrug) is activated by a well-
conserved catalase, and the active substance then forms
an adduct with NADH. The catalase is essential only in
mycobacteria, and the adduct is an effective inhibitor
of the NADH-dependent enoyl-ACP reductase InhA,
amycolic acid biosynthetic enzyme'®.

It makes sense that identifying a compound that
inhibits a single protein is easier than finding a com-
pound that inhibits many members of an orthologous
group. As noted above, HTS campaigns did not lead
to the discovery of a single antibiotic with a reason-
able activity against a range of important pathogens®.
Bedaquiline was obtained through an HTS of a commer-
cially available library and was recently approved by the
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Figure 3| An ideal antibiotic

!

from first principles. A prodrug enters the cell, where it

is converted into a reactive compound by a bacteria-specific enzyme (E). The reactive

moiety covalently attaches to

unrelated targets (T, T, to T ), killing both actively dividing

and dormant cells, thus sterilizing an infection. Covalent binding to targets provides
anirreversible sink, leading to effective accumulation of the active drug over time and
ensuring a broad specificity of action. MDR, multidrug-resistant.

Microbiota

The entire collection of
microorganisms (bacteria,
archaea and fungi, as well as
protozoa and viruses) that are
resident on or in the host.

US Food and Drug Administration (FDA) for MDR-TB
treatment'®. This is the first antibiotic that was discov-
ered through an HTS approach and so perhaps it is not
surprising that the compound is narrowly selective.

The above analysis suggests that we may have a
validated discovery platform that could be applied to
other species. Indeed, there is a growing consensus that
species-selective compounds are the future of antibiotic
discovery!. Species selectivity removes an important
uncertainty at the beginning of the discovery process:
nuisance compounds that present a major obstacle are
automatically eliminated. Indeed, if a compound is active
only against a particular pathogen, it is unlikely to be a
detergent or a DNA intercalator. Species-selective com-
pounds will also have a lower probability of being toxic
to humans, as a target harboured by a particular bacterial
species is unlikely to be present in mammals.

Another important advantage of species-selective
compounds is that they minimize possible adverse
effects on our gut symbionts. We are becoming increas-
ingly appreciative of the potential role of our microbiota in
health and disease. The composition of the microbiome
seems to affect everything from gastrointestinal diseases,
diabetes and obesity to the general state of the immune
system and mental health'®'. Taking broad-spectrum
antibiotics may result not only in antibiotic-induced diar-
rhoea (which is unpleasant but treatable) but also have
more problematic and lasting consequences: the micro-
biome recovers poorly from antibiotic treatment?. An
additional important advantage of selective compounds
relates to resistance. Resistance to a broad-spectrum com-
pound may emerge in any bacterium, including commen-
sal bacteria (each of us carries 10* bacterial cells), and then
move into a pathogen. This likelihood is greatly minimized
with a narrow-spectrum compound that only targets a
specific pathogen.

The development of species-selective compounds will
require the introduction of diagnostics that are able to
rapidly identify the disease-causing pathogen so that the

appropriate drug can be given. This is a developing field,
with molecular diagnostics replacing traditional plating
techniques. A welcome example is the recent approval
of a rapid diagnostic to detect methicillin-resistant
Staphylococcus aureus (MRSA) by MicroPhage®, which
will enable the development of selective agents against
this clinically important pathogen.

What is the best discovery approach?

Rules of penetration and resuscitation of the high-tech
platforms. It appears that libraries composed of random
compounds are unlikely to contain molecules that have
areasonable range of antibacterial activity and good bac-
terial penetration properties. The penetration problem
is also the main obstacle for smaller, focused medicinal
chemistry projects and for rational drug design based
on ligand-target binding. One approach to overcome this
problem is to take out the major component of the pen-
etration barrier: MDR pumps of Gram-negative bacteria.

Microcide discovered an effective inhibitor of the
resistance nodulation cell division (RND) superfamily of
MDR pumps, which are primarily responsible for the high
intrinsic resistance of Gram-negative species to amphi-
pathic compounds***. The inhibitor, MC-207110, discov-
ered in an HTS of commercial compounds, is highly active
against different RND pumps of various bacteria. Clinical
isolates of Pseudomonas aeruginosa overexpressing the
MexAB-OprM pump (consisting of the membrane fusion
protein MexA, the multidrug-efflux transporter MexB
and the outer membrane protein OprM) are resistant to
fluoroquinolones and other antibiotics, and MC-207110
was able to restore susceptibility to antibiotics both
in vitro and in an animal model of infection. However,
polycationic MC-207110 and its derivatives proved to
be nephrotoxic, which is a common liability of cationic
compounds that accumulate in lysosomes. The positive
charges appeared to be essential for MDR inhibitors with
a good coverage of various RND pumps.

Although having an effective and safe MDR inhibi-
tor would be very useful, there undoubtedly remains a
need for novel self-penetrating compounds. The crystal
structures of RND pumps were obtained®? but they
did not prove to be particularly instructive for designing
better inhibitors or self-penetrating molecules. The large,
poorly structured binding sites of the Escherichia coli
AcrAB-TolC pump can accommodate a variety of chemi-
cally unrelated compounds. It therefore seems that a
meaningful path forward is to produce focused libraries
based on rules of penetration. These could be obtained
empirically®, similarly to Lipinski’s ‘rule of five’ guide-
lines®, which have been highly valuable in selecting orally
bioavailable compounds that hit mammalian targets.

Lipinski’s guidelines were formulated by extracting
the useful properties from a large set of known drugs
and drug candidates®. Rules of penetration for antibiot-
ics could be similarly established, based on data from a
sufficiently large number of compounds that effectively
penetrate into cells of Gram-negative bacteria, as well as
those that do not. The missing piece is the availability of
such a set of compounds, particularly as the existing panel
of compounds that effectively penetrate Gram-negative
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Operons

Loci consisting of two or more
genes that are transcribed

as a unit and expressed in a
coordinated manner.

bacteria is very small. Nevertheless, obtaining such infor-
mation is entirely feasible, as the penetration of com-
pounds from a random library can be measured using
mass spectrometry and other analytical methods. Once
compounds are ranked by penetration, the rules can be
deduced from the set.

Some insights into the rules of penetration can be
gleaned even from the small set of good permeators
that we currently have. One simple consideration is that
MDR pumps have their preferences: hydrophobic cations
are the preferred substrates®~** and highly hydrophobic
compounds in general are also well recognized, whereas
anions are not good substrates. Relatively hydrophilic
compounds with a mass <600 Da are also favoured for
penetration®-, probably owing to their ability to pass
through porins of the outer membrane. Furthermore, it
seems that the inclusion of atoms that are not frequently
found in natural compounds (such as fluorine and boron)
is good for penetration, possibly as MDR pumps have not
been exposed to them. Another consideration regards tar-
gets: the broad-spectrum B-lactams are fairly hydrophilic,
enter through porins and do not need to be amphipathic,
as their target is in the periplasm. Fluoroquinolones, the
only truly successful class of synthetic antibiotics, are
small, hydrophilic and carry both an anionic group and a
fluorine atom. The boron-containing compounds being
developed by Anacor penetrate well into Gram-negative
bacteria. The company’s lead compound is a very small
oxaboral ring molecule that inhibits tRNA™" (tRNA rec-
ognizing the triplet codon for leucine) synthase of Gram-
negative species”. The fact that these useful insights into
permeability are based on a very small set of available
compounds bodes well for the formulation of proper rules
of penetration based on the evaluation of a large sample
of molecules.

Once such rules are established, they are likely to
breathe new life into the failed high-tech platforms.
Libraries that are specifically compiled for antimicrobial
discovery could be synthesized that would follow the rules
of penetration. This would be a major undertaking, but
an achievable one. The better-penetrating compounds
from a screen of a commercial library could also serve
as a basis for expanding the chemical space around these
scaffolds and building a library that follows the rules of
penetration. Similarly, these rules would be very helpful
in resuscitating rational design based on the knowledge
of the crystal structure of targets (for both traditional
and fragment-based design strategies), as ligands
could be optimized not only for good binding but also
for penetration.

The in situ screening platform: back to Domagk. Prodrugs
lacking a specific target are only one type of antimicrobial
compounds that would be missed by modern screening
and validation approaches. Is it not peculiar that the first
useful antibiotic, the sulphanilamide drug prontosil®,
was discovered by Gerhard Domagk in the 1930s from
a small screen of available dyes (probably no more than
several hundred), whereas screens of the current libraries,
which include ~10” compounds overall, have produced
nothing at all?
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As the libraries grew, various innovations were intro-
duced that were aimed at improving the screening out-
come; these include in vitro screening, targeted screens,
Lipinski’s ‘rule of five’ guidelines and specificity tests.
It is possible that every time we tried to improve the out-
come, valuable compounds were discarded. By contrast,
Domagk tested compounds against mice infected with
Streptococcus spp. An in vitro screen would have missed
prontosil, as the compound is cleaved in the intestine by
gut bacteria, releasing the active sulphonamide moiety,
which inhibits dehydropteroate synthase in the folate
pathway. There are obvious advantages to testing com-
pounds in situ, as this automatically eliminates the con-
siderable burden of toxic molecules and demonstrates
efficacy, again automatically eliminating compounds that
have problems such as serum binding, instability or poor
tissue distribution in vivo. In addition, different types of
compounds may be uniquely uncovered, such as those
that require activation in situ and those that act on targets
that are only important in an infection but not in vitro.

Although this would theoretically be a highly effec-
tive approach to discover viable antibiotic leads, screening
compounds in 107 mice is not feasible for several rea-
sons, including ethical considerations and because large
amounts of the test compound would be required. We
therefore considered an intermediate between in vitro test-
ing and a mammalian model: the worm Caenorhabditis
elegans, which can be dispersed in microtitre wells.
C. elegans can be infected with human pathogens by sim-
ply ingesting them, and we found that these worms can
be cured by common antibiotics such as tetracycline and
vancomycin, at the concentrations typically observed in
human plasma®. Dead worms infected with a pathogen
such as Enterococcus faecalis can be detected using typical
eukaryotic vital dyes. An automated approach based on
vital staining was developed, and a pilot screen produced
hits, some of which had no activity in vitro**. Although
C. elegans lacks serum and other important properties,
this platform has at least some of the benefits of the
approach applied by Domagk.

Reviving the Waksman platform

The crisis in antibiotic discovery, especially the disap-
pointing results obtained from the massive effort aimed
at developing synthetic compounds, has prompted many
experts to call for a revival of natural product drug dis-
covery'”*"#2, Prospecting for natural products is, in
essence, a ‘screen of screens’: active compounds produced
by bacteria are the result of natural selection over billions
of years. There is little doubt that the screen performed by
nature vastly outnumbers what we have in our compound
libraries. The enormous background of known and/or
nuisance compounds, however, presents a serious barrier
to antibiotic discovery. Accessing the chemical diversity
that has been hidden — by prospecting in the bottom of
the ocean, growing previously uncultured organisms or
turning on silent operons that could contain genes encod-
ing the biosynthesis of novel natural products (see below)
— could lead to novel antibiotics, but the background of
known compounds remains an almost insurmountable
obstacle.
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Dereplication

The rapid identification of
known compounds to avoid
the duplication of efforts

(also called counterscreening).

Transcription profiling
Large-scale studies of the
expression of genes at the
mMRNA level, typically with
microarray technology.

Polymyxin B nonapeptide
A small cationic peptide that
disrupts the outer membrane
of Gram-negative bacteria by
binding to lipopolysaccharide.

Advances in analytical methods such as mass spec-
trometry and NMR allow dereplication as well as determi-
nation of an accurate mass and general structure to find
an exact match to a known compound or at least make
a reasonable guess as to the potential novelty of a com-
pound. However, this often requires the analysis of a pure
fraction and is far removed from an initial screen by an
agar overlay, which can be performed with tens of thou-
sands of bacterial colonies that are potentially producing
antibiotics a week. For now, it seems that a biological
approach is our best prospect for resolving the enormous
bottleneck of known compounds.

Transcription profiling of antibiotic compounds enables
a fairly good assignment into those compounds that are
known; those that are unknown but hitting a known target;
and those that are unknown and hitting a novel target®.
This capability has existed for some time now, but the
methodology based on hybridization was slow and costly
for a high-throughput project. As a result of the dramatic
(and continuing) decrease in costs, the sequencing of a
large number of mRNA (reverse-transcribed) samples is
now realistically possible. Once the profile is obtained,
the identity of the target can be verified by comparing
the activity of the extract against a wild-type strain with
its activity against a strain in which a particular gene is
knocked down (for example, this can be achieved via the
expression of antisense RNA for the gene). Higher activity
against the knockdown strain will confirm the identity
of the target.

Elitra Pharmaceuticals and Merck developed a col-
lection of 245 S. aureus strains, each with a knockdown
in an essential gene; screening against a strain deficient
in the 3-oxoacyl-acyl carrier protein synthase FabF led
to the discovery of a novel class of antibiotics — the plat-
ensimycins*. Merck has made this collection available
to researchers. A similar but complete collection is the
ASKA overexpression E. coli library available from the
Japan National Institute of Genetics*. The activity of a
compound will be lower against an E. coli strain over-
expressing a target than against the wild-type strain.
Permeabilizing E. coli cells by adding polymyxin B nona-
peptide to the medium will allow the testing of narrow-
spectrum compounds as well*.

An important question is how many producing strains
to test. In an influential paper, Richard Baltz estimated
that 107 strains would need to be examined in order to
discover the next novel class of useful antibiotics*’. This
estimate was made on the basis of a simple assump-
tion: the probability of finding a compound depends on
its frequency of occurrence in nature and on the total
number of strains screened. The frequency of occur-
rence of a compound in nature is available for some of
the most common antibiotics: nearly 10% of strepto-
mycetes produce streptothricin, 1% make streptomycin
and 0.1% produce tetracycline. Waksman would have
discovered streptomycin by screening the first 100 or so
strains in his collection. Knowing the total number of
strains screened and the year of discovery can provide
an estimate of frequency for the rest of the antibiotics.
For example, erythromycin was discovered in 1949, and
the estimated number of strains screened by that time is

2x 103, resulting in a probability of 5x 107¢. The estimated
probability of daptomycin, one of the last antibiotics to
be discovered and introduced into the clinic is 2x 1077
A novel compound class is therefore probably somewhere
among 10 different microorganisms.

It is possible that this calculation encouraged the
termination of the natural product discovery efforts at
large pharmaceutical companies, but it may also need
to be adjusted in the light of recent research. The typi-
cal size of a strain collection at a large pharmaceutical
company is relatively modest: ~50,000 isolates. The
recent discovery of platensimycin* and phomallenic
acid*® was made by scientists at Merck using their old
collection that had been previously screened for growth-
inhibitory activity against S. aureus. Platensimycin and
phomallenic acid were discovered through a targeted
screen for compounds that were more active against a
strain of S. aureus with a knockdown in the FabF and
FabB elongation-condensing enzymes in the fatty acid
synthase II (FASII) biosynthetic pathway. Although the
development of these compounds is uncertain owing to
their poor in vivo stability and solubility, and because
fatty acids may be available in vivo, they can certainly be
considered as novel and potentially useful compounds.

So, why were platensimycin and phomallenic acids
missed in previous screens for compounds inhibiting
growth? They were probably not missed but instead
ignored; the activity of the producing strains is relatively
low, and these compounds do not make large zones of
inhibition on test plates. A certain cut-off point for activ-
ity is typically used in the discovery process. Unless you
know that a compound is potentially interesting, as was
the case in the targeted screen for FASII inhibitors, you
will choose to focus on producing strains with high activ-
ity. Importantly, the Merck screen led to the rediscovery
of all known inhibitors of FabF and FabB enzymes as well
as the associated FabH enzyme (the initiation-condens-
ing enzyme of the same pathway): cerulenin, thiolacto-
mycin, thiotetromycin and Tu3010. This suggests that the
screen was comprehensive and the discovery of the two
novel classes was not an accident. This example also sug-
gests that novel screening approaches may uncover new
compounds in old libraries at probabilities of around 10~
to 10~ rather than 1077, Furthermore, if the dereplication
problem can be solved by transcription profiling, then
natural products could once again become an excellent
source of new antibiotics. The probability of antibiotic
discovery will be further increased if we turn to new
sources of natural products.

Untapped sources of natural compounds. Chemical
diversity follows biological diversity; this is a common
and probably correct view among scientists working in
the field of natural products. It would be beneficial to
have a more solid basis for this view than the opinion of
experts in the field, and this is one of the essential pieces
of information that would emerge if we build a database
of known antibiotics (approximately 3,000), their pro-
ducing strains and their targets. Placing antibiotics on a
taxonomic relatedness tree of producers will reveal the
relationship between biological and chemical novelty.
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Quorum sensing

A system by which bacteria
communicate. Signalling
molecules — chemicals that
are similar to pheromones that
are produced by an individual
bacterium — can affect the
behaviour of surrounding
bacteria.

The first antibiotic producer was discovered in a
laboratory in St. Mary’s Hospital in London, UK, after
a Penicillium rubens spore landed on a partially opened
Petri dish® The next producers were obtained in a
focused isolation from the soil of Rutgers University in
New Jersey, USA'. As the discovery efforts broadened, so
did prospecting, and companies would ask their employ-
ees to bring soil samples from their travels. Some of the
strains that produce currently used antibiotics come
from far-flung locations — the producer of vancomycin
was from Southeast Asia, for example. After the golden
era of antibiotic discovery ended, a more concerted
effort was made to prospect outside North America and
Europe, but this did not pay off; it seems that the diver-
sity of secondary metabolites in soils of the Southern
hemisphere or Asia does not differ much from that in
soil samples from the better-explored locations of the
Northern hemisphere.

Exploring the oceans has led to the discovery of a
plethora of secondary metabolites, especially compounds
from marine invertebrates such as sponges and corals.
Interestingly, it appears that most of these compounds
are actually made by bacteria colonizing these organ-
isms. Some of the novel compounds are antimicrobials.
For example, sporolide A and sporolide B are compounds
from Salinispora tropica actinomycetes living in the
marine sediment®. However, toxicity has been a problem
for secondary metabolites derived from the sea, which
has so far precluded their development as antibiotics.

Another untapped source of antimicrobials is the
silent operons of producing microorganisms. Sequencing
of the first genomes of actinomycetes showed that their
potential for producing secondary metabolites far sur-
passes their known ability. Enzymes producing antimi-
crobials — the polyketide synthases and non-ribosomal
peptide synthases — are encoded by large operons
that are homologous to known genes. Sequencing
the genome of Streptomyces coelicolor — the model
actinomycete — showed that it encodes 20 secondary
metabolites, although it is known to produce only three
antimicrobial compounds®. Streptomycetes avermitilis,
the industrial producer of the anti-helminthic avermec-
tin, does not produce antimicrobial compounds at all (at
least not in the laboratory), but according to its genome
sequence it harbours 30 operons for secondary metabo-
lites®'. Many of the additional actinomycete genomes that
have since been sequenced similarly contain numerous
silent operons.

Trying to stimulate the production of antimicrobials
by varying growth conditions is a standard approach
to discovery; initial small-scale fermentations are usu-
ally carried out in several different media, and activity
is tested by taking samples over time. This approach is
helpful but not enough, as evidenced by the unrealized
genomic potential. Atleast some silent operons do encode
antimicrobial compounds.

One approach is to simply try many different growth
media. Ecopia BioSciences was an early pioneer in
genome mining for biosynthetic clusters, and producer
strains selected by bioinformatics were then fermented
in 40 different media®. This resulted in the discovery
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of several novel secondary metabolites, including new
enediynes — highly reactive compounds that were
advanced as anticancer agents but ultimately failed.
One obvious reason for the failure was the limited abil-
ity of empirically composed fermentation conditions to
stimulate the production of the hidden wealth of sec-
ondary metabolites; indeed, the fact that we contemplate
using tomato juice or cornmeal to elicit the production
of antibiotics from an isolate, 60 years after Waksman’s
work, indicates that this aspect of the science of antibiotic
discovery is not in great shape.

Nevertheless, there have been notable advances in our
understanding of what stimulates bacteria to produce
antibiotics. Antibiotic production usually peaks when the
culture approaches the stationary state. The first quorum
sensing factor, butyrolactone, was actually discovered in a
study that was aimed at identifying a factor to activate the
production of streptomycin by Actinomyces streptomycin
(also known as Streptomyces griseus)>. Since this early
study, butyrolactones were found to induce the produc-
tion of various antibiotics in several actinomycetes, and
a regulatory pathway linking butyrolactone to strepto-
mycin synthesis was identified in S. griseus>**. However,
starvation and quorum sensing factors are not universal
elicitors of antibiotic synthesis, and it is not yet known
what the missing factors are.

One straightforward approach to circumvent this
lack of knowledge is to force the production of encoded
secondary metabolites by cloning the silent operons in a
suitable host or by engineering expression in the original
producer by disrupting putative repressors or overex-
pressing activators®***. Every year, several compounds
are reported in studies that are focused on manipulat-
ing silent operons®. This is interesting and important
research, but the current throughput cannot support a
drug discovery pipeline. The large-scale induction of
silent operons for antibiotic production remains a con-
siderable challenge, but could provide a new platform for
antibiotic discovery if it can be successfully achieved.

Uncultured bacteria are perhaps the most promising
untapped source of secondary metabolites**2. Based on
metagenomic analyses of soil and marine samples, 99%
of all microbial species on the planet are ‘uncultured’;
that is, they do not grow under laboratory conditions®*'.
Several groups in academia and the industry, realizing that
this new source of potential antibiotics could revive the
Waksman platform, established metagenomic approaches
to access the enormous hidden potential of these uncul-
tured microorganisms. Biotechnology companies such
as TerraGen Discovery, Xoma, Diversa and Millennium
Pharmaceuticals as well as at least one large pharmaceuti-
cal company, Rhone-Poulenc Rorer, searched for antimi-
crobial compounds from uncultured bacteria. There was
an appealing elegance in this approach: the metabolites of
uncultured microorganisms would be accessed by cloning
the producing operons from soil DNA, without the need
to know to which organisms those sequences belonged
to®2. Cloned DNA was transformed into E. coli, S. coeli-
color or another suitable host. Proof of principle was
established for this approach and several antimicrobial
compounds resulting from soil DNA were described®.
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But, as with silent operons, the throughput never sur-
passed several compounds per year, and so the approach
was abandoned.

Growing bacteria that have previously not been cul-
tured is an obvious alternative, and a general method for
this has been developed®-%. The essence of the approach
is to grow bacteria in their natural environment. This is
done by introducing a marine sediment or soil sample
diluted with agar between two semipermeable mem-
branes, and placing this ‘diffusion chamber’ back into the
natural environment (or in a simulated environment such
as a marine aquarium or a bucket of soil). Compounds
diffuse freely through the chamber, and bacteria are
tricked into perceiving it as their natural environment.
This approach dramatically improves growth recovery; up
t0 40% of cells seeded into the chamber produce colonies.

A common cause of ‘uncultivatability’ is a need for
growth factors produced by neighbouring bacteria.
Iron-chelating siderophores have been identified as an
important group of such factors in the marine sediment
environment®. Repeated reinoculation from chamber to
chamber results in the ‘domestication’ of a considerable
proportion of uncultured microorganisms, which enables
their growth on a Petri dish or in a fermenter®®. At least
one company, NovoBiotic Pharmaceuticals, has been
using in situ cultivation for antibiotic discovery.

Fungi have been an important source of antimicrobi-
als and secondary metabolites in general. Penicillin and
later another class of B-lactams, cephalosporins, have
been isolated from fungi. Fungi apparently ‘stole’ these
antibiotic-coding genes from actinomycetes, and —
perhaps not surprisingly — the discovery of useful anti-
biotics from fungi has been limited to these two classes
(penicillins and cephalosporins). Fungi are very good at
making generally toxic antimicrobial compounds and
secondary metabolites that attack eukaryotes, including
other fungi. Echinocandins, inhibitors of fungal cell wall
synthesis that target the p-glucan synthase, were discov-
ered in an extract of Aspergillus nidulans. Caspofungin,
a potent antifungal, was derived from echinocandin®.
Caspofungin is an excellent broad-spectrum antifun-
gal compound that kills growing cells; it is, in many
respects, analogous to antibacterial f-lactams. Humans
lack the caspofungin target, so the drug is well tolerated.
Caspofungin is also the only natural antifungal product
originating from fungi. It is unclear at present whether
there are additional useful antifungals to be discovered
from this source; fungi, unlike bacteria, share many con-
served targets with mammals, and so finding a specific
antifungal compound is difficult.

Conversely, the homologous targets present an oppor-
tunity to use fungal secondary metabolites for treat-
ing human diseases. Fungi were the source of the first
statins™, a class of highly successful cholesterol-lowering
compounds, as well as the immunosuppressants cyclo-
sporine” and rapamycin’. Inhibitors of heat shock
protein 90 derived from fungi are also currently in devel-
opment as cancer chemotherapeutics”. It seems likely that
exploiting fungi will lead to the discovery of additional
useful drugs, but it is currently unclear whether fungi are
a good source of antimicrobial compounds.

Plants, which were historically the source of remedies
to treat any disease, are another potential source of anti-
microbial compounds. Numerous drugs are of plant
origin and derived from toxins that evolved to prevent
grazing by animals, and these toxins are useful when
taken in moderation. For example, glucoside inhibitors
of sodium/potassium ATPase are used to treat cardiac
arrhythmias and certain kinds of heart failure™. There are
also two plant-derived antimicrobial therapeutics, both of
which are borrowed from ethnobotany and are antimalar-
ial: quinine and artemisinin. Quinine comes from the bark
of the Cinchona tree” and was used by Native Americans,
whereas artemisinin is produced by Artemiannua’ and is
used in traditional Chinese medicine as an antimalarial
compound.

However, there are no plant-derived antibiotics, which
is surprising given the very large effort aimed at min-
ing this source and the fact that plants have numerous
chemical defences against their microbial pathogens”.
It appears that plants do not generally produce highly
potent inhibitors of specific microbial targets. The known
exception is coumarins, which are inhibitors of bacterial
DNA gyrase. But even in this case, novobiocin, a sys-
temic therapeutic produced by streptomycetes, is a more
potent inhibitor of the same class.

Microorganisms rapidly acquire resistance, which
probably forces plants to rely mainly on nonspecific and
therefore toxic compounds™. A good example is berberine
alkaloids, which are membrane-acting hydrophobic
cations and also DNA intercalators. They accumulate
inside the cell, driven by the membrane potential, and
hit two immutable targets: the cell membrane and DNA.
The only defence against these compounds is efflux by
MDR pumps, and it is probably not an accident that
hydrophobic cations are the preferred substrates of MDR
pumps?®2. Plants harbour various MDR pump inhibi-
tors, producing an effective synergistic combination
with berberine®***. The known inhibitors, however, act
only against the major facilitator (MF) family of MDR
pumps of Gram-positive species; efforts to find inhibi-
tors of RND MDR pumps of Gram-negative species have
not been successful (K.L., unpublished observations),
and there are no known small-molecule plant-derived
antimicrobial compounds with high activity against
Gram-negative species. The generally toxic plant phe-
nols, catechols and tannins are more widespread and
less sophisticated than berberines. Even the antimalarial
products do not appear to have a target: quinine and
artemisinin are iron chelators. The exact mechanism by
which they inhibit the growth of the malarial parasite
remains unclear; however, it is thought that they interfere
with haem sequestration”.

One important missing piece from the studies of
plant-derived antimicrobial compounds is their mode of
action. There have been numerous publications describ-
ing the isolation and purification of plant-derived anti-
microbials, in which activity against a limited panel of
microorganisms has served as the end point of the study.
In a small number of cases, compounds with high submi-
cromolar activity against S. aureus have been described,
pointing to a possible target-specific mode of action
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Combination therapies

e Resistance rapidly develops against compounds hitting a single target,
which automatically eliminates the vast majority of targets

e Introduction of discovery platforms will increase the probability of finding
good lead compounds, which will enable the development of combination
therapeutics based on two compounds hitting two different targets

e This will make the majority of targets available to drug discovery

Waksman revival

¢ Uncultured microorganisms make
up 99% of the total diversity

* Methods of in situ cultivation
followed by domestication will
enable drug discovery from this
previously inaccessible source

¢ Combined with rapid dereplication,
this is likely to lead to the revival
of the Waksman platform
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identification of targe
iption profiling of
he problem o

Prodrugs

¢ Early screening for synthetic
compounds produced mainly
prodrugs, suggesting a high
probability for their discovery

 Prodrugs enter the cell and are
activated by a bacteria-specific
enzyme into reactive compounds

© Prodrugs have increased activity
against strains overexpressing
activating enzymes, producing
a validation test

Species-specific compounds

e Early screening for anti-
tuberculosis drugs produced
mainly species-specific compounds

© HTS of both synthetic and natural
products will speed up the
discovery of species-specific
compounds for several pathogens

* Whole-genome sequencing of
resistant mutants will identify
unique targets

* Rapid diagnostics with molecular
methods will make treatment
practical
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Figure 4 | Platforms for discovering novel antibiotics. New tools (red boxes) will enable the development of effective
discovery platforms. Old successful platforms (blue boxes) can be revived and new ones (green boxes) can be developed.
Once platforms start to churn out lead compounds reliably, this will enable the development of combination therapies
(white box). The relationships between tools and platforms are shown as a network. For example, a revived Waksman
platform would enable the discovery of species-specific antibiotics. HTS, high-throughput screening.
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Biofilms

A cell—cell or surface-adherent
assemblage of microorganisms
that are encased in an
extracellular matrix of
self-produced polymers and
exhibit distinctive phenotypes.

Box 4 | Other possible platforms for developing antibiotics

Several additional approaches to antibiotic discovery have been pursued, including targeting virulence factors,
antimicrobial peptides and phage therapy, and these are summarized briefly below. Monoclonal antibodies
(for example, to neutralize bacterial toxins)''* have also been investigated, but immunotherapies and vaccines

are not considered in this article.

Virulence factors

The rationale behind targeting virulence factors is based on the ostensible lack of resistance development towards

a therapeutic that will not inhibit cell growth. By contrast, there is a high frequency of resistance for compounds

that act on a single target, and this presents a barrier that will eliminate most compounds (and targets) from

consideration. If blocking a virulence factor will not lead to resistance, this class of targets becomes fairly attractive.
However, it is also possible that any decrease in fitness — in this case a decrease in the ability to survive and

proliferate effectively in a host environment — will lead to the selection of bacteria that have resistance against an

anti-virulence agent. However, we do not know whether this does occur, and it is surprising that this hypothesis has

not been tested. Various experimental compounds have been reported that inhibit virulence factors and show in vivo

efficacy in animal models of disease'**''¢, which means that the tools for testing the development of resistance are

available. Anti-virulence programmes were put in place at several large pharmaceutical companies 15-20 years ago,

but are no longer in existence.

Potential problems associated with this approach include: narrow-spectrum activity; lack of a convenient end point
for animal studies; uncertainty associated with the ability of such factors to cure rather than prevent an infection;
and an untested path for clinical studies. This approach continues to be popular in academia, but a compound has yet
to reach clinical trials. Experimental evidence for no (or low) resistance will probably reinvigorate this approach.

Antimicrobial peptides

Animals, plants and bacteria all produce antimicrobial peptides (AMPs)!**° and these are probably as numerous and
varied as small-molecule antibiotics. Although these compounds are not homologous, they share several similarities:
they are primarily small (3-5 kDa), alpha-helical, amphipathic, positively charged membrane-acting molecules.
Their mode of action presents the main problem — toxicity. Humans produce numerous AMPs, including defensins
(found in the bloodstream), which are an important component of non-adaptive immunity. One would imagine that
defensins should be potent and non-toxic, given their location. However, this is not the case; defensins show
considerable cytotoxicity at the concentrations that are needed to effectively target a broad range of pathogens.

A concerted effort over the past few decades, aimed at developing natural, semi-synthetic and synthetic AMPs,
has not resulted in a therapeutic. Nevertheless, daptomycin — a membrane-acting antibiotic — could be classified
as an AMP; it is a cyclic amphipathic peptide produced by Streptomyces roseosporus. Daptomycin increases the
potassium conductance of bacterial membranes and has a reasonably good selectivity, sparing human cells*,
but the compound does have toxicity issues and is only used against serious infections as a second-line therapeutic.
The mechanistic basis for daptomycin’s selectivity is not well understood. The example of daptomycin suggests,

however, that there may be promise for AMPs.

Phage therapy

Phages are specific and rapidly propagate, which should help to fight an infection. There are good in vitro data
suggesting that phage therapy is effective against the difficult to treat biofilms!?*!?*. Phages will also enter dormant
persisters and kill them when they reactivate'?. Several biotech companies have been developing phage therapies for
over a decade. There are many barriers to the development of therapeutic phages: development of resistance is easy,
necessitating the need for a cocktail of phages, which in turn makes it difficult to manufacture standard lots of a

product; the immunogenicity of a phage can be problematic; and there is an untested path to clinical studies

123

There is also progress in this challenging field, as a topical phage therapy — Biophage-PA —is in clinical trials in the

United Kingdom against antibiotic-resistant Pseudomonas aeruginosa in chronic otitis

(reviewed in REF. 80). It is worth taking a second look
at these compounds to determine their mode of action
and test their cytotoxicity. Perhaps plants will turn out to
be a useful source of species-selective compounds acting
against Gram-positive pathogens.

Concluding remarks

The antibiotic discovery platforms proposed in this
article are summarized in FIC. 4 (other platforms that
have been investigated are discussed briefly in BOX 4).
Some of these platforms — species-specific approaches
and prodrug discovery — follow directly from old prac-
tices and can be improved by applying modern tools of
validation. Reviving the Waksman platform will require

124

the development of new biology-based dereplication
tools, which is entirely feasible on the basis of what we
currently know. Establishing the rules that govern the
penetration of molecules across the bacterial envelope
will enable the failed high-tech platforms — target-based
HTS and rational design — to be pursued effectively.
The only platform for which we do not currently have a
straightforward path for development is the activation of
the silent operons of microorganisms that could poten-
tially produce antibiotics.

It is worth remembering that early successes in anti-
biotic discovery and development were based on very
modest knowledge; most drugs were introduced well
before we had any idea of their mode of action or how
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they are made by the producing microorganisms. Since
the end of the golden age of antibiotic discovery in the
1960s, microbiology has made enormous advances in
understanding the fundamental questions regarding
bacterial cells and their interactions with humans. We
now know that microbes have complex developmen-
tal programmes determining cell fate; bacteria form
multicellular societies based on members that commu-
nicate with each other; pathogens subvert their hosts by
injecting effectors into their cells; and a microbial cell
is not a bag of enzymes, but a complex structure with
a cytoskeleton and precise placement of hereditary and
sensory components®. We have also acquired specific
knowledge about the targets of currently used antibiotics
and the mechanisms of resistance and tolerance.
Microbiology has also been the birthplace of major
revolutions in science, including molecular biology (such

REVIEWS

as recombinant DNA and gene cloning) and genomics
(Haemophilus influenzae was the first organism with
a sequenced genome). The field continues to incubate
revolutions in the making, such as synthetic biology,
systems biology and the synthesis of new organisms®.
But for several reasons, the relatively simple questions that
are most relevant to the discovery of antibiotics — some-
thing microbiology as a discipline should contribute to
society — have been neglected. For example, what exactly
allows compounds to penetrate into bacterial cells? What
are the good targets that have been identified by nature,
beyond the small number of clinically important com-
pounds? What are the properties of the thousands of anti-
biotics that have been discovered but were never properly
examined? It is high time we build a solid scientific base
for the platforms that will transform the lottery of pros-
pecting for antibiotics into a science of discovery.
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