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Foreword

A strong case can be made that up to this point among the most important scientific
achievements in history has been the discovery and development of antibiotics to
treat bacterial infections. During most of human history, the number one cause of
death was infection. The leading killer in the pre-antibiotic era was essentially con-
quered by the advent of antibiotics and average human lifespan increased dramati-
cally. Most of us do not concern ourselves to a great extent with bacterial infections
that would have terrified people less than one hundred years ago. Bacterial diseases
have altered history from pneumococcal pneumonia to bubonic plague to tuberculo-
sis all killing untold millions in their process. In the last century, an assortment of
pills and injections has often turned the tide in the favor of the infected host and
vanquished the pathogen. Sometimes it is difficult to recall just how grim infectious
diseases were prior to introduction of antibiotics. As Lewis Thomas put it in his
book The Youngest Science: Notes of a Medicine Watcher [1]: “For most of the
infectious diseases on the wards of Boston City Hospital in 1937, there was nothing
that could be done beyond bed rest and good nursing care.” He notes that with the
introduction of the first antibiotics “The phenomenon was almost beyond belief.
Here were moribund patients, who would surely have died without treatment,
improving within a matter of hours and feeling entirely well within the next day.”
The arrivals of these “wonder drugs” also signaled the rise of the pharmaceutical
industry and have been lucrative products for these companies, remaining a 30 bil-
lion dollar business today. However, unlike most other therapeutic areas, antibiotics
essentially have built-in obsolescence, as pathogens have become resistant both
through mutations and through a number of often clever genetic exchange mecha-
nisms. Drug resistant bacteria are on the rise, and in some cases, the options for
effective treatment are very narrow. Healthcare-associated infections are at the fore-
front of resistance problems, with multiply resistant pathogens that are increasingly
problematic to eradicate with current therapy. Further, resistant infections have
escaped the hospital. In the US, MRSA infects >94,000 and kills >19,000/year., a
toll that exceeds deaths due to AIDS. Antibiotics are also unusual because there is a
societal aspect to their use. Unlike most other disease treatments, the use or misuse
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of an antibiotic has a much broader impact on individuals beyond the immediate
patient. The loss of effectiveness, due to the spread of resistance impacts all of us.

Thus far, in most cases, humans have been able to keep ahead of the rapidly
evolving resistant microbes. However, the question remains very much open whether
this will continue indefinitely or whether will we find ourselves heading back
towards pre-antibiotic times. The IDSA issued their “Bad Bugs, No Drugs” report
in 2004 [2], outlining the critical nature of the situation and the urgent need for new
antibiotics to address multiply resistant pathogens. More recently, they have issued
their ten new drugs by 2020 initiative [3], which spans across many key stakeholder
groups. However, during the 1990s and 2000s, several large pharmaceutical compa-
nies either eliminated or downsized their antibacterial discovery efforts. At the same
time and partly as a consequence, the number of newly marketed antibacterial drugs
has also fallen. Some smaller companies have entered into this area, but the number
of researchers trained in antibiotic discovery and development has greatly reduced
as compared to the peak levels in the last century. At a time when the medical need
for new antibiotics is increasing, there is less effort and fewer people trained and
committed to the task.

While there are already many excellent texts that list the various antibiotic classes
and their properties or explore mechanisms of action or mechanisms of resistance,
the goals we set out to achieve in this book are different. Our aim was to provide the
reader with a broad-based yet in depth perspective of the field of discovering and
developing antibiotics. We asked ourselves the following question: what knowledge
would be important for a newcomer to the field? What would a seasoned antibiotic
drug hunter also find useful to have at hand? These were the questions we sought to
address in assembling the overall book outline and recruiting expert chapter authors.
In this volume, the intention is to attempt to capture the antibiotic discovery and
development process and provide the reader with a sense of how it is done and
where things stand in 2011.

The book begins with a solid historical review of the early years of antibiotic
discovery & development (often referred to as “The Golden Years”™). It is important
to appreciate the early efforts and techniques employed to find new antibiotics in the
mid-twentieth century. Many readers may find themselves surprised at the sophisti-
cation of screening methods employed 30 or 40 years ago. From that starting point,
the book highlights the evolution of many of the individual classes of drugs in clini-
cal use discovered during that time. In addition, there has been considerable effort
recently to rejuvenate existing classes to address specific resistance problems, and
these chapters also reflect that work. As a result, the individual drug chapters span
examples of early compounds right up to the latest developments in each class. In
some cases, separate chapters are presented on the prominent resistance mecha-
nisms to individual drug classes as well as a review of the multi drug resistant efflux
pumps, which are particularly problematic for Gram-negative bacteria. We also
wanted to devote several chapters to the “worst offenders”; that is problem patho-
gens that are particularly challenging to current antimicrobial therapy. In this con-
text, it is also important to appreciate the vast array of resistance mechanisms that
different microbial pathogens have acquired and adopted.
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Having set the stage with existing classes of compounds and problematic pathogens,
the next aspect the book addresses is the drug discovery process and areas to be
considered when identifying novel antibiotics. Two rather unique chapters address
the issues of chemical and physical properties identified in current antibiotics and
the challenge of antibiotic penetration through the several membrane barriers
enroute to the target in the bacterial cell. There is also a chapter devoted to the
important area of natural products, a major source of current antibiotic classes and
the future of such efforts. Next, approaches to discovering novel antibiotics is cov-
ered, including genomic identification of targets, principles of enzymatic screening
to identify potential leads, and the use of cell-based screens to identify inhibitors.
The role of both NMR and X-ray structure techniques in identifying inhibitors,
mechanism of action studies, and their utility in refining compounds are covered in
two chapters. The chapter on a recent novel antibiotic program, the identification of
an FtsZ cell division inhibitor, is presented as an excellent example of the process of
modern antibiotic discovery.

Equally important to the refinement of lead interaction with the target and micro-
bial inhibition is the issue of demonstrating efficacy in model animal infections. In
this chapter, many of the standard animal infection models are described, along with
the type of data generated and its interpretation, and the role of pharmacokinetics
and pharmacodynamic models in infection research are addressed in their own
chapter.

Finally, we round out the topics with a chapter on antibiotic resistance surveil-
lance, an important area for anticipating what future resistance trends may be. There
is also a chapter on the late stage development process for antibiotics; the types of
studies necessary for the Regulatory authorities, and the process of submitting the
documentation to place a new antibiotic on the market.

We were extraordinarily fortunate to have enlisted some of the leading scientists
in the field from both industry and from academia to share their knowledge and
experience. We are profoundly grateful for the encouraging responses we received
from these individuals and their willingness to participate in this effort. The chap-
ters we received were all extremely thoughtful and of high caliber. Without their
contributions, this volume simply would not exist. Our hope is that the reader will
learn and benefit from the information in this volume and that it will serve as a valu-
able reference source for antibiotic investigators, present and future.

Waltham, MA, USA Thomas J. Dougherty
New Haven, CT, USA Michael J. Pucci
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Part I
Introductory History
of Antimicrobial Drugs



Chapter 1
The Early History of Antibiotic Discovery:
Empiricism Ruled

Richard J. White

1.1 Introduction

For the last 60 or so years the chemotherapy of bacterial infections has been domi-
nated by natural products and their semi-synthetic variants. Although the term anti-
biotic was initially used exclusively to describe those anti-bacterials of natural or
semi-synthetic origin, it has become broadened in common usage to include antibac-
terial agents of purely synthetic origin as well. The emphasis of this chapter will be
on the discovery of novel prototype structures that represent the different classes of
antibiotic e.g. penicillins, cephalosporins, and macrolides a distinct from the multi-
ple generations of improved analogues within a class that have typically followed an
initial discovery. In some cases, the prototypical molecule discovered was developed
and marketed without modification. In others, some modification proved necessary
to make the drug clinically useful. An antibiotic class is defined by a characteristic
core moiety, or pharmacophore, that is responsible for the observed antibacterial
activity. Although dramatic and important improvements have been made through
the chemical manipulation of the molecule that was first found, from the discovery
standpoint, they represent variations on a pre-existing theme. An important consid-
eration in this chapter will focus on the discovers’ mindset and what led him/her to
find a new antibiotic. Unfortunately such details are not always reported, and, at best,
the information available is fragmentary. In some cases, comprehensive accounts of
the events leading up to the discovery are well-documented, in others, however, only
a minimal description is available. The extent of the information reported herein
does not necessarily reflect the relative importance of individual discoveries, but
simply what is readily accessible. In addition to the results published in scientific

R.J. White, D. Phil., B. Sc (<)

HMB Biotechnology Consulting, 132 Spyglass Lane,
Half Moon Bay, CA 94019, USA

e-mail: whitrichard @ gmail.com

T.J. Dougherty and M.J. Pucci (eds.), Antibiotic Discovery and Development, 3
DOI 10.1007/978-1-4614-1400-1_1, © Springer Science+Business Media, LLC 2012
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journals, several books have been written that touch on antibiotic discovery [8, 31,
35, 57, 62] and have proven to be an invaluable resource in compiling this chapter.
The first publication documenting an antibiotic’s in vitro and/or in vivo activity will
usually be considered to be the year of its discovery. Only those antibiotics that were
found to have clinical utility and were, for at least a time, marketed for the treatment
of systemic bacterial infections will be considered. As will become clear, the gap in
time between an antibiotic’s discovery and its availability to prescribing physicians
has increased dramatically over the years. This is largely a result of the burgeoning
number of regulatory hurdles that have to be overcome. In turn, this is the outcome
of an improved understanding of the different factors affecting safety and efficacy,
coupled with the need to show that any novel antibiotic was at least as good as, if not
better, than the standard of treatment available at the time. This chapter on the early
history of discovery will only cover those classes of antibiotic found by the use of
empirical screening methods, which in reality represents the majority. A subsequent
chapter will cover those antibiotics that were discovered more recently by employing
rational approaches. The transition from the historically successful empirical
approach to that of a more rational screening approach was gradual with significant
overlap occurring over a number of years starting in the late 1970s. In fact, the two
most recent novel antibiotic classes to be launched in the first decade of the twentieth
century (linezolid and daptomycin) were discovered empirically! The order in which
the various antibiotic prototypes will be discussed is not strictly chronological
because there were two tracks or approaches running in parallel: one a synthetic
chemicals based approach and the other exploiting natural products. For conve-
nience, there is some grouping of compounds on the same track. The structures of the
antibiotics discussed in this chapter are shown in the accompanying Figs. 1.1-1.4,
which are grouped by their provenance. In those cases where the molecule initially
found needed chemical modification to achieve clinical utility, the marketed product
is shown.

1.2 Birth of Chemotherapy

Luis Pasteur and Robert Koch are widely recognized as having played a critical
role in formulating and developing the germ theory of disease; for this and related
work, they were both awarded Nobel prizes. In 1892, Koch’s postulates spelled
out the criteria for proving that a particular bacterium was responsible for a spe-
cific disease. Meanwhile, a highly active German chemical dye industry had pro-
vided important reagents to histologists who had shown that some of these dyes
could selectively stain tissues or pathogens. This set the stage for Paul Ehrlich to
propose his concept of selective chemotherapy. He reasoned that it should be pos-
sible to create ‘magic bullets’ that would not just stain a pathogen, but selectively
kill it as well.
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Fig. 1.1 Antibiotics produced through synthetic chemistry

1.2.1 Ehrlich’s Discovery of Salvarsan

Ehrlich took a pathogen-targeted approach and systematically searched for a drug
active against syphilis, caused by the bacterium Treponema pallidum. His starting
point was atoxyl, an arsenic-containing compound that had some activity against
African sleeping sickness, but had serious toxicity issues. Atoxyl was amenable to chem-
ical modification and became the lead on which to base a chemical optimization
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program. He reasoned that although arsenic itself was known to be toxic, that an
organo-arsenic derivative might become selectively toxic to a pathogen. This effort
eventually led to the synthesis of analogue number 606, subsequently named
Salvarsan, which cured syphilis infections in a rabbit model [66]. It is interesting to
note that all the activity screening had out be carried out with an in vivo rabbit
model since there was no in vitro test system available, which is still the case today.
The drug was discovered in 1909 and amazingly (by today’s standards) was in clini-
cal use by the following year. It was extremely successful in treating syphilis, espe-
cially when compared with standard treatment of the day, Mercury salts. It provided
Hoechst with the first blockbuster drug. Prior to the discovery of Salvarsan, Ehrlich
was awarded the Nobel Prize for his work on immunology in 1908. Despite the
important role that Salvarsan has played historically in the therapy of bacterial
infections, its actual structure was controversial. In 2005, it was revealed that
Salvarsan is actually a mixture of arsenic bonded species, which slowly gives rise to
an oxidized species that is responsible for the activity against the pathogen [41].

1.2.2 Prontosil: Forerunner of the Sulfonamides

Continuing in the same vein as Ehrlich, Gerhard Domagjk of the Bayer Division of
IG Farben (a consortium of German dye manufacturers) started testing azo related
dyes for activity against bacteria. The program started in 1927, and in 1932 KI-730
(subsequently named Prontosil) was submitted for testing; it was devoid of activity
in vitro but was still tested in vivo using a Streptococcus pyogenes infection in mice
[62]. Surprisingly, it worked very well in vivo and its discovery was announced
in 1935 [18]. As is often the case when news of a novel antibacterial leaked out,
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several other groups began work on analogues, and it was quickly recognized that
Prontosil consisted of two moieties: a triamino benzene imparting the red color, plus
a p-aminobenzene sulfonamide, which turned out to be the active part of the mole-
cule. This knowledge led to the synthesis of a large number of active sulfonamides,
and representatives of this class are still on the market today. Unlike Prontosil, they
were active in vitro as well as in vivo. In 1940, it was recognized that the sulfon-
amides could be reversed by p-aminobenzoic acid; the sulfonamides are structural
analogues of this natural metabolite [73]. For the first time, chemists had the benefit
of starting with a molecule that was not intrinsically toxic, until this point, much of
the efforts to discover novel antibacterials started off with a toxic molecule and tried
to engineer out the toxicity (e.g., salvarsan).
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1.3 Natural Products Enter the Scene

While the German chemical industry was actively pursuing synthetic chemicals as
Ehrlich’s magic bullets, Alexander Fleming was investigating the staphylococci and
made the now famous, but fortuitous observation that a contaminating mold grow-
ing on one of his discarded Petri dishes inhibited growth of the surrounding
staphylococci.

1.3.1 Discovery of Penicillin

Fleming’s contaminating mold was identified as belonging to the genus Penicillium,
which led to the name penicillin for the substance responsible for the antibacterial
activity observed on the agar plate. Fleming published his work on penicillin in 1929
[25], reporting that extracts of the mold were able to kill a number of gram positive
pathogens in addition to the staphylococci and even the gram negative pathogen
responsible for gonorrhea. Over the next 10 years, Fleming tried to progress penicil-
lin further but was hampered by an inability to isolate and purify it. Early attempts
to use crude penicillin topically in patients were not very successful, and Fleming
did little further work on its clinical potential, focusing instead on its utility as bac-
teriological reagent. He never tested it in a model infection in mice! Meanwhile,
Ernst Chain, working as part of Howard Florey’s team at Oxford, had taken on the
task of isolating penicillin and solving its structure. The first results of this effort were
published in 1940 [12], and by 1945, penicillin had demonstrated its amazing cura-
tive properties in the clinic and was being produced and distributed on a large scale.
For their seminal work Florey, Chain, and Fleming were awarded the Nobel Prize in
1945. Over the ensuing years many generations of novel penicillins have been devel-
oped with improved spectrum, pharmaco-kinetics, and resistance to beta lactamase.
Today, they remain a very important part of the antibiotic armamentarium.

1.3.2 The Actinomycetes Take Center Stage

Fleming’s discovery of penicillin in 1928 coupled with Rene Dubos’ discovery of
tyrothricin in 1939 [19], led Selman Waksman to start investigating microbes found
in the soil as a source of novel agents active against bacteria. Dubos’ work that led
to tyrothricin was very different from Fleming’s fortuitous discovery of penicillin,
as it resulted from the first deliberate search for compounds produced by soil
microbes that were capable of killing pathogenic bacteria. He actually fed gram-
positive bacteria at intervals to a large sample of mixed soils, hoping initially to find
microbes that were capable of destroying the bacteria. In reality, he discovered a
bacterium that produced an alcohol soluble compound capable of inhibiting the
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growth of gram-positive bacteria that he called tyrothricin. The alcohol extract was
actually a mixture of two compounds: tyrocidin and gramicidin. Although neither
antibiotic proved to be of clinical utility, their discovery was a seminal event dem-
onstrating the utility of screening soil microbes [51]. Tyrocidin proved very toxic,
and, although gramicidin was able to cure experimental infections in mice, it also
was too toxic for systemic use in humans. Gramicidin is a complex of six related
compounds and still has utility today as a topical treatment for superficial infec-
tions; it is one of three constituents in Neosporin ointment. Natural products synthe-
sized by soil microbes are frequently produced as a complex of related molecules.
Waksman’s group started testing all three of the known types of microbe found in
the soil (bacteria, fungi, and actinomycetes) for their ability to produce antibiotic
activity. It quickly became apparent that the actinomycetes were the most fruitful
source of this activity. The subsequent systematic screening of soil actinomycetes
led to actinomycin and streptothricin, which, like tyrocidin and gramicidin, were
too toxic for clinical use as antibacterials. Nonetheless a clear direction had been set
in the quest for novel antibiotics!

1.3.2.1 The Discovery of Streptomycin

In 1943, Albert Schatz, a graduate in Waksman’s lab found Streptomycin, which
was active against gram negative bacteria and most importantly against
Mycobacterium tuberculosis, the pathogen responsible for TB (tuberculosis). It
was quickly shown to be active in animal models of TB and then to be capable of
curing the disease in actual patients by 1946. Although the Merck company origi-
nally had rights to all the research in Waksman’s lab, the dramatic need for large
quantities of a life saving drug convinced Merck to allow other pharmaceutical
companies to take out licenses to manufacture streptomycin; soon a 1,000 kg a
month was being made. Ultimately the utility of streptomycin would be severely
limited by ototoxicity, which is its principal side effect. This side effect unfortu-
nately led to patients that were cured of TB but deaf as result of the treatment.
Waksman was awarded the Nobel Prize in 1952 for his pioneering work with actin-
omycetes and for the discovery of streptomycin. His work, coupled with pioneering
results of Dubos, provided the screening paradigm that would be applied so suc-
cessfully for the next 30 or so years by the pharmaceutical industry in the quest for
novel antibiotics. Sadly the story of streptomycin’s discovery was clouded by a
court case in which Dr Schatz claimed that he had not received the recognition he
deserved for the early pivotal role that he had played. He had initially been excluded
from royalty payments that Waksman had been receiving for streptomycin.
Although this was subsequently rectified, Schatz still felt that Waksman had retro-
spectively manipulated the story [37, 57]. None of this drama, of course, should
detract from the critical and broader role that Waksman played in pursuing and
championing the actinomycetes as antibiotic producers. His work led to the golden
era of antibiotic discovery.
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1.4 The Pharmaceutical Industry Initiates Screening:
Collaboration and Competition

Following from Waksman’s work on streptomycin and the demonstration that soil
microbes were capable of producing a variety of structures with antibacterial activ-
ity, the pharmaceutical industry instigated major screening programs. This led to an
incredibly productive period from the late 1940s until the 1970s during which many
of the major antibiotic classes were discovered. Initially all the major US pharma-
ceutical companies were heavily involved in making penicillin, and in some cases,
streptomycin as well. Encouraged by the commercial success of these antibiotics,
they were eager to discover their own [31]. In an unusual move, four US companies
in the Midwest (Eli Lilly, Abbott Laboratories, Upjohn, and Parke Davis) shared
information on attempts to chemically synthesize penicillin. Although these efforts
failed to supplant the fermentation route of production, this unique collaboration
continued with their antibiotic discovery programs. However, when Parke Davis
discovered chloramphenicol in 1947, they left this partnership. The other three con-
tinued to collaborate until 1952 when erythromycin was discovered [31]. Not sur-
prisingly, since then antibiotic discovery has been the subject of secrecy, intense
rivalry, and competition between the many companies involved. In some cases, this
secrecy has even led to accusations of industrial espionage and the stealing of key
actinomycete producer cultures with criminal convictions resulting in some cases.
Given the incredible productivity of these early antibiotic discovery programs, it’s
worth describing their key features and how they evolved over time and became
increasingly sophisticated. Although the details of such programs varied, the general
features of these efforts were remarkably similar and can be conveniently consid-
ered as consisting of three components:

1. Isolation and cultivation of novel producer organisms.
2. Screening of cultures for activity.
3. Purification and identification of the active metabolites.

1.4.1 Isolation of Novel Producer Organisms

Waksman’s work on different soil microbes had shown that the actinomycetes were
the most prolific producers of antibiotics. Usually the announcement of a novel
antibiotic was coupled with description of a producer microbe that was itself a novel
species. Thus efforts to isolate large numbers of novel actinomycete cultures were
made, which required a systematic collection of soil samples. Pharmaceutical
companies involved in the antibiotic screening enterprise rapidly put in place
programs to insure that a wide variety of soil samples became available. There was
a sense that the more rare and exotic the locale, the better the chances of coming up
with something new. Employees vacationing or traveling abroad were encouraged
to take special soil sample collection bags with them and to sample a wide range of
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habitats worldwide. Ironically, it not infrequently turned out that the most interest-
ing cultures came from their own back yard! Back in the laboratory, large numbers
of pure cultures were isolated from this collection of soil samples. Each company
had their own process for selecting which colonies they would pick off and culture
from the agar plates on which diluted suspensions of the soils had been plated out.
The practiced eye of a good soil microbiologist became invaluable as a means of
recognizing unusual actinomycetes based on the morphology and color of the agar
colonies. These soil isolates were then fermented in liquid media and the resultant
fermentation broths were tested for in vitro activity against the pathogen of choice.
The numbers involved were large, considering the limited availability of automated
equipment at the time, a typical company perhaps processing in excess of 100,000
actinomycetes in a year. Not only was selection of novel actinomycetes required but
it also became evident that the conditions under which they were grown influenced
profoundly what the individual cultures produced. Antibiotics are examples of what
are referred to as secondary metabolites. Unlike primary metabolites, like amino
acids or nucleotides that are essential for the microbe’s growth and survival, second-
ary metabolites are not essential (under laboratory conditions). It is now generally
accepted that antibiotics do have a role in a sort of inter-microbial warfare that is
waged amongst the inhabitants of the same ecological niche in competition for
the limited nutrients available for growth and survival. The structural variation
amongst the different antibiotic classes produced by the actinomycetes is astounding.
The actinomycete group of bacteria is subdivided into several genera, the most
productive of which (from the antibiotic standpoint) has been the Streptomyces.
Although initially confused with the fungi because of the frequent presence of fun-
gal-like mycelia rather than individual cells, the actinomycetes are true gram posi-
tive bacteria. Ironically, it turns out that some of the most notorious bacterial killers
also belong to the actinomycete group: the pathogens responsible for TB and lep-
rosy are both members of the genus Mycobacterium. As mentioned earlier, the nov-
elty of producer organisms that were being screened played a critical part in
improving a pharmaceutical company’s chances of finding novel antibiotics. The
emphasis shifted to finding what became known as ‘rare actinos,” in the case of
Schering Plough this meant acquiring a collection of the Micromonospora, an actin-
omycete genus that proved a rich source of antibiotics [43, 69] leading to the discov-
ery of gentamicin. At Lepetit in Italy the focus was on another rare genus, the
Actinoplanes [38] that also led to novel antibiotics. Special techniques were devel-
oped that allowed these companies to pick out these rare actinos amongst the back-
ground of commonly occurring ones. This frequently involved the use of selective
media but also relied on the experienced eye of a soil microbiologist recognizing
characteristic colony morphologies on the agar plates they were selected on. As a
by-product of this intense focus of the pharmaceutical industry on the actinomy-
cetes, large numbers were characterized and deposited with American Type Culture
Collection and other national culture collections. Patenting the microbe producing
the antibiotic was a key commercial strategy, since, in most cases, it was the only
practical way to access the molecule. The structures were far too complicated to
make by synthetic chemistry in a cost effective manner. Experience has shown that



14 R.J. White

antibiotics are typically produced late in the growth cycle and the fermentation
media are very complex, frequently containing solids such as soybean meal [32].
Thus a complex media is inoculated with a suspension of an actinomycete and
growth allowed to occur in specially made baffled conical flasks with shaking for
several days. The length of time varied depending on the particular microbe involved,
as also did the temperature (typically 5-7 days at 28°). The samples from these
fermentation broths that were then screened, were either supernatants (after the
removal of mycelial mass by centrifugation or filtration), or some form of organic
solvent extract made of the whole culture, supernatant, or mycelium that was com-
patible with the screening test being used. As will be seen, although the focus and
most of the success came from those programs based on the actinomycetes, some
important antibiotics other than penicillin came from fungi (cephalosporins and
fusidic acid) and other non-actinomycete bacteria (bacitracin and polymyxin).

1.4.2  Screening for Activity

The simplest and most straightforward test was to assay a fermentation broth sam-
ple for antibacterial activity by adding an aliquot to a growing bacterial culture in
liquid or on agar and to look for inhibition of growth. The bacterial species chosen
was usually the pathogen ‘du jour,” for example S. aureus, or E. coli if one was
interested in broad-spectrum activity. In practice, it turns out that activity against
gram-positive bacteria is found much more commonly than activity against gram-
negatives. The same is true of screening synthetic chemical libraries and is a reflec-
tion not so much related to different targets being present in gram positives and
negatives, but rather access to the same targets resulting from the additional outer
membrane present in gram-negatives, which severely restricts permeability. Many
of the antibiotics discovered during this era progressed to clinical trials and were
marketed with little or no knowledge of their mechanism of action. Antibiotics
became important tools in sorting out the biosynthetic pathways of bacteria.

1.4.3 Isolating and Ildentifying the Active Metabolite

Identifying a novel soil isolate that produced a potentially novel in vitro antibiotic
activity was only the start of a long and arduous path on the way to isolating the
fermentation broth component responsible and solving its structure This required the
isolation of increasingly large quantities of the fermentation derived molecule. As
soon as enough material was in hand, the candidate antibiotic was subject to expanded
in vitro testing to define its spectrum of antibacterial activity and simple physico-
chemical tests. In the early days, it was relatively facile to discover novel antibiotics
through simple empirical screening of fermentation broths. However, the problem of
re-discovering the same molecules became an increasingly difficult issue to deal
with. The details of the way in which different pharmaceutical companies ran their
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screening programs unwittingly biased them towards particular antibiotics and thus
the same molecules would repeatedly turn up. Furthermore, the publication and patent
filings on novel molecules by their competitors exacerbated the risk of re-discovery.
There were many instances of the same molecule being discovered at about the same
time and frequently there was a race to file a patent, which quite often was based on
physico-chemical properties of a molecule in the absence of a defined structure.
Various tricks were used to avoid the re-discovery problem and this whole process
has become referred to as dereplication. A key issue was the ability to determine as
soon as possible whether one had a novel molecule or not. Although the initial
fermentation broth might show up as highly active in an in vitro antibacterial test, the
molecule responsible was typically present at a few micrograms per milliliter, repre-
senting less than 0.01% of the total solids present. Attempts to identify the active
molecule responsible became easier and more meaningful, as it was purified and
concentrated, usually through extraction with organic solvents at various pH’s and/
or chromatography. The spectrum of antibacterial activity provided an early, rapid
and cheap fingerprint for identification, which later became increasingly powerful
with the addition of bacterial mutants that were resistant to specific antibiotic
classes. Chemical dereplication frequently depended on UV visible and IR spectra,
and required a higher degree of purity to become meaningful. The advent of HPLC and
the ability to determine the UV/visible spectra of individual peaks was a major
advance for dereplication. The gradual accumulation of samples over the years led
to the building of comprehensive libraries of known compounds that facilitated iden-
tification enormously. Unfortunately, companies were not always willing to send out
samples of newly discovered antibiotics to their competitors, which complicated this
process. Data banks on the physico-chemical properties and biological activities of
natural products became commercially available in hard copy and later in electronic
form, and this helped the process of dereplication [4, 11, 55], especially those enter-
ing the field without the benefit of accumulated experience in the area and a library
of samples of previously discovered antibiotics. Natural product screening programs
had a tendency to mature and improve with time as the efficiency of dereplication
improved. It increasingly became a numbers game as all ‘the low hanging fruit’ had
already been picked and the law of diminishing returns was setting in.

1.5 Antibiotics Produced by Actinomycetes

1.5.1 Chlortetracycline

In 1944 Benjamin Duggar, a retired botany professor, joined Lederle Laboratories
of Pearl River NY and took charge of a soil screening program. Amongst the hun-
dreds of soil samples to be screened for antibacterial activity, it was hoped to find a
safer alternative to streptomycin for the treatment of TB. This objective was achieved
in 1945 with the isolation of Streptomycin aureofaciens, a gold colored actinomy-
cete that produced an orally active broad-spectrum antibiotic initially called aureo-
mycin [20]. It was subsequently re-named chlortetracycline when its structure was
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resolved [64]. Chlortetracycline was first marketed in 1949 just before chloram-
phenicol. Disappointingly, it was of no use for TB. Other tetracyclines were quickly
identified as the competition between the pharmaceutical companies heated up.
Pfizer, concerned about the declining price of penicillin, put a team of over 50 sci-
entists onto a soil screening program charged with looking at more than 100,000
soil samples from all over the world. The outcome of this effort was the identifica-
tion of oxytetracycline that was produced by Streptomyces rimosus and turned out
to have similar antibacterial properties to chlortetracycline [24]. The global diver-
sity of their soil sample collection turned out to provide little or no advantage, since
the key isolate, S. rimosus, came from a soil sample collected at their manufacturing
site in Terre Haute IN! Tetracycline was found to be co-produced with chlortetracy-
cline by S. aureofaciens at Lederle [6]. However, the proprietary situation became
unclear when Bristol Labs found tetracycline produced by a different actinomycete,
Streptomyces viridifaciens, and Pfizer succeeded in chemically converting chlortet-
racycline to tetracycline [14]. All three companies filed patents but were all initially
rejected. Pfizer and Bristol persisted with their filings and were eventually awarded
patents. An agreement was reached between the various tetracycline producers and
their licensees, and this family of antibiotics became widely prescribed and came to
rival penicillin as wonder drugs. The US Federal Trade Commission criticized this
tetracycline ‘cartel’ for controlling prices and keeping competition at bay. The tet-
racycline story provides some idea of the intense competition that went on between
the different pharmaceutical companies involved in this era of antibiotic discovery
and is covered well by Sneader [62].

1.5.2 Chloramphenicol

In 1943 the Parke Davis Company set up a research collaboration with Paul
Burckholder, a botanist at Yale, to screen potential antibiotic-producing microbes
isolated from soil samples for activity against six different bacteria. Out of over
7,000 soil samples that were screened, one from near Caracas, Venezuela yielded a
broad-spectrum orally active antibiotic: chloramphenicol (originally referred to
as chloromycetin). It was the first broad-spectrum antibiotic to be marketed that
could be used orally or systemically. The producing culture was given the name
Streptomyces venezuela and sent to Park Davis in Detroit, where the active compo-
nent was isolated in 1947 [21] and the structure solved rapidly thereafter [15]. By
the end of 1947, it had already undergone preliminary clinical evaluation with
impressive results. Chloramphenicol can be made on a large scale by synthetic
chemistry obviating the need for fermentation, and by 1949, large amounts were
being manufactured and sold. Sales of this drug catapulted Parke Davis into becom-
ing the world’s largest pharmaceutical company. Unfortunately, after testing in eight
million or so patients, a rare but frequently lethal side effect was revealed. Although
only as few as 1 in 100,000 patients treated, suffered from the aplastic anemia that
it caused, this was enough to dramatically curtail its use.
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1.5.3 Additional Aminoglycoside Antibiotics

Although the focus of this chapter is on the prototypical antibiotic class members that
have been discovered, some mention of additional aminoglycosides is merited, since
they have been marketed as novel natural products and were not the outcome of semi-
synthetic chemistry aimed at generating a new improved generation of streptomycin.

1.5.3.1 Neomycin

In his continuing studies after streptomycin, Waksman found a complex mixture of
related aminoglycoside antibiotics that was produced by the soil actinomycete,
Streptomyces fradiae [70]. This complex of antibiotics was called the Neomycins,
and Neomycin B was the component that became used clinically. Unacceptable
systemic toxicity has limited neomycin B to topical use. As a group, the aminogly-
cosides generally have an ototoxicity and nephrotoxicity liability. They are typically
broad-spectrum agents with excellent gram-negative activity and are rapidly bacte-
ricidal (a key property in treating serious systemic infections). They have a mecha-
nism involving inhibition of bacterial protein synthesis, but interact with the 30 S
subunit of the bacterial ribosome rather than the larger 50 S unit unlike other protein
synthesis inhibitors (such as the macrolides, lincosamides, and tetracyclines) that
are primarily bacteristatic in nature.

1.5.3.2 Kanamycin

Another aminoglycoside called Kanamycin was discovered in 1957 by one of the
doyens of the antibiotic era, Hamao Umezawa [68]. It was produced by the soil isolate
Streptomyces kanamyceticus. Although rarely used now, it is important as its chemi-
cal modification gave rise to several important derivatives including Amikacin.

1.5.3.3 Gentamycin

The story of gentamicin’s discovery is unusually well-documented and is worth
summarizing here as a useful illustration of the importance of working with novel
actinomycetes and of industrial laboratories having external collaborations [42, 43,
69]. The Schering Corporation was late in joining the other pharmaceutical compa-
nies in the rush to discover novel antibiotics and had been focusing on steroids and
their transformation. In 1957, G Luedemann joined Schering, after completing his
doctoral research at Syracuse University NY. He was aware that Professor Carpenter,
his mentor at Syracuse University, was retiring and that his collection of specimens
of an unusual genus of actinomycetes, the Micromonospora, was going to be
consigned to the autoclave. In 1958, another member of Carpenter’s department,
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A Woyciesjes, agreed to a small collaboration that would provide Schering with
Micromonospora isolates and he set up a small laboratory in his own basement to do
this work. These isolates were all collected locally. Cultures were screened at
Schering as potential producers of antibiotic activity. Out of the more than 300 cul-
tures sent to Schering over the next couple of years, 15 produced novel antibiotics,
by far the most important of which was Gentamicin, a new complex of closely related
aminoglycosides [71]. Unusually Gentamicin was and still is marketed as a complex
mixture of at least five active components, presumably a result of the difficulty in
obtaining a purified single component with a commercially viable process. It would
be very difficult to get a mixture of this sort approved today with the significantly
tightened regulatory requirements. Surprisingly, Woyciejes was not included as an
inventor on the original Schering patent for gentamicin and, like Schatz did before
him for streptomycin, successfully challenged the case in court.

1.5.4 Erythromycin A: The Macrolide Prototype

In 1952, James McGuire and coworkers at Eli Lilly isolated a strain of Streptomyces
erythreus from a soil sample collected at Iloilo in the Phillipines [9]. This actinomy-
cete produced a complex of at least six related molecules of which only one had
useful potency against gram-positive bacteria: Ilotycin (now referred to as erythro-
mycin A) [62]. The erythromycins were the prototypical members of the so-called
macrolide class of antibiotics, characterized by a lactone ring that, in the case of the
clinically useful members of this class, contained 14 or 16-membered rings.
Erythromycin was active against the increasingly problematic penicillin resistant
staphylococci. The structure of erythromycin was solved in 1956 [27]. The develop-
ment program for erythromycin A involved dealing with a number of problems
impinging on the ability to develop oral and parenteral formulations very bitter
taste, poor aqueous solubility, and acid instability. At the time, Eli Lilly, UpJohn,
and Abbott Laboratories were sharing the rights to antibiotic leads. Upjohn decided
not to proceed considering it no more than a weak penicillin. However, the other
two realized the full potential of erythromycin and Abbott, in particular, enjoyed a
huge commercial success with it [31]. The azalides and ketolides were subsequent
variations of this prototypical macrolide made by chemical modification.

1.5.5 Lincomycin

This protypical member of the lincosamide family of antibiotics was produced by a
culture of Streptomyces lincolnensis isolated from a soil sample collected in Lincoln,
Nebraska (hence the name of the producing organism and the antibiotic itself!) by
researchers at the Upjohn Company in 1962 [47]. Lincomycin is active against
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gram-positive bacteria and anaerobes; its clinical utility was limited and it was rapidly
replaced on the market by the more efficacious clindamycin, a semi synthetic deriv-
ative of lincomycin containing chlorine. The lincosamides, like the macrolides, are
primarily bacteristatic antibiotics that have a similar mechanism involving the
inhibition of protein synthesis and also share a common resistance mechanism
involving the methylation of ribosomal RNA.

1.5.6 Vancomycin: The Glycopeptide Prototype

This antibiotic came from the productive soil screening program at Eli Lilly in 1956
where McCormick et al. [48] isolated a gram positive active component from the
fermentation broth of a novel actinomycete that was named Streptomyces orientalis
(now renamed Amycolatopsis orientalis). Although the initial isolate came from a
soil sample collected in Borneo by a missionary, it was subsequently found that two
further strains of the same species from Indian soil samples produced the same
antibiotic [40]. Several early pieces of information spurred interest in pursuing
vancomycin; evidence of bactericidal activity, activity against penicillin, strepto-
mycin, and erythromycin resistant staphylococci, and a low potential to develop
resistance on repeated passage of pathogens in the presence of drug. Animal studies
also indicated a low toxicity, but, for many years, the vancomycin used in the clinic
contained significant impurities from the fermentation process and was prone to
cause serious side effects in patients especially nephrotoxicity. These earlier brown
colored preparations were dubbed ‘Mississipi mud’. Later improvements in the
commercial purification process led to a much cleaner and safer product. It was
rapidly approved for the treatment penicillin resistant staphylococcal infections in
1958 but was quickly overshadowed by the introduction of methicillin in 1960.
However, it was resurrected in the 1970s with the spread of methicillin resistant
Staphylococcus aureus and is still recognised as an important antibiotic. The glyco-
peptides have a high molecular weight compared with most other antibiotics, lack
oral activity, and their use is largely restricted to the intravenous treatment of serious
systemic gram-positive infections.

1.5.7 Rifamycins: The First Ansamacrolides

In the mid 1950s, the Italian pharmaceutical company Lepetit, based in Milan, initi-
ated a typical screening program examining soils collected from many different loca-
tions by traveling employees and business contacts worldwide. The Lepetit group, led
by Piero Sensi, was looking for activity against several clinically important bacteria
including M. tuberculosis. One particular soil sample came from the Cote d’azur,
France, and had by chance been collected by the vacationing employee responsible for
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isolating actinomycetes. Not surprisingly on returning to the laboratory, he gave his
own reddish soil sample special attention! A novel actinomycete was isolated that
produced a complex of related antibiotics highly active in vitro especially against the
staphylococci and, most importantly, M. tuberculosis [58]. The producer organism
was initially named Streptomyces mediterranei, but was subsequently reclassified as
Nocardia mediterranei and even finally as Amycopolis mediterranei. The complex of
antibiotics became called the rifamycins (the name deriving from the French movie
thriller of the time “Rififi’). It proved difficult to isolate and elucidate the structure of
the components of this complex. Two Swiss chemists, Prelog and Oppolzer [53],
solved the unusual structure of this novel class of antibiotic. The first component to be
isolated was rifamycin B, which itself turned out be inactive but underwent a slow
spontaneous degradation, via the intermediate formation of rifamycin O, to yield the
highly active rifamycin S (that became the first rifamycin to be marketed). The rifamy-
cins were the first example of a new class of antibiotics referred to as the ansamycins,
characterized by a ring system bridging a naphthalenic chromophore. Recognizing the
unique chemical challenges that their limited chemistry resources would face in trying
to further develop this novel class of antibiotic, Lepetit collaborated with the Swiss
company Ciba-Geigy. The outcome of this effort was rifampicin [45], which is still
today part of a first line treatment combination for TB. The rifamycins have a unique
mechanism of action involving a highly selective inhibition of DNA dependent RNA
polymerase. Concerns about a rather high frequency of resistance have mostly
restricted rifampicin’s use to treating TB, in spite of its excellent in vitro activity
against the staphylococci.

1.5.8 Novobiocin

This antibiotic was discovered almost simultaneously by several different groups and
has had several different names assigned to it: Cathomycin, Streptonivicin, Albamycin,
and Cardelmycin [30, 61]. Workers at the Upjohn Company announced the isolation
of Streptonivicin from the culture broth of Streptomyces niveus (subsequently
renamed Streptomyces spheroides) as a gram-positive antibiotic in 1956 [61].
Although marketed by Upjohn for several years in the 1960s as Albamycin alone,
and in several fixed combinations with other antibiotics, it was subsequently with-
drawn in the USA.

1.5.9 Spectinomycin

Another antibiotic discovered by the Upjohn group was Spectinomycin (initially
referred to as actinospectacin). It was isolated in 1961 from the culture broth of
Streptomyces spectabilis [46] and is an aminocyclitol with some structural
resemblance to the aminoglycosides; interestingly, it also interacts with the 30 S
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ribosomal particle inhibiting protein synthesis. It has rather weak in vitro activity
versus gram positives, and its clinical use has been restricted to the treatment of
uncomplicated gonorrhea.

1.5.10 Daptomycin: The First Lipopeptide to Be Marketed

In 1987, researchers at Eli Lilly published details of a novel complex of structurally
related lipopeptide antibiotics referred to as A21978C, produced by Streptomyces
roseosporus [17]. This complex mixture of at least six components could be resolved
by incubation with cultures of Actinoplanes utahensis that yielded a single inactive
peptide. The members of the complex carry different fatty acyl side chains that are
selectively removed by an enzyme present in cultures of this actinoplanes species.
This common core peptide became a critical intermediate for the synthesis of ana-
logs in which the naturally occurring acyl side chains were replaced chemically with
a range of new side chains. This led to the synthesis of the semisynthetic antibiotic
Daptomycin (referred to earlier as LY 146032) [22] that was approved for marketing
in 2003, almost 20 years after it was first described! Daptomycin is a gram-positive
only antibiotic that is rapidly bactericidal, having a unique mechanism involving a
lethal breakdown in membrane permeability.

1.5.11 Streptogramins: A Natural Synergy

The streptogramins represent a large class of antibiotics produced by the actinomy-
cetes that have a restricted spectrum of activity against the gram-positives. The class
is unique in that it comprises a mixture of two structurally distinct macrocyclic com-
ponents that are co-produced by the same microbe and that act together synergistically
[13]. Both components inhibit bacterial protein synthesis at the level of the ribosome,
and the observed in vitro activity is primarily bacteriostatic. Cross-resistance is exhib-
ited with certain other antibiotics that inhibit protein synthesis at the 50 S ribosomal
sub unit (specifically the macrolides and lincosamides), referred to as MLSB type
resistance. Pristinamycin is the most important member of this class, from the stand-
point of human use, and was discovered at the laboratories of Rhone Poulenc (now
part of Aventis) through an empirical fermentation screening program in the 1950s
and eventually described in 1968 [54]. Although Pristinamycin has been marketed in
some European countries under the trade name Pyostacine since the 1960s, it has
never been approved in the USA. Pyostacine is orally active but was not available in a
parenteral form, due to poor water solubility. In view of the increasing problem with
gram-positive infections in the hospital setting, there was a need for new injectable
anti-staphylococcal drugs. Rhone Poulenc initiated a semi synthetic program aimed at
producing a pristinamycin analog that could respond to this requirement. The result of
this effort was a combination of novel analogs of the two pristinamycin components,
dalfopristin and quinupristin, which is marketed in the USA as Synercid.
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1.6 Antibiotics Produced by Fungi

1.6.1 The Discovery of Cephalosporin C

Following on from the discovery of penicillin, Guiseppe Brotzu initiated a search
for antibiotic producing organisms at the Instituto d’Igiene in Cagliari Sardinia. In
a departure from the typical screening of soil isolates, he decided to examine cul-
tures isolated from the seawater close to a local sewage outlet. He reasoned that the
purification of the seawater that occurred could be due in some measure to micro-
bial antagonism. In 1945, he isolated a fungus, Cephalosporium acremonium, which
produced broad-spectrum antibacterial activity. After making many subcultures a
variant, was identified that produced high levels of antibacterial activity detectable
in filtrates of the fungal growth medium. In 1948, he published his results on crude
extracts made from C. acremonium cultures that included data from patients who
had their boils and abscesses caused by staphylococci and streptococci successfully
treated by a topical application of this complex mixture [7]. It is a remarkable fea-
ture of early antibiotic screening that even very crude extracts frequently gave excel-
lent in vivo activity in animal models and even patients (the same had been true for
penicillin). The level of antibiotic present in these early preparations would more
adequately be described as a contaminating impurity rather than a major compo-
nent. At this stage, Brotzu did not have the resources to take the work further and
identify the active constituent(s) and this project was undertaken at Florey’s labora-
tories at Oxford University, where the crucial work on penicillin had been carried
out. Examination of extracts of C. acremonium soon revealed that it contained mul-
tiple components possessing antibacterial activity. The first component to be identi-
fied was only active against gram-positive bacteria and was called cephalosporin P
[10], which actually turned out to be a mixture of at least five related components
itself. Next an unstable broad-spectrum component was identified, which had all the
antibacterial activity originally described by Brotzu and was initially called
Cephalosporin N. However, when Abraham and coworkers managed to isolate it in
pure form and determine the structure, it turned out to be a new penicillin, and was
renamed penicillin N [2]. Although the activity of penicillin N was much less active
than benzyl penicillin, it had much better activity against gram-negatives. In com-
paring the structure of these two penicillins, it became apparent that the nature of
the side chain was very important in determining the spectrum and potency of anti-
bacterial activity. This was a key observation for the subsequent semi-synthetic pro-
grams leading to multiple generations of improved penicillins. The third component
of the C. acremonium culture was noticed as an impurity isolated during degrada-
tion studies on penicillin N in attempts to determine its structure. It had weak anti-
biotic activity and was called cephalosporin C, and Abraham and Newton soon
realized that it was related to the penicillins. What caught their interest was its
greater resistance to bacterial beta-lactamases that were able to cleave the penicillin
ring and inactivate the antibiotic. The Oxford group finally solved its structure in
1961 [1]. Cephalosporin C became the major starting point for the production of
four very successful generations of semi-synthetic cephalosporins, although it was
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never marketed as an antibiotic in its own right. It is of note that the proprietary situ-
ation for the cephalosporins was for many years dominated by a series of patents
taken out by the National Research and Development Corporation in the UK, set up
to exploit any discoveries that were made in British Universities and government
laboratories. This was set up as a reaction to the fact that British companies had to
pay large royalties to American companies in order to make penicillins, which had
in reality been a British discovery. Several pharmaceutical companies (both British
and foreign) took out licenses and the British taxpayer was richly rewarded for the
government’s investment! The key work here had been carried out in an academic
laboratory; it is interesting to speculate whether work on the C. acremonium culture
would have been allowed to proceed long enough in an industrial setting to allow for
the identification of the all-important third, but weakly active antibiotic component,
cephalosporin C; it took more than 12 years!

1.6.2 Fusidic Acid

In the early 1960s, a team at Leo Pharmaceuticals headed by Godtfredsen was
searching for an amidase enzyme that would cleave penicillin to yield
6-aminopenicillanic acid, a critical intermediate for the synthesis of novel semi-
synthetic penicillins. As part of this quest, they screened a number of Fusarium
species, and, by chance, came across one that produced activity against staphylo-
cocci. This particular species, Fusarium coccineum, was cultured from monkey
fecal matter, not from a soil sample! The weakly acidic active component was iso-
lated and its structure determined. It was shown to be quite different from any other
antibiotic having an unusual steroid-related structure and was named fusidic acid
[29]. Cephalosporin P, isolated by Abraham et al. [2] during their work leading to
cephalosporin C, had a similar structure and was subsequently shown to be cross
resistant with fusidic acid. In 1962, positive clinical trial data was generated for
fusidic acid [28] and the antibiotic was subsequently marketed in oral, intravenous
and topical formulations in several major markets, but not in the USA. Fusidic acid
is a gram-positive only antibiotic that inhibits protein synthesis and is bacteriostatic.
No further generations of this interesting molecule have been registered for use. The
penicillins, cephalosporins, and fusidic acid represent the only antibiotics in clinical
use that are of fungal origin.

1.7 Antibiotics Produced by Bacteria that
are not Actinomycetes

Although the actinomycetes have been the predominant group of bacteria found to
produce useful antibiotics, there are two examples of antibiotics produced by other
gram-positive bacteria.
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1.7.1 Bacitracin: A Gram-Positive Only Peptide Antibiotic

In 1945, a group working at Columbia University College of Physicians and
Surgeons announced the discovery of a novel peptide antibiotic that they called
bacitracin [33]. Their research was unusual because it was not part of a commer-
cially driven screening program, but rather an attempt to understand a discrepancy
between the bacteria isolated from infected wounds, which were cultured directly in
broth and on blood agar plates. On occasions, organisms present on the blood agar
plates were absent from the broth cultures. This happened most often when the
broth cultures contained a large number of gram-positive sporulating rods. Many
of these gram-positive cocci were shown to antagonize the growth of other gram-
positive cultures when they were plated together. One culture in particular, produced
a very potent antibiotic effect and was identified as belonging to the Bacillus subtilis
group of organisms (later it was shown to be a strain of Bacillus licheniformis [34]).
This particular bacterium was isolated from a patient called Tracy, leading to the
name assigned to the antibiotic produced. Bacitracin has a gram-positive only spec-
trum with a mechanism involving the inhibition of cell wall synthesis, and, although,
its main use is as a topical, due to a serious nephrotoxic liability, it is available in an
intramuscular form for the treatment of serious staphylococcal infections.

1.7.2 Polymyxins: Gram-Negative Only Peptide Antibiotics

The polymyxins (A through E) are a group of closely related antibiotics produced
by the gram-positive Bacillus polymyxa. They were first discovered in 1947 at the
Stamford CT laboratories of American Cyanamid during a screening program for
producers of antibiotics with gram-negative activity [63]. Candidate cultures on
agar plates were overlaid with a suspension of Salmonella schottmuelleri and sub-
sequently examined for zones of inhibition. The colonies of B. polymyxa were very
unusual in that they gave very large zones of inhibition of the salmonella species
used but virtually no zone if Staphylococcus aureus was used as the indicator organ-
ism instead. At that stage, no antibiotics were known that were more active against
gram-negatives than gram-positives, giving an early indication of presumptive nov-
elty. In fact, purified polymyxin B, the most interesting component from the selec-
tivity standpoint, is devoid of gram-positive activity. The polymyxins have a cyclic
peptide structure with a lipophilic tail attached, their unusual spectrum of activity
results from a selective interaction with lipopolysaccharide, a polymer found exclu-
sively in gram-negative bacteria. In 1949, Colistin was discovered in Japan and
introduced to clinical use in 1959 as a novel antibiotic. However, in 1963 [72] it was
shown to be identical to Polymyxin E. In the case of colistin, a methane sulfonate
derivative, it had been made to reduce the nephrotoxic liability. Colistin and
Polymyxin B remain on the market with a limited use (due to safety concerns) for
the intravenous treatment of serious gram-negative infections; however, they are
most frequently used as important components of topical formulations.
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1.8 Antibiotics Produced Through Synthetic Chemistry

Although natural products have played a predominant role in antibiotic discovery,
there have been a number of significant antibacterial agents that have had their ori-
gins in synthetic chemistry. As we shall, see a lot of the early effort in this approach
was directed towards finding better antibiotics for TB.

1.8.1 Para Amino Salicylic Acid

At about the same time that Waksman was working on Streptomycin as a TB anti-
biotic, Jorgen Lehmann made a very important prediction: para amino salicylic acid
would be active against the TB pathogen and was urging a Swedish pharmaceutical
company to make it. This prophecy derived from Lehmann’s reading in 1940 of a
very brief publication that was sent to him by a friend, Frederick Bernheim from
Duke University. The title of this note was ‘The effect of salicylate on the oxygen
uptake of the tubercle bacillus’ [5]. The effect described was quite dramatic with
small quantities of salicylic acid (aspirin) causing a major stimulation of oxygen
consumption. Lehmann reasoned that this meant: (1) Salicylic acid was able to pen-
etrate the bacteria (a major issue for TB since it has very waxy outer covering that
rendered it impermeable to most substances). (2) Analogues of the molecule could
potentially interfere with bacterial respiration via competitive inhibition and should
be able to penetrate in the same way as the parent molecule. At this stage it was
known that the sulfonamides worked as analogues of the natural metabolite para
aminobenzoic acid. This was also the reason why Lehmann was suggesting the para
analogue rather than the meta or ortho versions. Thus the proposal to synthesize
para aminosalicylic acid was made without Lehmann having conducted a single
experiment! In reality, the chemical proved exceedingly difficult to synthesize, and
it was not until the end of 1943 that Karl Gustav Rosdahl succeeded in cracking the
synthetic problem and delivered the first supplies of PAS for testing. The drug was
very potent against the TB pathogen in vitro and worked very well in a guinea pig
model of TB. The first patient was treated in early 1944, only 3 months after the
research began. It proved a safer drug than streptomycin, it could be given orally,
and it had less of a resistance problem. Later it came to be used in combination with
other TB antibiotics. A detailed description of the PAS story and other antibiotics to
treat TB can be found in a book by Ryan [57].

1.8.2 Isoniazid

Although isoniazid was first synthesized in 1912, it was almost another 40 years
before its activity against TB was discovered. In 1951, three pharmaceutical compa-
nies (Bayer, Hoffman la Roche, and Squibb) independently recognized the remark-
able activity of isoniazid. These research programs had their origins in the earlier
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work of Domagk (the discoverer of prontosil) who had been studying a series of
thiosemicarbazones as potential TB antibiotics [26]. One such analog was actually
marketed in Germany as Contaben. A large number of analogs were synthesized in
what would seem a largely empirical effort. At Squibb, it was the fortuitous testing
of a synthetic intermediate en route to a thiosemicarbazone that led to their discov-
ery. These efforts culminated with the finding that substituting a benzene ring in the
thiosemicarbazone with a pyridine led to isoniazid; a highly potent, orally active,
and well tolerated drug. Furthermore, isoniazid was very cheap to synthesize and
remains today part of primary therapy for TB as part of a triple combination.

1.8.3 Pyrazinamide

The discovery of pyrazinamide was announced by Kushner and coworkers of
Lederle Laboratories in 1952 [36] and came from a synthetic chemistry program in
which analogs of Nicotinamide were being made (nicotinamide was already known
to have activity against TB). Later evidence showed that it was in fact a prodrug that
was converted into pyrazinoic acid by a mycobacterial enzyme. The mechanism
only became understood much later in 2000 [74] when it was shown to involve the
inhibition of fatty acid biosynthesis by pyrazinoic acid.

1.8.4 Ethambutol

Continuing research at Lederle Laboratories led to the discovery of ethambutol in
1961 and had its origins in an empirical screen of synthetic chemicals for in vitro activ-
ity against the TB pathogen [67]. Once again, knowledge of the mechanism would not
be established until much later in 1995, when it was shown to inhibit the biosynthesis
of the arabinam component of the mycobacterial cell wall arabinogalactan [50].

1.8.5 Nitrofurans

In the 1940s, many furans were synthesized in the quest for novel anti-bacterials; it
was noted that introduction of a nitro group at position 5 of a 2 substituted furan ring
resulted in a marked increase in antibacterial activity [8]. Subsequently, further synthe-
sis led to the derivative, Nitrofurantoin, which was first used in the mid 1950s for the
oral treatment of urinary tract infections. After oral administration the concentration of
the drug was only high enough in the urine to achieve a therapeutic effect. At these
concentrations, it was bactericidal. Mechanistically Nitrofurantoin is a prodrug, requir-
ing reduction of the nitro group by a bacterial enzyme. The reduced drug then inhibits
the Krebs cycle at multiple points preventing the generation of essential ATP [49].



1 The Early History of Antibiotic Discovery: Empiricism Ruled 27
1.8.6 Metronidazole

Although metronidazole is a product of synthetic chemistry, its origins go back to the
discovery of azomycin in 1953 by the prolific laboratory of Hamao Umezawa in
Tokyo, Japan [44], its structure was solved in 1955 [52]. Azomycin was produced by
an unidentified species of streptomyces and had antibacterial activity. Noting the
similarity of the azomycin structure to agents active against trichomonas such as
aminitrozole, researchers at Rhone Poulenc found that it also had trichomonacidal
activity. Azomycin itself turned out to be too toxic to be of clinical utility, but it
inspired the synthesis of a series of analogs by the French team thatled to Metronidazole,
an important drug for treating trichomonas infections [16]. Serendipitously, it was
found to be active against ulcerative gingivitis in 1962, a bacterial infection of the
gums [59], and this led to a realization of its broader antibacterial activity. It is espe-
cially active against anaerobic bacteria such as Bacteroides fragilis and is approved
for a number of indications that involve this pathogen.

1.8.7 Nalidixic Acid: The Prototype Quinolone

As part of a study to devise a novel chemical synthesis of chloroquine in 1946, research-
ers at the Sterling Winthrop Research Institute in Rensselear, NY noted the occurrence
of a by-product (7-chloro-1,4-dihydro-1-ethyl-4-oxyquinoline-3-carboxylic acid)
[65]. Nothing much happened with this fortuitous by-product until it was included
in a screening program and found to be active against fowl coccidiosis. George
Lesher and co-workers then began synthesizing analogs of this synthetic by-product
and in 1962 announced the discovery of nalidixic acid, the first quinolone antibacte-
rial that would reach the clinic [39]. It had quite good gram-negative activity, it was
rapidly bactericidal, but it lacked activity against the gram-positives. Importantly,
there was no cross-resistance with other marketed antibiotics, but resistance to the
drug itself could be obtained quite easily. Early work on the mechanism of this pro-
totypical quinolone proposed that it was an inhibitor of DNA gyrase, but in 1990, it
was shown that there is in fact a dual mechanism with a second enzyme Topoisomerase
IV also being inhibited [23]. Both target enzymes are involved in maintaining the
integrity of the DNA helix. When Nalidixic acid was eventually approved by the FDA
in 1967, the indication was for the treatment of urinary tract infections; a reflection
of the fact that the drug was rapidly cleared from the systemic circulation and con-
centrated in the urine. Subsequent work on the quinolone class led to the identifica-
tion of flumequine by researchers at the Riker Laboratories in 1977, the first
fluoroquinolone [56]. Unlike nalidixic acid, flumequine had some gram-positive
activity. Continued chemical manipulation of the flouroquinolone pharmacophore
was able to further broaden the spectrum, reduce the frequency of resistance, and
improve the pharmacokinetics. This has led to multiple generations of broad-spectrum
antibiotics, useful in the treatment of a range of systemic infections by both oral and
parenteral routes.
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1.8.8 Linezolid: The First Oxazolidinone to Be Approved

This novel class of synthetic antibiotic had its origins in the late 1970s in a program
at Dupont that had started with a search for chemicals active against fungal and
bacterial plant pathogens at their agricultural division [3]. The chemicals tested
were also chosen for antibacterial screening by the pharmaceutical division. One of
the oxazolidinones tested was reported as having potent in vitro activity, and this
spurred an interest in this group of compounds leading to in vivo testing. Ironically,
the initial in vitro observation turned out to be false, fortunately clear evidence of
in vivo activity was found. Further testing of purer samples confirmed the poor
in vitro activity, and this turned out to be a general property of the series. An encour-
aging finding at this stage was an absence of natural resistance to the oxazolidino-
nes. Walter Gregory and coworkers at Dupont continued their work with this new
chemical class of antibacterials, and, by 1987, their efforts had led to the identifica-
tion of two analogs: DuP-721 and DuP-105. These analogs were active in vitro
against staphylococci (including MRSA), streptococci and Bacteroides fragilis, and
importantly were shown to be active in vivo by both parenteral and oral routes [60].
However, shortly thereafter the program at Dupont was terminated based on liver
toxicity seen in rats. There the oxazolidinone story might have ended were it not for
a young Upjohn chemist, Steve Brickner, who had seen the Dupont data on posters
at the 1987 ICAAC meeting. He initiated his own small program at Upjohn (now
Pfizer) in an attempt to make improved oxazolidinones. It’s important to note that
the culture at Upjohn encouraged scientists to invest up to 10% of their time on their
own, ‘self-initiated’ projects. Other colleagues at Upjohn also recognized the poten-
tial of this new class, and a small but growing group of scientists quickly became
involved in what became a mainstream project. What was different about the Upjohn
project was that rather than basing the SAR solely on in vitro MIC’s, early estima-
tion of toxicity was a key driver. Cachexia (severe weight loss) in treated animals
was one unusual side effect that had been seen. This emphasis on early toxicological
studies required the synthesis of much larger amounts of the individual analogs than
is typical for a program at this stage. By 1995 this led to the identification of two
significantly improved analogs (subsequently named Eperezolid and Linezolid) that
proceeded to phase 1 testing in human volunteers. Linezolid was selected for phase
2 evalution on the basis of its superior pharmacokinetics in humans. In 2002 the
FDA approved Linezolid. It had taken about 25 years starting from the original
work at Dupont for this novel class of antibiotic to yield a clinically useful drug.

1.9 Concluding Comments

The use of intact bacteria as a simple test for antibiotic activity has served the phar-
maceutical industry well, having been responsible for the discovery of most of the
drugs currently used to treat bacterial infections. This was largely the result of brute
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force screening efforts with big resource commitments. However, with the benefit
of our current understanding of mechanisms of action/resistance, coupled with
genomics, robotics and improvements in analytical chemistry, the whole process
could have been much quicker and less labor intensive. In comparing the antibiotics
from nature and synthetic chemistry, one cannot help but be impressed by the
marked difference in the level of complexity of the structures. It is difficult to imag-
ine how we could ever have arrived at the complex, exquisitely specific structures
produced by the soil microbes. Our understanding is still quite limited when it
comes to designing an antibiotic de novo.
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Chapter 2

Rational Approaches to Antibacterial Discovery:
Pre-Genomic Directed and Phenotypic
Screening

Lynn L. Silver

2.1 Introduction

Early antibacterial discovery might be divided into the synthetic and antibiotic
traditions. The salvarsan-prontosil strand led to exploration of antimetabolite and
other chemotherapeutic approaches, while penicillin’s discovery led to the fruitful
exploitation of natural products produced by microorganisms. With the investiga-
tion of the mechanisms of action of synthetic and antibiotic agents and the princi-
ples of selective toxicity and specificity of action, the separation becomes less clear.
Both modes of discovery yield small molecule inhibitors of essential bacterial func-
tions; both started with empirical discoveries but eventually the search evolved to
favor more directed methods of compound selection and design. Over time, the
yield of novel antibacterial classes via both synthetic and natural product routes has
declined, paralleling the increase in more rational screening methods. Is this a causal
relationship or merely a correlation?

The history of these directed attempts, especially in the natural products area of
antibacterial antibiotic discovery, has been obfuscated due to the conscious effort by
pharmaceutical companies to hide their methodology from competitors. Although
commercially relevant discoveries were revealed through patent and publication
with reasonable speed, it is often only through retrospective reviews written much
later by the discoverers — or their informants — that the methods used were uncov-
ered. Often, we do not know when such screens were first used. Luckily, much of
the screening methodology used to detect inhibitors of peptidoglycan synthesis has
been published over time and forms the bulk of the material in this chapter. In the
1980s through 1990s, when there was actually a good deal of innovative screening
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being carried out, the screens in use and their general output were rarely published
and this has led to the misperception in much recent literature that little such directed
screening was done. Unfortunately, this chapter will not be full of revelation of
those methods, though an effort has been made to discuss the types of phenotypic
screens that were based on or reflected screens for mutants, early reporter screens,
and the mindset that was involved in developing these screens. The question of low
output, compared to the riches of the earlier empirical efforts, will be more subjec-
tively dealt with at the end of the chapter.

2.2 Antibacterial Chemotherapeutics: Antimetabolites Versus
Enzyme Inhibitors

2.2.1 Prontosil

The “magic bullet” of Ehrlich (Nobel Prize in 1908) was the idealized agent that
kills the infecting organism while preserving the host. Ehrlich’s work on syphilis
involved the systematic synthesis of chemical variants of dyes that selectively
stained spirochetes but not host cells and their testing in an animal model; this even-
tually yielded a (relatively) selective agent, salvarsan, that cured mice and men of
syphilis (Fig. 2.1). Working with other dyes, Domagk (Nobel Prize 1939) discov-
ered prontosil rubrum (Fig. 2.1), an azo-dye manufactured by IG Farben, that was
active in curing mice of streptococcal infection in vivo but had no in vitro activity
[41]. Prontosil provided the first truly selective antibacterial therapeutic with broad
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Fig. 2.1 Salvarsan and inhibitors of the Folate pathway
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Fig. 2.2 Folate pathway. The general de novo pathway of folate synthesis is shown. While most
bacteria cannot take up pteroate or folate, mammals and L. casei can take up and incorporate pteroate
into 7, 8-dihydropterate; E. faecium can take up and incorporate folate into 7, 8-dihydrofolate

usage. Later work showed that the activity was due to a metabolite, “prontosil
album,” shorn of its red chromophore, identified as para-aminobenzenesulphon-
amide [33], known as sulfanilamide (Fig. 2.1). Fildes had hypothesized that certain
disinfectant and other agents inhibited bacterial growth by interfering with sub-
stances essential for the growth of the organism [52] and at his suggestion, Woods
investigated the interference by an unknown factor in yeast extract with the activity
of sulfanilamide, finding that the substance was likely to be para-aminobenzoic acid
(PABA, Fig. 2.1) [196]. This led Woods to postulate that sulfanilamide was active
due to its resemblance to PABA, which enabled its competition with PABA for an
essential anabolic enzyme. At the time, the role of PABA in bacterial (or any)
metabolism was unknown. It was soon shown to be critical in the folate pathway
(Fig. 2.2), which provides intermediates to a number of metabolic pathways. This is,
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essentially, the basis for rational chemotherapy hypothesized by Fildes and Woods,
the design and selection of compounds that resemble true metabolites. But how
does the competition of sulfanilamide with PABA explain the selective toxicity of
sulfanilamide? Would other such antimetabolites show species selectivity?

The idea of selective toxicity was addressed by Work whose main thesis was that
selective toxicity could only be approached rationally if the basis for selectivity
between host and infecting organism was understood [197]. He argued that even
when antibacterials showed excellent selective toxicity and also appeared to inhibit
formation of a specific cellular molecule, it could not be said that the selectivity is
due to species specificity in the synthesis of that molecule without an understanding
of the characteristics of the synthesis that define species specificity.

Indeed, in the case of sulfanilamide, selectivity is based on the fact that most
bacteria cannot take up folates but must endogenously synthesize dihydrofolate via
several steps including the synthesis of dihydropteroate from PABA and 6-hydroxym-
ethyl-7, 8-dihydropterin-PP via dihydropteroate synthase (DHS), while humans
cannot synthesize folate but must take it up from exogenous sources (Fig. 2.2). Thus
the antimetabolite concept is not any insurance of selectivity.

2.2.2 Trimethoprim

The approach to chemotherapy via rational design and screening for antimetabolites
was explored at Wellcome by Hitchings, Elion (Nobel Prize for their efforts in
1988), and their coworkers, who made great strides in anticancer, antiparasite, and
antibacterial chemotherapy in part through investigation of folate antagonists.
Initially working with Lactobacillus casei, a bacterium that can utilize exogenous
folate (Fig. 2.2), Hitchings and coworkers recognized that folate utilization was
competitively inhibited by nearly all 2, 4-diaminopyrimidines (Fig. 2.1) [72].
However, they recognized that the competitors showed more tissue and species
specificity in this competition than did 4-amino analogs of folate and so might not
be acting as simple antimetabolites. The target of the inhibitors was not recognized
until the later steps in the pathway were elucidated (Fig. 2.2), and it was shown that
the 2, 4-diaminopyrimidines blocked the reduction of dihydrofolate to tetrahydrofo-
late by the enzyme dihydrofolate reductase (DHFR), an enzyme present in bacteria
and humans [73, 74]. Once the basis for specificity and selectivity was understood
to reside at the level of enzyme interaction and cellular uptake mechanism, a more
rational approach to design and testing of analogs could be undertaken.

Trimethoprim (2, 4-diamino-5-[3,4,5-trimethoxybenzyl]pyrimidine, Fig. 2.1)
was the result of this effort, its final choice based on its tolerability in monkeys and
excellent antibacterial potency [27]. Additionally, it was shown that trimethoprim
and sulfanilamide were synergistic in their action by the use of in vitro methods [27,
48] by dint of their double blockade of the folate pathway.

As will be discussed below (Sect. 6.1), antifolate screening among natural prod-
ucts was undertaken at Fujisawa [136] using a phenotypic whole cell screen.
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2.3 Natural Product Screening

The earliest antibacterial discovery — salvarsan, sulfas, trimethoprim — focused on
synthetic chemicals, but the “golden age” was one of natural product screening. The
work of Fleming (Nobel Prize 1945), Waksman (Nobel Prize 1952), and others has
been much reviewed and is covered in the previous chapter. The screening of fer-
mentation broths of Actinomycetes yielded a variety of antibiotics that were rela-
tively quickly developed for clinical use starting in the 1940s. The general screening
method was an agar diffusion assay in which fermentation samples were usually
applied to filter paper discs that were placed on an agar plate inoculated with a bac-
terial culture (Fig. 2.3). By the 1950s, the rate of detection of novel compounds had
declined. As reviewed by Baltz [10], work at Merck and Lilly in the 1950s showed
that between 12.5% and 25% of randomly isolated Actinomycetes produced anti-
bacterial antibiotics and that between 10,000 and 20,000 cultures had to be screened
to yield about10 novel compounds. That is, novel products were found in 0.1% of
cultures and any specific novel compound might be found at a frequency of ~10~*
per culture screened. Clinical candidates were found among novel compounds at a
frequency of 2—10%. As more cultures were screened and more “knowns” accumu-
lated, the frequency of any specific novel compound being found decreased to
between 1076 and 1077 per culture by 1976. This rarity is exacerbated by the high
prevalence of very common compounds (such as streptothricin, actinomycin, strep-
tomycin, tetracycline), in addition to the accretion of the relatively lesser known
compounds over time. Clearly, random screening for inhibitors of bacterial growth
followed by unprioritized isolation of activities had become impossible early on in

Time of incubation

Inhibitor diffuses

Filter disc containing antibiotic :

Agar plate with
inoculum of ~107
bacteria Zone of inhibition

MIC

Bacterial lawn grows

Fig. 2.3 Agar diffusion assay for antibiotic activity. Petri dishes are filled with a thin layer of agar
containing growth medium. Bacteria (~107) may be inoculated directly in the molten agar (when
sufficiently cooled) or spread on top of the hardened agar. Samples are applied to filter paper discs
on the agar or into wells cut in the agar. As the culture grows and any antibiotic on the disc diffuses
into the agar, a zone of inhibition (ZOI) is formed around discs containing antibiotic. The size of
the ZOI is a function of the concentration of antibiotic on the disc, the diffusion rate of the antibi-
otic compound at the incubation temperature in the given medium, and the growth rate of the bacte-
rial strain. The outer edge of the ZOI lies at the effective minimal inhibitory concentration (MIC)
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the history of antibiotic discovery. Indeed, prioritization was required. The methods
used to distinguish novel compounds from known compounds at the earliest stage
possible in the discovery process are known collectively as “dereplication.”

2.3.1 Dereplication

Various dereplication methods of classifying fermentation broths as containing
compounds “already seen” have been employed in order to reduce the number of
“hits” from a screening system requiring time consuming chemical isolation.
Importantly, it is necessary to track the biological (antibiotic) activity as well as the
chemical entity during dereplication [162]. For chemical classification or identifica-
tion sufficient to recognize whether an activity is novel or previously seen, it is often
necessary to follow the activity through several, usually orthogonal, fractionation
steps, in order to correlate the biological activity with the chemical signature. Potent
activities present in small quantities may be practically chemically invisible in the
face of more major components.

The chemical fractionation and isolation techniques used to track biological
activity to a specific chemical entity have evolved over time, as have methods for
identification of chemical structure. Biological methods for identifying, or at least
classifying activities as common or potentially novel with minimal need for frac-
tionation have also evolved. One such method is the use of a panel of bacterial iso-
lates that have been selected as resistant to specific common compounds. This
method was proposed by Stansly [167] and put into practice by Stapley [168].
Selected fermentation broths are tested for their antibacterial activity on the panel of
resistant isolates; if the broth contains a compound to which one of the test panel is
resistant, then the broth may be classified as containing a known or at least a com-
pound cross-resistant with a known. This type of panel for dereplication and identi-
fication has been employed and refined over time with the use of a broad spectrum
of bacteria, often under varying media or growth conditions or in the presence of
specific B-lactamases, giving patterns of sensitivity characteristic of specific com-
pounds. In large part, the differences among “wild type” bacteria in their innate
sensitivity to antibiotics is based on their permeability to the compound much more so
than to the presence or absence of a given target. In any case, by creating a large
“deck” of results from a panel of organisms, patterns can be recognized that indicate
the presence of a previously seen compound. But can that find novelty?

Since many, if not most, Actinomycete broths contain multiple antibiotics (or at
least, the isolates have the capacity to make multiple antibiotics), the patterns seen in
biological dereplication panels may reflect mixtures. Such mixtures may give seem-
ingly unique novel patterns that turn out, upon fractionation, to resolve into combi-
nations of knowns. Even with mixtures, if there are enough key organisms (resistant
to specific compounds) and specific signatures, most broths will be classified as
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non-unique (i.e. as containing mixtures of knowns). However, as noted above, one must
dereplicate both chemical and biological activity. The biological dereplication tool
may identify major knowns in a mixture, but it may miss novel minor components.
Thus, while chemical and biological dereplication tools are available, they are inef-
ficient for finding novelty among empirically screened antibiotic activities selected
from tens of thousands of fermentations of randomly isolated organisms. Underlining
the need to avoid common randomly selected organisms for screening, Baltz [10] has
reasonably posited that the rare compounds sought are those for which the producing
machinery has most recently evolved while the commonly seen antibiotics are older
and their producers more widespread. Thus, groups engaged in natural product
screening have made great efforts over the years to include uncommon producing
organisms, exploit remote ecological niches, and use novel isolation methods and
selective media to raise the likelihood of finding the rare producers of novel com-
pounds. While those rare producers may be more prevalent among screened organ-
isms, the likelihood is still great that the bulk of antibiotic activities seen will be
common and still require dereplication. As a focus on rare organisms alone did not
solve the problem, the primary screening process itself evolved from empirical “kill-
the-bug” screens to more directed, “rational” screening.

2.3.2 Screening as a Means of Dereplication

An intrinsic problem of empirical screening is the ease with which gram-positive
organisms such as S. aureus and B. subtilis are killed by common natural products
and members of synthetic chemical libraries. Gram negatives are more resistant to
large and hydrophobic compounds due to the inherent selectivity of their two bound-
ing membranes and potentiated efflux mechanisms [160]. Thus, one could choose
to use gram negatives for high throughput empirical screening such as a multiply
resistant E. coli strain as recommended by Baltz [11, 12]. It is true that this will
eliminate the few gram positive-specific molecular targets and the novel compounds
to which the screening organism is impermeable (but which might provide a lead for
chemical modification to improve spectrum), but this approach provides both selec-
tivity and a degree of dereplication or elimination of the common knowns (to which
resistance can be obtained). In fact, much of the early screening (after Waksman’s
initial screening for antimycobacterials) was directed toward broad spectrum or
gram-negative activities. When novel compounds with solely gram-positive spectra
were discovered, they were often directed toward animal health and animal growth
promotion.

While retrospective accounts of early target directed screening may emphasize
the choice of target [54, 56, 134], it is clear that choosing to evaluate a subset of
antibiotics, selected by some practical or rational criterion, has the benefit of reduc-
ing the amount of dereplication to be done. One need only ask if this new thing is
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like the finite number of other things acting in a similar way. Thus, screening for
inhibitors of a specific pathway or with a particular selective screen is a method, in
itself, of dereplication. This has been termed targeted dereplication and is illustrated
in screening for HIV inhibitors [161].

The B-lactam and glycopeptide antibiotics found in empirical screening had
proved to be efficacious and display high selectivity and low toxicity, because they
inhibit the bacterial specific peptidoglycan synthesis pathway. The other major
classes of antibiotics found early on targeted protein synthesis and the basis for
selective toxicity of those was not as clear at the time. Indeed, many, if not most,
antibacterial protein synthesis inhibitors also inhibit mitochondrial protein synthe-
sis but maintain selectivity most likely on the basis of selective permeability, or
short-term use. Furthermore, as will be seen in the following section, the study of
cell wall inhibitors had revealed a number of characteristic phenomena that could
be exploited in screening. Thus, a large number of screens for cell wall inhibitors were
devised and run starting in the 1960s, combining the rational choice of a desirable
target pathway and the opportunity for dereplicating natural products by narrowing
the range of active compounds to which an unknown must be compared in order to
predict novelty at an early stage after detection.

2.4 Rational Screening for Inhibitors of Cell Wall Synthesis

The recognition of mechanism of action of antibiotics and antibacterial chemothera-
peutic agents began with the concept of antimetabolites and continued with the
discoveries of antibiotics. For penicillin, the mechanism of action was delineated
via both biochemical and morphological means [106, 141, 170]. Park’s discovery of
the nucleotide-linked peptide intermediate of cell wall synthesis (UDP-GIcNAc-L-
ala-D-glu-L-lys-D-ala-D-ala, called “Park nucleotide”) that accumulated during
penicillin treatment of S. aureus was a key finding in the understanding of the pep-
tidoglycan synthesis pathway [141]. Thus penicillin, and later other antibiotics,
notably protein synthesis inhibitors, proved useful tools for studying bacterial
physiology in dissecting the basic pathways of macromolecular synthesis in bacteria.
The pathway of cell wall synthesis (in E. coli) is shown in Fig. 2.4. The first com-
mitted step is catalyzed by MurA, starting the mur cascade of cytoplasmically
located steps that are sequentially required for the synthesis of Park nucleotide
which is translocated to the undecaprenol-P carrier lipid by MraY to form Lipid I on
the inner surface of the cytoplasmic membrane. GIcNAc is transferred to Lipid I by
MurG to form Lipid II, which is transported to the outer surface of the cytoplasmic
membrane. The disaccharide-pentapeptide of Lipid II is joined to existing chains of
disaccharides by transglycosylase (a function mainly of the dual function large pen-
icillin binding protein, PBP1b) and the peptide chains are cross-linked by the trans-
peptidase activity of several different PBPs. The undecaprenyl-P is recycled to the
inner face of the cytoplasmic membrane.
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B-lactamase inhibitor in well

K. aerogenes
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antibiotic activity in well

Fig.2.5 Beecham “KAG” assay for B-lactamase inhibitors. As described in the text, blood agar plates
are prepared with one of each pair containing benzylpenicillin. The plates are seeded with Klebsiella
aerogenes producing a B-lactamase that renders it insensitive to the penicillin; samples containing
[-lactamase inhibitor candidates are deposited in wells in the paired plates (i.e., the same sample is
applied to both of each pair of plates). During incubation, the bacterial lawn grows and any -lactamase
inhibitor in the wells diffuses and inhibits the -lactamase produced by the bacterial inoculum, thus
rendering the cells sensitive to the penicillin in the plate. Hence, a zone of inhibition (ZOI) will be
formed on the penicillin-containing plate around wells containing such B-lactamase inhibitors. Wells
containing antibiotic activity will yield ZOI on plates both with and without penicillin

2.4.1 p-Lactamase Inhibitors

Soon after the introduction of penicillin into the clinic, resistance, due to degradative
enzymes, the -lactamases, became evident [125]. Interestingly, these enzymes were
found to have been present in pathogens, dating from long before the introduction of
penicillin [14, 15]. Accordingly, some of the earliest rational approaches to antibacte-
rial therapeutic discovery among natural products concerned the search for inhibitors
of B-lactamases. The methods by which the [-lactamase inhibitors were discovered
have been noted and reviewed by various authors [23, 75], including those involved
in the discoveries, but, since the screening procedures were often published after
disclosure of compounds, the timing of the discoveries is not always clear.

First published in 1976 [25], although reported to have been used as early as
1967 [23], the KAG screen of Beecham (Fig. 2.5) employed a blood agar plate
containing benzylpenicillin seeded with a lawn of Klebsiella aerogenes resistant to
penicillin by dint of its production of a Class A -lactamase. Fermentation samples
were inoculated into wells cut in the agar and plates incubated overnight. Diffusible
B-lactamase inhibitors would produce a zone of inhibition due to protection of
penicillin from degradation by the lactamase. A control plate without penicillin in
the agar served to counterscreen against samples producing antibiotics. A differen-
tial between the control and test plate was taken to indicate the presence of a
B-lactamase inhibitor. Clavulanic acid, an oxapenam (Fig. 2.6), was discovered at
Beecham [147] using the KAG assay [25] in an investigation of secondary metabo-
lites produced by S. clavulagirus, which had already been described as producing
several cephalosporin C related compounds, including cephamycin C, and penicil-
lin N. Clavulanic acid was very successfully developed and introduced in 1981 by
Beecham for use in combination with amoxicillin (Augmentin, Co-amoxiclav).
Augmentin is generally used orally, although there is a parenteral formulation.
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Of the commercially available B-lactamase inhibitors, clavulanic acid is the only
one that is orally bioavailable.

Olivanic acids (Fig. 2.6), sulfated carbapenem derivatives, were also discovered
by Beecham [24, 28] from S. olivaceus apparently by use of the KAG screen [23].
The discovery of two B-lactamase-inhibitory compounds from S. fulvoviridis had
been reported earlier by Umezawa and coworkers [187], one of which, MC696-
SY2-A, was later shown [112] to be an olivanic acid (equivalent in structure to MM
4450 of Beecham). It is likely that an agar diffusion assay described in the discovery
paper [187] was used for screening. S. aureus was used as an indicator strain and
agar plates were prepared containing appropriate amounts of penicillinase, penicil-
lin and the test organism. Paper discs containing an inhibitor were applied and the
plates incubated overnight. Since the penicillinase to penicillin ratio was adjusted so
as to leave no undigested penicillin, the diffusion of inhibitor from the paper discs
would thus lead to the formation of a zone of inhibition on the test strain due to
protection of the penicillin.

A screen for B-lactamase inhibitors was published by Squibb in their disclosure
of a novel, potent non-B-lactam inhibitor of pB-lactamase, izumenolide (EM4615,
Fig. 2.7) [26, 110]. In this screen (Fig. 2.8), fermentation samples were added to
11 mm cellulose discs, the discs dried and applied to agar plates containing the Type
A B-lactamase TEM-2. Plates were incubated at 37°C for 3 h, the discs removed and
the plates flooded with a solution of a chromogenic cephalosporin (presumably
nitrocefin [173]) that turns red upon hydrolysis of the f-lactam ring. Thus, a positive
response in the assay is a light yellow zone (of non-hydrolyzed nitrocefin) around
the site of sample application against a lawn of red (hydrolyzed nitrocefin).
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B-lactamase in plate hydrolyzed nitrocefin = red

B-lactamase non- non-hydrolyzed
inhibitor inhibitor nitrocefin = yellow

Fig. 2.8 Squibb assay for (-lactamase inhibitors. Plates containing B-lactamase in agar are pre-
pared and 11 mm filter discs containing -lactamase-candidate samples are distributed on the agar.
Plates are incubated for 3 h at 37°C, then discs removed and the plates flooded with a solutionof
nitrocefin. In the absence of a B-lactamase inhibitor, the B-lactamase in the plate digests the nitro-
cefin, yielding the red hydrolytic product. If a B-lactamase inhibitor diffuses from the disc, hydro-
lysis is prevented, and the nitrocefin retains its native yellow color

The Smith Kline group, also using nitrocefin as a substrate, published their screen
for B-lactamase inhibitors [188]. A culture of K. pneumoniae 1200 (an isolate con-
taining a -lactamase, chosen after testing of a variety of strains for their behavior
with the positive and negative controls) was grown overnight in a relatively color-
less medium and distributed into small test tubes followed by addition of 0.05 ml
aliquots of test inhibitors and mixing. No inhibitor was added to negative control
tubes. After 5 min incubation at room temperature, one drop of a 0.05% nitrocefin
solution was added. Red color (due to hydrolysis of nitrocefin) developed rapidly in
negative control tubes but not in tubes containing the positive control clavulanic
acid. No screening results were indicated; it is likely that this assay was used for
optimization of synthetic or semi-synthetic 3-lactamase inhibitors.

In addition to clavulanic acid, the successfully developed B-lactamase inhibitors,
sulbactam and tazobactam, are semi-synthetic penam sulfones designed and synthe-
sized at Pfizer [49] and Taiho [7], respectively. Sulbactam is used parenterally most
often in combination with ampicillin (Pfizer’s Unasyn), and tazobactam was devel-
oped by Wyeth in combination with piperacillin (Zosyn).

2.4.2 Screens for Spheroplast Formation

In 1992, two reviews appeared that summarized some of the screening strategies for
cell wall and other antibiotics that had been used during the 1960s through 1990s,
principally at Fujisawa [134] and at Merck [56]. While the Fujisawa screens had
been noted previously (see Sect. 2.4.3.), the Merck review was the first disclosure
that a spheroplasting method had been used as a primary screen (SPHERO) at Merck
for 30 years. As noted in the Gadebusch review, “By the early 1960s it was apparent
that a deliberate search for cell wall antibiotics was warranted based on consider-
able evidence of their efficacy and unusually low toxicity” As early as 1962,
Dr. Eugene Dulaney at Merck “set about performing detection assays using the
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physical effects produced by cell wall-active agents as the clue for the detection of
such microbial products” [56]. It is both fitting and frustrating to note Dr. Dulaney’s
contribution here, as he was this author’s greatly esteemed mentor in the art and
science of antibacterial screening but, throughout his long career, he never pub-
lished on any of the screens, including SPHERO, that he devised.

Details of the relative robustness (false positives, reproducibility, throughput) of
the SPHERO screen have not been disclosed but it is known [56, 169] that conditions
for spheroplasting were based on the findings of Lederberg [106]. In an effort to find
conditions for studying protoplasts of gram negative bacteria, Lederberg observed
that protoplasts (later called spheroplasts in gram negatives) were formed upon treat-
ment of S. ryphimurium and E. coli with penicillin in the presence of sucrose and
Mg-++ under conditions which supported growth. At Merck, samples, generally clar-
ified natural product broths or extracts, were added to bacteria in osmotically stabi-
lized medium and cell morphology was observed by direct microscopy after a period
of several hours. Spheroplasts appear as large round refractile bodies. As inhibition
of mass increase will prevent the spheroplasting action of penicillin, such a screen
would be interfered with by the presence of agents inhibiting certain other cellular
functions such as RNA or protein synthesis. Similarly, the presence of membrane
active agents could lead to lysis of any spheroplasts formed. As natural product
broths often contain a mixture of antibacterial substances, this can be problematic.
One way of overcoming it is to run several dilutions or to grow isolates in several
media and conditions in the hopes that mixtures will be made in or diluted to varying
ratios so that a positive response may be revealed. Conversely, the fact that the pro-
duction of spheroplasts requires that the cell’s mass increase is not compromised, the
positives that are found in such screens are less likely to be toxic or have multiple
mechanisms of action. Once activities were detected in the SPHERO primary screen,
dereplication could be undertaken. This included determination of the bacterial spec-
trum and relative potency of spheroplasting activity of the unknown active, its sen-
sitivity to various P-lactamases and other tests of antibacterial spectra to help
distinguish old true positives from novel activities, as discussed above (Sect. 2.3.1).

The SPHERO screen discovered fosfomycin, cephamycin C, and thienamycin as
well as other carbapenems (epithienamycins) and the uracil containing antibiotics,
A859A and 875A, likely inhibitors of MraY. Ensanchomycin and prenomycin,
compounds related to the transglycosylase inhibitor, moenomycin were also discov-
ered in SPHERO. Pentalenolactone (Fig. 2.7) and many previously seen compounds,
including cycloserine (inhibitor of alanine racemase (Alr) and D-ala-D-ala ligase
(Ddl) (see Fig. 2.4) were also detected as spheroplast-formers [56, 169].

Fosfomycin (Fig. 2.7), a broad-spectrum phosphonate antibiotic produced by
several streptomycetes [71], targets MurA [88], the first committed step in the pep-
tidoglycan pathway (see Fig. 2.4). It was developed in Europe by CEPA, Madrid,
which had collaborated with Merck in its discovery.

Cephamycin C and thienamycin, both -lactams (Fig. 2.6), became the subject
of extensive chemical programs. Cephamycin C [169], also discovered by Lilly in
the course of examining known Streptomyces producers of penicillin [124], was the
first cephem discovered that is produced by bacterial sources, including S. lactam-
durans. It is highly resistant to many p-lactamases and has an almost exclusive
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gram-negative spectrum that was broadened through chemical modification,
yielding the semi-synthetic cefoxitin [94]. Cefoxitin (Mefoxin) has been a highly
successful parenteral compound.

Thienamycin (Fig. 2.6), the first carbapenem discovered, has an extremely potent
broad antibacterial spectrum including P. aeruginosa and S. aureus, and was iso-
lated from S. cattleya (which also produces Cephamycin C) [1, 90, 91]. The com-
pound proved unstable and, although the subject of extensive fermentation
improvement and chemical isolations studies [183], difficult to ferment in commer-
cial amounts. Stability was much improved by use of the amidine derivative,
N-formimidoyl-thienamycin, or imipenem, and a multi-step synthetic route worked
out for its commercial production [120, 150]. Imipenem’s lability to a human renal
degradative enzyme, dehydropeptidase I, was countered by discovery of an inhibi-
tor, cilastatin [62], that could be given in combination with imipenem to preserve its
activity [89]. The combination drug, Primaxin (Tienam) has been a staple in the
ICU since its introduction in the late 1980s.

It is clear that the ability of compounds to form spheroplasts was a part of the
screening and characterization system at Sankyo, as there is a series of papers noting
discovery of a number of compounds with spheroplast forming activity. But it is not
clear that spheroplasting was run as a primary screen (as it was at Merck); this is not
an empty difference. The nature of the primary screen run, its hit rate, false positive
rate, reproducibility, and sensitivity are all critical to the success of any screening
program, especially a natural products screening program depending upon fresh fer-
mentation broths or extracts (as most of these were) where downstream sample avail-
ability, handling, purification and identification are all labor and resource intensive.
Spheroplast-forming antibiotics discovered by workers at Sankyo include mureidomy-
cin [83], globomycin [79], malioxamycin, pentalenolactone and iso-U-22956 [176],
and fosfonochlorin (a fungal product) [177] (Fig. 2.7). Mureidomycin has been dem-
onstrated to be an inhibitor of peptidoglycan synthesis, specifically an inhibitor of
MraY [82]. Fosfonochlorin selectively inhibits incorporation of diaminopimelic acid
(DAP) into cell wall of E coli over arginine into protein but its mechanism is
unknown. Malioxamycin is a weak gram-negative antibiotic that preferentially inhib-
its DAP incorporation into cell wall but also inhibits protein synthesis to some extent.
No mechanism for is0-U-22956 or its previously discovered isomer, U-22956 [116],
have been proposed. The mechanisms of action of pentalenolactone and globomycin
and their relation to spheroplast formation are discussed below (Sect. 2.4.2.1).

2.4.2.1 Mechanisms of Action of Spheroplasting Compounds Acting Outside
the Committed Steps of the Cell Wall Pathway

While the spheroplasting screen and other cell wall screens, certainly detected inhib-
itors of peptidoglycan synthesis, they also detected activities that were unexpected.
They are mentioned here to emphasize the place of serendipity in the discovery
process and to underline the useful “fuzziness” of such assays. For natural product
screening, where the goal is to find novelty and selectivity, it is not critical that the
hits be “on target” but that the screen is robust and turns up interesting compounds.
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Fosmidomycin and Other Phosphonates

Workers at Fujisawa, discovered a number of phosphonate compounds containing
an N-acylhydroxamino function produced by several Streptomycetes by screening
for activity against a nocardicin supersensitive P. aeruginosa strain. All of these,
including fosmidomycin (FR-31564, Fig. 2.7), FR-900098, FR-32863, FR-33289
[103, 135], yielded spheroplasts in hypertonic medium and were thus thought to
inhibit cell wall synthesis. They were later found to inhibit synthesis of menaquino-
nes via the non-mevalonate (MEP) isopentenyl-diphosphate biosynthetic pathway
present in many bacteria, plants and parasites but not mammals [153, 182].
Fosmidomycin and FR-900098 are specific inhibitors of 2-C-methyl-D-erythritol
4-phosphate synthase (IspC) the first committed step in the non-mevalonate path-
way [104]. Fosmidomycin is synergistic with cell wall and some other inhibitors
[126]. It is likely that spheroplasts are formed by fosmidomycin because in bacteria
using the non-mevalonate pathway, undecaprenyl-P, the cell wall carrier lipid, is a
product of the MEP pathway (Fig. 2.4). The MEP pathway appears to be a reason-
able antibacterial target and a whole cell phenotypic screen for such inhibitors has
been described [182]. Both fosmidomycin and FR-90098 have shown oral efficacy
in mouse Plasmodium vinckei (a rodent malaria parasite) infection [84]. In humans,
rapid reduction in P. falciparum parasitemia was seen in many subjects but recru-
descence was common [107]. Studies of clindamycin-fosmidomycin combinations
appear more promising but more trials are needed [22].

Pentalenolactone

Pentalenolactone (Fig. 2.7), also called arenaemycin, was reported to form sphero-
plasts in the Sankyo screen [176], was active in many of the cell wall screens run at
Merck and was shown to synergize fosfomycin [43], as do many inhibitors of
peptidoglycan synthesis. It is a specific inhibitor of glyceraldehyde 3-phosphate-
dehydrogenase (GapA), an enzyme in the glycolytic pathway, and required for the
synthesis of phosphoenolpyruvate, a substrate of MurA (Fig. 2.4). Bacterial resis-
tance to pentalenolactone is mediated by altered glyceraldehyde-3-phosphate dehy-
drogenase, as demonstrated in the producing organism, S. arenae [55], but the target
is not selective for bacteria. A fungal product, heptedelic acid (also known as kon-
ingic acid), has the same target.

Globomycin

Globomycin (Fig. 2.7), a cyclic peptide antibiotic with a gram-negative spectrum,
inhibits signal peptidase II that is specific for the processing of the major lipoprotein
of gram negatives, Lpp [76, 81]. Globomycin prevents the release of the prolipopro-
tein form of Lpp from the cytoplasmic membrane, but it does not prevent the covalent
attachment of unprocessed prolipoprotein to the diaminopimelic acid of peptidogly-
can; it is this linkage to peptidoglycan that is lethal for globomycin treated cells [198].
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Cells lacking Lpp are not killed or spheroplasted by globomycin and incorporation
of radiolabeled DAP into cell walls is preferentially inhibited by globomycin at con-
centrations above its MIC [80]. Thus, it appears that spheroplasting by globomycin is
due to the covalent attachment of cytoplasmic membrane and peptidoglycan via
unprocessed Lpp, which may ultimately prevent peptidoglycan synthesis.

2.4.3 Strains Supersensitive to Cell Wall Active Agents

An approach to screening for cell wall active agents, especially B-lactams, was
undertaken independently at several Japanese companies. At Fujisawa, a mutant of
E. coli derived through N-methyl-N’-nitro-nitrosoguanidine (NTG) mutagenesis
was described with greatly increased sensitivity to certain, but not all, B-lactams [4].
Sensitivity was increased 30 to >200 fold to penicillin, cephalosporin C and
cephamycin C, but not to cycloserine or fosfomycin. Sensitivity to nocardicin, a
Nocardia product discovered in this screen, was 400x enhanced. Interestingly,
mecillinam, which is specific for PBP2, was not more active on the supersensitive
strain. It seems likely that the screening strain was, at least in part, a ponB (PBP1b)
mutant, which could render the strain hypersensitive to B-lactams [172, 178].
Nocardicin [5, 70] was one of (if not the) first natural product monocyclic B-lactams
(later called monobactams) discovered in screening (Fig. 2.6).

Takeda scientists [99] isolated a B-lactam supersensitive strain of P. aeruginosa
through three rounds of NTG mutagenesis and selection. Again, the increased sen-
sitivity appeared to be relatively specific for B-lactams. At least one facet of the
increased sensitivity was the loss of the type C B-lactamase, but an additional PBP
mutation, most likely PBP1b, is likely to be present. For screening, a four plate agar
diffusion assay was used: the parent strain (PS) the supersensitive strain (PSC*,
PSC* in the presence of cephalosporinase from E. cloacae, and PSC* in the pres-
ence of penicillinase from B. cereus. The first two plates provided a primary screen
for B-lactams while the second two were useful for classification. Thirty thousand
strains of fungi, yeasts, bacteria, and actinomycetes were tested with filamentous
fungi and actinomycetes yielding the only positives. Thirty-six actinomycetes and
90 fungi produced cephalosporin and/or penicillin N while 25 fungi produced peni-
cillinG type compounds. A number of previously unknown cephalosporins and one
penicillin strain were identified in this system. New carbapenems were found [78]
in a Streptomyces strain. Screening of gram-negative bacteria for activity against
B-lactam hypersensitive strains yielded the monocyclic -lactams sulfazecin and
isosulfazecin from a new species of Pseudomonas [77]. An interesting non-f3-lactam
compound, lactivicin (Fig. 2.7), was isolated from Empedobacter lactamgenus and
Lysobacter albus and found to bind to essential PBPs [129]. Lactivicin contains
N-acetyl-L-cycloserine (interestingly, itself an isooxazolidinone and a y-lactam)
connected via a C-N bond to a furan moiety (see Fig. 2.7). It is sensitive to and
induces B-lactamases and, against gram positives such as B. subtilis, it behaves
solely like a B-lactam. Against E. coli, where it behaves as a -lactam at the MIC,
other mechanisms likely to involve inhibition of sulthydryl-containing membrane
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proteins are apparent at fivefold the MIC [128]. It is relatively toxic to mice upon
parenteral dosing [67].

A B-lactam hypersensitive mutant of S. aureus was derived at Otsuka and used in
screening, with the reasoning that use of hypersensitive gram negative strains in
screening had perhaps biased selection for the more gram negative directed cepha-
losporins. From among 10,000 actinomycetes and 1,000 eubacteria, 51 carbapen-
ems, 3 cephamycin-C, 5 penicillin-N, 5 fosfomycin and 8 tunicamycin producing
strains were found [92]. The high detection rate of carbapenems may justify the
initial reasoning.

The Otsuka group also reported a screen using a mutant of S. aureus selected for
hypersensitivity to D-cycloserine, an inhibitor of alanine racemase (Alr) and D-
ala-D-ala ligase (Ddl) [93]. The defect is unclear; however, and testing showed good
specificity for specific hypersensitivity to D-cycloserine over all other antibiotics
tested. In the screen, besides many instances of D-cycloserine discovered, often
from novel producers, O-carbamyl-D-serine, FR-900148 and a novel compound,
T-243, were discovered. TA-243 was taken up via peptide transport and subse-
quently hydrolyzed to aminooxysuccinic acid (Fig. 2.7), an inhibitor of Alr. In fact,
aminooxyacetic acid and aminooxysuccinic acid are general inhibitors of pyridoxal
enzymes, which include Alr. Accordingly, the antibacterial activity of aminooxyac-
etate and aminooxysuccinate are reversed by pyridoxal or pyridoxine [176].

The use of strain hypersensitive to other classes of antibiotics have been reported
as well (see Sect. 2.5.1)

2.4.4 Acholeplasma Screen

In 1979, scientists at the Kitasato Institute published their screening procedure for cell
wall inhibitors [137]. The screen was based on the observation that Mycoplasma (now
considered a genus of the class Mollicutes) such as Acholeplasma laidlawii are insen-
sitive to penicillin [6], since they lack a cell wall [115]. The primary screen involved
running a sample under two conditions. Samples were selected that inhibited a sensi-
tive wall-containing organism, B. subtilis, but not A. laidlawii. As the lack of activity
against A. laidlawii also indicates that the sample is less likely to be membrane-active
or generally toxic;this type of screen provides a surrogate for the selective toxicity
desired of an antibacterial drug. The Kitasato procedure involved other secondary
assays as well. In testing a variety of compounds with known mechanisms of action,
it was found that while cell wall active agents did not affect Acholeplasma, there were
some false positives (i.e., certain compounds with other mechanisms of action also
did not inhibit). Thus B. subtilis positive, A. laidlawii negative samples were tested
for their specificity in inhibiting incorporation of radiolabeled precursors into cell
wall but not into protein. Finally, activities passing through a membrane filter with a
putative size cut-off of 1,000 molecular weight were prioritized for further isolation.
Around 10,000 broth filtrates of fungi, bacteria and actinomycetes were tested in
this screening system. One new antibiotic, azureomycin, and six previously discov-
ered compounds were identified. Azureomycin is a glycopeptide of as yet unknown
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structure, but is likely to act similarly to vancomycin. Of the six previously seen
compounds, which included penicillin, cycloserine, ristocetin A and B, amphomy-
cin, and 3-amino-3-deoxy-D-glucose, the mechanisms of action of the latter two
had not been previously known.

Amphomycin was shown to inhibit the activity of pentapeptide translocase (MraY;
Fig. 2.4) [179, 180], by Ca++ dependent binding to and sequestration of its substrate,
undecaprenyl-P [13]. Amphomycin analogs (friulimicin, MX-2401) have recently
been under study as drug candidates [189]; 3-amino-3-deoxy-D-glucose was found to
inhibit the formation of glucosamine-6-phosphate from fructose-6-phosphate cata-
lyzed by glucosamine synthetase (GImS) [181], later recognized as a potential antibac-
terial target [9, 16] as it is a precursor of the MurA substrate, UDP-GIcNAc (Fig. 2.4).
The fact that amphomycin and the ristocetins have molecular weights higher than
1,000 was not entirely unexpected as the MW cutoff of the filter used is not clean. In
a later paper, 15 higher molecular weight inhibitors selected in this screen were further
examined and the izupeptins, previously unknown glycopeptides, found [164].

Interestingly, a Japanese academic group described a polyether compound laid-
lomycin, (similar to the ionophore monensin), selected from a screen precisely for
its activity against A. laidlawii, noting that they were successful in finding novel
compounds by this method [98]; this is likely due to exquisite sensitivity of
Mycoplasma to certain membrane active agents since they lack the diffusion barrier
of the cell wall. Although generally active against mammalian cells, some iono-
phores have a sufficient therapeutic window for use as coccidiostats in animal
health, explaining the interest in screening for such compounds.

2.4.5 L-Form Assay

L-forms of bacteria grossly lack cell walls and are bounded simply by the cytoplas-
mic membrane (although recent work shows that gram negative L-forms do retain a
small, essential amount of cell wall material which is required for growth [85]).
They can arise “naturally” or through selection in hypertonic medium after treat-
ment with various cell-wall disruptive (e.g., lysozyme) or inhibitory compounds
(e.g., penicillin, cycloserine). On solid media they give “fried-egg” colonies resem-
bling those of Mycoplasma. Early workers noted that L-forms were insensitive to
inhibitors of cell wall synthesis and sensitive or hypersensitive to other types of
antibiotics [38, 59, 87, 195]. Thus, once methodology for reproducible production of
relatively stable L-forms was available, their use in screening for cell wall active
agents is not surprising. Comparison of L-forms to their parental cell types, rather
than Mycoplasma compared to a gram positive wall-bearing bacterium, would likely
give a more robust screen, since false positives could arise in the Mycoplasma screen
due to differences in non-cell wall targets between the unrelated pairs. Workers at
Lepetit used various L-form screens for a number of years in concert with a culture
isolation program designed to enrich for Actinoplanes isolates [60, 140]. Teicoplanin
(teichomycin A2, Fig. 2.9) [139] and ramoplanin (A —16686, Fig. 2.7) [30] were
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discovered by these methods. In the case of ramoplanin, the screen utilized a methi-
cillin resistant S. aureus parent strain to prevent detection of B-lactams [117, 140].

Teicoplanin is a commercially successful parenteral antibiotic used outside of
the US. Although the mechanism of action of teicoplanin is the same as that of van-
comycin (see below), it is chemically distinct from vancomycin (Fig. 2.9). It has a
longer serum half-life and much higher serum binding than does vancomycin and
can be given by bolus or IM injection while vancomycin requires slower infusion
and multiple daily dosing [44, 123]. Teicoplanin’s spectrum is similar to that of
vancomycin. It is active against inducible VanB strains of E. faecalis where vanco-
mycin is variably inactive, due to failure of teicoplanin to induce VanB expression.
As would be expected, constitutive VanB strains are resistant to teicoplanin [50].

Ramoplanin (Fig. 2.7) is a cyclic glycolipodepsipeptide that binds to both lipid
I and lipid II and inhibits enzymes utilizing it as substrate including MurG and
transglycosylase (see Fig. 2.4). As it is not likely to enter the cytoplasm, its target in
whole cells is most probably the transglycosylase reaction [51, 111]. It has broad
gram-positive activity, no oral absorption, and poor parenteral pharmacokinetics.
Ramoplanin has been under clinical investigation for use in eliminating intestinal
vancomycin resistant enterococci in at risk patients and for C. difficile associated
diarrhea.

The L-form screen was used at Vicuron (which had absorbed Biosearch Italia,
the latter form of Lepetit after its sojourn with Merrel Dow) for the detection of
novel lantibiotics [29]

2.4.6 Specific Screens for Novel Glycopeptides Based
on Mechanism of Action

The discovery of the glycopeptide vancomycin was reported by Lilly in 1955 [118]
and that of ristocetin by Abbott in 1957 [63]. While their structures were not fully
elucidated until much later [68, 69, 192], they were rapidly introduced into the
clinic as anti-staphylococcal agents. The mechanism of action of these compounds
was initially recognized as inhibition of peptidoglycan synthesis [148, 190] and
treatment of sensitive cells with vancomycin was shown to lead to the accumulation
of UDP-MurNAc-pentapeptide (Park nucleotide) in S. aureus, as does penicillin [3].
Vancomycin and ristocetin were found to bind to cell walls [18, 19] and to various
intermediates of peptidoglycan synthesis terminating in D-ala-D-ala [143]. A syn-
thetic peptide, diacetyl-aA-L-diaminobutyryl-D-ala-D-ala, was shown to compete
with UDP-MurNAc-L-ala-D-isoglu-m-dap-D-ala-D-ala for vancomycin binding and
could reverse growth inhibition by vancomycin of B. megaterium, M. lysodeikticus
and S. aureus [127]. Those competition assays formed the basis of later screens for
novel glycopeptides. Thus, a number of screening systems for glycopeptides based
on their preferential binding to cell wall precursors terminating in D-ala-D-ala were
run by several companies.

At Smith Kline, French, a screening system designed to find compounds with the
same target-binding site as vancomycin was designed and used in tandem with a
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Fig. 2.10 Tripeptide antagonism screen for glycopeptides. Plates are prepared as for standard agar
diffusion (Fig 2.3). Samples are applied in duplicate to filter paper discs, one disc also containing 100
pg of L-lys-D-ala-D-ala. In this illustration, discs on the right plate contain the tripeptide. Diffusion
of glycopeptides that bind to the tripeptide is severely retarded, preventing the formation of a ZOI

culture selection and medium development program [146]. Two different strategies
were used in screening. In the first, a prescreen for differential activity on wild type
versus a vancomycin resistant isolate of S. aureus was followed by a tripeptide
reversal screen. Later, the two screens were run in parallel. The selection of a highly
vancomycin resistant derivative (vancomycin MIC >100 pg/ml) of a sensitive S.
aureus strain (vancomycin MIC 1.6 p/ml) consisted of plating 0.1 ml of an over-
night culture on Mueller-Hinton agar containing 100 pg/ml vancomycin, subjecting
the plate to UV irradiation (sufficient to give 99% killing) and incubation of the
plate for 40 h at 37°C. Resistant isolates were obtained, which seems somewhat
surprising. Use of the resistant organism paired with its parent detected 7 of 11
glycopeptides but also detected 30% of 165 other known antibiotics; additionally,
this test was not very sensitive. The motivation to use this singularly non-robust,
poorly selective and insensitive test as a primary screen was apparently the initial
limited availability of the tripeptide used in the secondary screen.

The tripeptide antagonism screen (Fig. 2.10) consisted of measuring the zone
size differential between identical samples on two 6.5-mm paper discs, one of them
impregnated with 100 pg of diacetyl-L-lys-D-ala-D-ala, applied to a lawn of B.
subtilis. Control studies showed that 100 pg of tripeptide reversed the activity of 3.1
pg of vancomycin on the disc. Hence, the zone of inhibition of antibiotic samples
containing glycopeptides is strongly reduced around discs containing the tripeptide.
The tripeptide reversal screen appeared to be completely selective for glycopep-
tides. With the vancomycin resistance prescreen, 344 initial hits (14%) out of 2,457
cultures screened ultimately yielded 5 glycopeptide producers (0.2%). With the tri-
peptide reversal primary screen, 2.9% (57 of 1,936 cultures) were positive of which
41 (2.1% of input cultures) were identified as glycopeptide leads. The 2.9% hit rate
is remarkably high and reflects the screening of samples which were prepared from
cultures isolated on and fermented in media selected to favor the capacity to pro-
duce and the production of glycopeptides. A number of glycopeptide classes were
found in this campaign, including the aridicins [163] and the similar kibdelins [152],
Actinoidin A2 [40] parvodicin [32] and A42867 [149].
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At Merrell Dow (which had subsumed Lepetit), the glycopeptide A40926
(Fig. 2.9) was selected in a screen that involved passage of fermentation samples
over agarose-g-amino-caproyl-D-ala-D-ala [35] and elution of adsorbed glycopep-
tides with 1% aqueous ammonia at pH11 [61]. A40926 had been selected for further
work on the basis of its activity against N. gonorrhea. It is the precursor of dalba-
vancin, which is currently in development by Pfizer (by way of the re-emergence of
the Lepetit unit, then called Biosearch Italia, from Merrell Dow and its the merger
with Versicor to form Vicuron which was then acquired by Pfizer). Dalbavancin has
a long half-life and an alkyl side-chain like teicoplanin, aridicins, and kibdelins.
This resin-dipeptide screen has the advantage over the tripeptide reversal screen run
on agar plates of being able to detect glycopeptides in the presence of interfering
activities or other antibiotics, as they would have the potential of masking the
differential.

Lilly developed a solid state ELISA assay for screening broths [113] using a
BSA-linked pentapeptide [ending in D-ala-D-ala] adsorbed to a microplate. Binding
of vancomycin covalently linked to alkaline phosphatase could be measured by
alkaline phosphatase activity and unknown samples tested for competition with
vancomycin for that binding. Lilly discovered eremomycin and chloroeremomycin
(Fig. 2.9, part of the A82846 complex), compounds produced by Nocardia orienta-
lis, with this screen [64]. Chloroeremomycin was the progenitor of the semi-syn-
thetic lipophilic compound, LY333328, later named oritavancin [34]. Oritavancin
has good activity against staphylococci and vancomycin resistant enterococci, due
to chloroeremomycin’s potential for dimerization that increases its intrinsic potency
and to additional mechanisms of action mediated by the synthetic alkyl side chain
[189]. Initially a Lilly development candidate, oritavancin was licensed to Intermune
and then Targanta which has recently been acquired by The Medicines Company,
which appears poised to continue its development. It should be noted that concur-
rently with Lilly’s discovery of A82846, the equivalent compounds, orienticin and
deschloroorienticin were discovered at Shionogi with no directed lead screen identi-
fied [184], as was eremomycin by scientists at the USSR Academy of Medical
Sciences [57].

2.4.7 Competition with Unfractionated Cell Wall Material

In order to find compounds binding to cell wall components, but with specificities
different from those of the glycopeptides, a screen was run at Squibb that used com-
petition with unfractionated wall material, rather than the purified tripeptide used in
the glycopeptide screens [133]. A preparation of S. aureus cell wall material (boiled
in 20%TCA, precipitated and treated with trypsin) was used to prepare agar plates
and samples were run on plates with and without this murein addition. Cell wall
binding agents are expected to give smaller zones on the murein containing plates.
Lysobactin (Fig. 2.9), a dibasic depsipeptide antibiotic, produced by Lysobacter sp,
was discovered in this way [133], as were the janthinocins [132], cyclic depsipep-
tide lactones which also possess moderate activity against gram-negatives.
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Lysobactin specifically inhibits trace radiolabel into cell wall and not RNA,
DNA, or protein at the MIC [21]. Its spectrum is similar to that of vancomycin but
with 2—4-fold increased potency and some activity against gram negatives. When
the cell wall material was lysozyme digested (thus liberating acyl-D-ala-D-ala),
lysobactin was still inactivated but vancomycin was not. Lysobactin thus appears to
bind to a different portion of Lipid II than does vancomycin (Fig. 2.4) [21].
Lysobactin treatment does not lead to accumulation of Park nucleotide and causes
membrane leakage (of bacteria) above 10-fold the MIC. While the authors sug-
gested that it might be similar to LY 146032 (daptomycin), which has some cell wall
activity [2] and also depolarizes membranes, lysobactin is structurally more similar
to the katanosins and plusbacins discovered at Shionogi [154, 155], which also
appear to bind to Lipid II [114]. All of these are quite potent in vivo with apparently
reasonable therapeutic indices, but they have not been developed.

2.4.8 B-Lactamase Inducers

SQ 26,180 (Fig. 2.6), isolated from Chromobacterium violaceum, was the natural
product monobactam progenitor of aztreonam [174, 191]. Although the discovery
of SQ 26,180 and other eubacterially produced monobactams were initially reported
to be based on a supersensitive screen using Bacillus licheniformis said to be spe-
cific for B-lactams, the screen actually involved sensitive detection of induction of
B-lactamase by novel B-lactams [175]. A strain of B. licheniformis producing a low
titer of B-lactamase was inoculated into agar, plates poured and, after drying, paper
discs containing samples were placed on the agar surface and the plates incubated
2-3 h at 37°C. The plates were then overlayed with a solution of nitrocefin that turns
red upon hydrolysis with the rapidity of color production dependent upon amount
of enzyme. This assay was shown to be 15 times as sensitive as the supersensitive
E. coli mutant screen of Aoki [4], 200 times more sensitive than microscopic detec-
tion of elongated cells of P. mirabilis and 3,000 times more sensitive than sphero-
plast formation in P. mirabilis. The only false positives detected in screening
eubacteria with the B. licheniformis assay were some -lactones. Squibb discovered
a number of monobactams, a carbapenem and cephalosporins produced by bacteria
using this screen.

A later screen employing B-lactamase induction was developed by workers at
Millennium [171] who discovered that a chromosomal (AmpC type) -lactamase
from Citrobacter freundii when present (with its regulator, AmpD) on a plasmid in
a permeable envA (IpxC) strain of E. coli, was induced by inhibitors of many steps
of peptidoglycan synthesis, not only -lactams inhibiting transpeptidase. The rela-
tively high throughput screen was run in microplate format and used nitrocefin as an
indicator of B-lactamase induction. Fosfomycin, cycloserine, cefoxitin, vancomy-
cin, moenomycin and ramoplanin were active in this screen, as was a temperature
sensitive murG mutant at the non-permissive temperature. The permeable strain was
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Fig. 2.11 Synergy screen. Plates are prepared as for standard agar diffusion (Fig 2.3). A sub-
inhibitory concentration (generally 1/4—1/8 MIC) of cycloserine (or any antibiotic to be tested) is
added to the molten agar of half the plates. Samples are applied to plates with and without cyclos-
erine. After incubation, zone sizes on plates with and without cycloserine are compared and initial
hits with a differential in zone diameter of 5 mm or greater are selected for retesting

sensitive to some membrane perturbants that gave false positives but allowed the
detection of the larger, usually gram-positive specific peptidoglycan synthesis
inhibitors like vancomycin and ramoplanin. It may well be that this -lactamase
induction screen was used for the detection of inhibitors of the cytoplasmic steps of
the mur pathway that were disclosed by Wyeth (which had been collaborating with
Millennium), without revealing the screening procedure; [53, 108]. The induction
screen was also used in tandem with a secondary specific assay for inhibitors of late
steps in cell wall synthesis (stages II and III; see Fig. 2.4) [36]. Inhibitors of trans-
glycosylase and of MraY (Fig. 2.4), including muraymycin (Fig. 2.5) [119] were
found in this screen.

2.4.9 Synergy Screens

Based on the idea that a sequential blockade of the cell wall pathway will lead to
synergy of inhibitors within the pathway [42], Kuroda screened for substances
whose activity was increased on a plate containing D-cycloserine (Fig. 2.11) [102].
A compound, FR-900130 (L-2-amino-3-butynoic acid) was isolated, which was a
spheroplast former found to be an inhibitor of S. aureus alanine racemase.

In the 1990s, when the incidence of MRSA was strongly increasing, a number of
groups reported on synergists of -lactams (such as methicillin), against MRSA.
A Microcide patent [20] described and claimed synergy screens for potentiators of
antibacterial agents against strains resistant to those agents; the antibacterials
included glycopeptides, macrolides, quinolones, tetracyclines, aminoglycosides
and an exhaustive list of B-lactams. Examples were given of a number of sterols that
potentiated the activity of methicillin against MRSA. Other programs did not explic-
itly mention screening programs, but it is highly likely that synergy screening was
involved. Among synergists of methicillin against MRSA were components of tea
extracts [199], carbobenzoxy-diphenyl-ala-pro-phe [45], and TritonX-100 [101].
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2.5 Screens for New Members of Previously Described
Classes of Antibiotics

2.5.1 Aminoglycoside Screens

Recognizing the success of screening programs using strains specifically hypersen-
sitive to B-lactams and other cell wall agents, scientists at Bristol-Myers Tokyo
extended the approach to aminocyclitols and aminoglycosides [130], For the screen-
ing strain, they started with a Klebsiella pneumoniae isolate, Kp-8, carrying an
R-factor rendering the strain highly resistant to a variety of antibiotics including
gentamicin and subjected it to serial mutagenesis with NTG followed by replica-
plate screening for isolates with increased sensitivity to sorbistin, an aminocyclitol
antibiotic produced by a eubacterium (rather than a Streptomycete). The screening
strain, Kp-126 was highly sensitized to all aminoglycosides tested (MICs<0.2 pg/
ml vs > 25 ug/ml on the parental Kp-8 strain for all but 4’-deoxybutirosin and ami-
kacin which had MICs of 3.1pg/ml). MICs for other classes of antibiotics were
much less affected. Cephalosporin C was the most affected, its MIC decreasing
32-fold. Fermentation samples of about 20,000 soil isolates (presumably eubacte-
ria) were screened using paired strains Kp-8 and Kp-126 in an agar diffusion
assay with paper discs. Ten antibiotics showed increased activity on Kp-126. Seven
previously detected compounds were detected (sorbistins, butirosins, capreomy-
cin, BMY-28160 [a peptide antibiotic], and streptothricin); two were unidentified
antibiotics of “uninteresting activity” and one was a novel amino sugar antibiotic,
BMY-28521 produced by Bacillus pumilis, identified as 3, 3’-neotrehalosadiamine
(Fig. 2.12) [185].
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Fig. 2.12 Actives from non-cell wall directed screening
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The basis for the apparent selective hypersensitivity of Kpn-126 for aminoglyco-
sides is unknown and might certainly have led to biases in the types of compounds
selected depending upon whether the differential was based on permeability, efflux,
active transport, target alteration or a combination of these. However, the validity of
such a directed natural product screen is based on its sensitivity combined with rela-
tively low hit rate, reasonably low percentage of false positives and identification of
novelty. There will always be false negatives in screening, but the enterprise should
be pragmatic and results oriented.

A more specific and very sensitive ELISA-based screen for aminoglycosides was
developed at Lilly [200]. ELISA plates were coated with anti-gentamicin polyclonal
antibody and incubated with gentamicin-alkaline phosphatase conjugate. The
amount of conjugate bound after washing was quantitated by measuring alkaline
phosphatase activity after addition of the substrate p-nitrophenyl-phosphate.
Aminoglycosides, except for neomycin B and C, competed with the conjugate for
binding to the gentamicin antibody and no competition was seen with non-amino-
glycosides. The ELISA assay was very sensitive, detecting gentamicin at 10 pg/ml,
and insensitive to interference by substances in fermentation broths. While screen-
ing results were not shown, tests with known producers of aminoglycosides demon-
strated the feasibility of the approach. The authors note that this type of methodology
could also be used for the elimination of known classes in a screening cascade.

2.5.2 Reporter-Based Screening Platforms

A classical method is the use of indicator plates for the expression of 3-galactosidase
[121], an enzyme that can be used as a reporter of gene expression when fused to a
suitable promoter. The standard “zone of inhibition” (ZOI) assays employed for
empirical screening of fermentation broths and chemicals (Fig. 2.3) were adapted
starting in the 1970s for use with various dyes and chromogenic or fluorogenic sub-
strates so that reporter genes could be used to monitor the inhibition or induction of
genes caused by interaction of a compound with a molecular target (Fig. 2.13).
Eventually, these assays were transferred to liquid format, first in 96-well microplates
and later much higher order vessels. But one beauty of the agar plate method is lost
in liquid, the formation of a concentration gradient of the test compound, such that
the effect of a broad range of concentrations (below and above the “minimal inhibi-
tory concentration”) can be observed with a single sample (Fig. 2.3); this is impor-
tant when a desired phenotypic readout is only seen at a specific or narrow range of
concentrations, often below the MIC. Thus, on an indicator plate using samples on
filter discs, a ZOI may be seen with a surrounding zone of color indicating expres-
sion of a specific enzyme (such as -galactosidase) (Fig. 2.13).

The use of B-galactosidase, as a reporter in screening for several classes of anti-
biotics, was demonstrated by Kirsch and coworkers at Squibb [97]. For tetracycline,
chloramphenicol, and macrolides, the reporter gene was fused to promoters of drug-
specific inducible resistance promoters: tetA/tetR from Tnl0 in E. coli, B. subtilis
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Fig. 2.13 Reporter screen using agar diffusion format. Reporter screens are run in the same way
as standard agar diffusion screens (Fig 2.3), except that (1) the bacterial strain used contains a
reporter gene (-galactosidase, for example) under the transcriptional or translational control of a
regulatory element that leads to turn-on of the reporter gene in response to the presence of a spe-
cific type of antibacterial inhibitor, and (2) the agar contains an indicator substrate or dye that will
signal the expression of the reporter (for example, Xgal, a chromogenic substrate of -galactosi-
dase). In a strain in which B-galactosidase is under control of an SOS promoter, such as the sfiA or
recA promoter, a DNA damaging agent or certain inhibitors of DNA replication will lead to upreg-
ulation of the -galactosidase gene and a zone of blue (indicating Xgal hydrolysis) will be formed
around the ZOI, at a concentration of inhibitor below the MIC

carrying the S. aureus cat86 (chloramphenicol acetyl transferase) promoter, and
B. subtilis carrying S. aureus ermC promoter, respectively. At the time this work began
(although sadly not true by the time of its publication), no vancomycin resistance
mechanisms were known, so a promoterless-lacZ-containing transposon library in
B. subtilis was screened for strains containing promoters inducible by vancomycin.
In each system, induction of [3-galactosidase was monitored by an agar diffusion
method using a specific pH indicator (2,3,5-triphenyltetrazolium chloride), chro-
mogenic (6-bromo-2-naphthyl-B-D-galactopyranoside) or fluorogenic (methyl-
umbelliferyl-B-D-galactoside) substrate. For each screen, suitable control constructs
were used to counterscreen against non-specific inducers and artifacts. This type of
screen is designed to be more sensitive than a simple ZOI readout, since the reporter
expression is seen outside the ZOI, at sub-MIC levels. The tetracycline screen was
eightfold more sensitive than a ZOI readout. Workers at Lederle published a similar
screen for tetracyclines in the same time period [31].

The vancomycin construct was tested for inducibility by other glycopeptides
which were, as hoped, shown to be active [97]. Sensitivity of the screen was not
markedly better than for the ZOI readout, most likely because glycopeptides are
large, generally slightly basic and tend to diffuse slowly in agar, thus limiting
the size of the indicator zone. When used in screening several thousand broths, the
screen yielded a number of actives that were secondarily tested for decrease in
zone size in the presence of diacetyl-L-lys-D-ala-D-ala. A variety of glycopeptides
were detected by the assay and no other known actives were detected, indicating the
validity of the assay.
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Early studies of the regulation of vancomycin resistance in E. faecalis led
Handwerger to the interesting finding that inhibitors of transglycosylase, moenomy-
cin as well as vancomycin, induced the VanB operon [66] whereas it was already
known that teicoplanin did not induce VanB. It was later shown that the VanA and
VanB operons of E. faecium and E. faecalis, respectively, are both under the control
of a two component system, VanR (intracellular response regulator) and VanS
(extracellular sensor) [8, 50]. A number of groups used various reporter fusions to
determine what types of compounds were recognized by VanS and hence could
induce these two operons, both as an academic pursuit and in order to screen for
novel antibiotics. Depending upon the strain background, reporter and screening
format used, varying results were obtained. While it is clear that vancomycin and
teicoplanin induce VanA while vancomycin but not teicoplanin induce VanB, other
results were contradictory. Ulijasz found that a variety of inhibitors of cell wall
synthesis induced the VanA operon, monitored by a lacZ reporter fusion, when
cloned into B. subtilis [186], while Lai found that glycopeptides, bacitracin, moeno-
mycin and some membrane active agents induced VanA in an E. faecium indicator
strain using a cat fusion [105]. Scientists at Millennium used an E. faecalis VanB
strain with a lacZ reporter for screening and reported on discovery of a transglyco-
sylase inhibitor from a fungal source, thielavin (Fig. 2.7). No breakthrough com-
pounds came from these screens, but the methodologies presaged later screening
modes.

As should be obvious, the survey for promoters induced by specific known drugs
could be extended in many ways. While the Squibb screens noted in this section
were designed to find new members of old classes, the screens and assays based on
vancomycin resistance operons appeared, at least in some forms, to find a variety
of types of inhibitor. The concept arises naturally of looking for promoters inducible
by different inhibitors of several steps of a pathway, or by stress such as the
SOS response discussed below (Sect. 2.6.2). Indeed, many groups recently using
modern genomic era methodologies, a subject covered in a later chapter, have
carried this out.

2.6 The Concept of Phenotypic Screening

The cell wall screens in Sect. 2.4 were generally based on phenomena caused by
known inhibitors of peptidoglycan synthesis. The microbial genetic advances of the
1960s through the 1980s led to a general understanding of the essential functions of
bacteria via conditional mutants and to great facility in devising selections for muta-
tions, which would produce a desired phenotype. As the mechanism of action of the
first wave of antibiotics was understood, it became evident that many of them had
specific targets, and that inhibition of them might be mimicked by the effect of con-
ditional mutations. Conversely, the phenotypes of conditional mutants when grown
under non-permissive or semi-permissive conditions might be exploited for screen-
ing of inhibitors mimicking these effects. Indeed, the essential genes revealed by
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microbial genetics were the potential targets for future antibacterial agents: (It
should be noted that all the work of the genomics era starting in 1995, has turned up
few if any targets that had been unrecognized previously.) Thus, starting in the
1970s, screens were devised that are analogous to the methods used to select for
bacterial mutants, that is, by looking for the appearance of a specific phenotype that
reflects the desired changes to the genotype. In drug screening, one can look for
changes in appearance, behavior or biochemistry of bacteria that reflect inhibition
of desired bacterial targets. Thus, screening for antibiotics took on the character of
screening for mutants.

Like mutant hunts, screens could be of the “brute force” type, as might be used
when screening a population for an auxotroph by replica plating. In drug screening
mode, this would involve comparison of two (or more) conditions, for example, a
pair of sensitive and resistant strains to find cross resistant compounds. This could
be contrasted with a more selective screen, analogous to selecting for a revertant of
an auxotroph to prototrophy (or a for resistance to an antibiotic), where the only
colonies that appear are the desired mutants (at least in theory!). The screens of
Squibb and Lederle for tetracyclines by use of lacZ under tet promoter control are
the selective counterpart of a screen for differential between a sensitive and tet-
resistant pair. Using two conditions as opposed to one for a primary screen is not
especially “brute force,” but use of a single-condition primary screen can preserve
limited sample sources.

2.6.1 Folate Pathway Revisited: Interplay of Genetics,
Biochemistry, and Screening Strategies

Since there are few examples in the literature of phenotypic screens, the following
ramble is presented as a means of illustrating the way genetic and biochemical
information can be integrated in various was to establish phenotypic screens.

In E coli, growth in minimal medium in the presence of trimethoprim, an inhibi-
tor of dihydrofolate reductase (DHFR) at 5-10 pg/ml and thymine at 50 pg/ml leads
to selection of thymidylate synthetase (#hyA) mutants [165] because tetrahydrofo-
late (THF) is required catalytically for other synthetic steps (serine, methionine,
purines), but THF is oxidized during synthesis of TMP by ThyA, [17]. Thus, loss of
ThyA (as long as thymine or thymidine is supplied) spares THF and allows growth
in the presence of a DHFR inhibitor like trimethoprim. Hence, in the presence of
thymine, thyA mutants are more resistant to trimethoprim than thy +isogenic strains.
It was also found that in media supplying amino acids and purines, sensitivity to
trimethoprim is dependent upon thymidine concentration; under these conditions,
thymidine raises the MIC of trimethoprim [100].

Taking these findings into account, Omura described a screen for natural product
inhibitors of folate synthesis [136]. The screen employed E. faecium, which (like
humans) lacks the dihydropterate synthase enzyme (FolP, target of sulfanilamide)
and therefore requires exogenous pteroate (or other folate). Omura reasoned that in a
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medium providing amino acids, purines and a limiting amount of pteroate, inhibitors
of DHFR would not allow growth of E. faecium in the absence of added thymine but
should allow growth in its presence (much as was seen by Koch in E. coli). Such a
screen was run on 8,000 soil isolates. Four known and three unknown antibiotics
were found. The known antibiotics showdomycin and oxazinomycin were reversed
by other nucleosides as well as thymidine; tirandamycins A and B, known inhibitors
of RNA polymerase were slightly reversed by thymidine but not other nucleosides.
The novel compounds were AM-8402, an inhibitor of bacterial DHFR, and diaz-
aquinomycins A and B (Fig. 2.12) which are ThyA inhibitors [122]. Indeed, detection
of ThyA inhibitors would have been predicted based on the simple analogy to a
mutant screen for a thymine auxotroph.

Based on the folate system, one might envision other screens: (1) a screen for
DHER inhibitors using a pair of thyA +and thyA isogenic E. coli strains grown in the
presence of thymine; the thyA strain should be more resistant to DHFR inhibitors
but that resistance would be function specific, not compound specific. (2) A selec-
tive screen for ThyA inhibitors, quite analogous to the original selection for thyA
mutants. A thy+strain of E. coli would be used to inoculate a plate containing 5 pg/
ml trimethoprim (the amount of trimethoprim would be selected to just prevent
growth of a lawn after incubation) and 50 pg/ml of thymine. Samples would be
applied on discs or in wells and overnight incubation allowed. As thymine is pres-
ent, ThyA inhibitors should not give a ZOI but instead should promote growth in the
presence of trimethoprim (i.e., give a zone of exhibition (ZOE)). This screen (and
all antibacterial screens, for that matter), must be piloted with a large set of known
antibiotics and, if natural products are to be tested, with a large number of fermenta-
tion samples to ascertain that there is a very low hit rate and that the screen is not
intrinsically sensitive to common false positives. In this case, there might be com-
mon medium components or other compounds that promote growth of the lawn for
other, unforeseen reasons. As a rule of thumb, the hit rate for natural products should
be <0.1% since a higher hit rate would not be expected for an inhibitor of a specific
enzyme for which natural product inhibitors are rare or unknown.

2.6.2 Phenotypic Screening for DNA Replication Inhibitors

When the fluoroquinolones ciprofloxacin and norfloxacin, which were known to
target DNA gyrase, entered clinical trials in the early 1980s, it was quickly realized
that other DNA replication enzymes were potential antibacterial targets as well.
(DNA topoisomerase IV was not recognized as a second target of the fluoroquino-
lones until 1994 [95, 96].) In fact, this author began her career in antibacterial dis-
covery in 1982 based on her academic research interests in bacterial DNA replication.
Although, as noted repeatedly here, the ongoing screening programs were not pub-
lished upon until much later or not at all, it should be stated that phenotypic screen-
ing for inhibitors of DNA gyrase as well as other inhibitors of DNA replication was
ongoing during the 1980s and beyond. A 1990 review proposed DNA replication
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proteins as suitable antibacterial targets, but mentioned no screens [156]. As most
of these screens are not in the public domain, the academic work that was ongoing
and which provided fodder for development of one type of DNA screen will be
reviewed here briefly, as will some of the eventually published screens.

The SOS hypothesis first enunciated by Evelyn Witkin in the mid 1970s [193,
194] proposed that UV-induced mutations are produced by an error-prone repair
system whose induction is coordinated with other /exA+/recA +dependent pro-
cesses, such as prophage A induction and filamentous growth, in response to UV
irradiation, thymine starvation, DNA damaging agents such as mitomycin C or other
inhibitors of DNA synthesis such as nalidixic acid. Schuster had already shown that
prophage A is induced under non-permissive conditions by strains carrying tempera-
ture sensitive mutations in the DNA replication genes dnaB, dnaE, and dnaG but not
dnaA [151]. Taken together, this implies that screens devised to monitor SOS induc-
tion should detect DNA damaging agents and DNA synthesis inhibitors.

Colorimetric tests for inducers of prophage A were described that could be used
to screen chemicals and natural products for DNA damaging agents acting as car-
cinogens or with potential use as anticancer agents [46, 47]. These screens employed
a permeable envA (= IpxC) E. coli strain containing a A-lacZ fusion prophage in
which induction could be monitored by measurement of f3-galactosidase. In 1982, a
reporter strain (the SOS chromotest strain) for inducers of the SOS response that
used the lacZ gene fused to the sfiA (= sulA) promoter was described [145]. Thus by
the mid 1980s, it was clear to industrial scientists involved in antibacterial screening
that such indicator strains, which were readily available at the time, should respond
to fluoroquinolones (as they were the descendants of nalidixic acid, a known inhibi-
tor of DNA gyrase [58]) and inhibitors of a subset of DNA replication functions. It
was later shown directly, through use of a strain in which the recA promoter was
fused to lacZ, that fluoroquinolones did, indeed, induce the SOS response [144]. Of
course, such strains also responded to DNA damaging agents of certain types. So
any antibacterial screen using such strains would have had to be used in conjunction
with counter screens against frank DNA damaging agents and secondary screens for
specific inhibition of DNA replication proteins and/or DNA gyrase.

The first published use of an SOS-type screen for gyrase inhibitors is that of
Osburne [138] using B. subtilis (since it is much more permeable than E. coli) with
lacZ under control of a damage-inducible din23 promoter. Actually, two strains
were used, one containing in addition to the lacZ-din23 fusion, a recM 13 mutation
and the other a recM + allele. As certain DNA damaging agents induced lacZ expres-
sion in either the recM + or recM13 backgrounds, but true DNA gyrase inhibitors
(nalidixic acid, norfloxacin and novobiocin) induced lacZ on both strains, com-
pounds that induced in both strains were selected as hits. Cinodine, a natural prod-
uct inhibitor of DNA gyrase (Fig. 2.12), was identified by the screen.

Another illustration of the application of academic reports of interesting pheno-
types of mutants in potential antibacterial target genes is a screen for inhibitors of
Gyrase B supercoiling [65]. The screen relied upon the growth-dependence of a
Topoisomerase I (fopA) deletion mutant of E. coli upon inhibitors of supercoiling.
This was based on the initial observations of DiNardo [39] that, in E. coli, topA
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deletions selected rapidly for compensatory mutations in gyrB or gyrA and of
Stankiewicz [166] that an amber mutant of fopA in a ts-amber suppressor back-
ground was dependent upon novobiocin for growth. Thus, the screen [65] used a
strain of E. coli transduced with a topA deletion that required novobiocin, or another
suitable inhibitor, for rapid growth at 28°. When plated on agar in the absence of
such a compensating inhibitor, the strain gave a very pale lawn. However, when
filter discs containing gyrB inhibitors were placed on the plate before incubation,
luxuriant growth was seen after incubation in the area of the plate where the com-
pound had diffused from the filter, giving a zone of exhibition (around a zone of
inhibition). No results of the assay were disclosed, but novobiocin and coumermy-
cin were used as positive controls, and could be found upon screening.

2.7 Why Rational Screening Has Had a Low Yield:
Implications for Current Programs

Aside from the successes in the cell wall area (the discoveries of the carbapenems,
monobactams, B-lactamase inhibitors, fosfomycin, ramoplanin, new glycopeptides)
and despite programs designed to find new antibacterial classes by target-directed
methods, rational screening for antibacterials has been remarkably unsuccessful;
this applies not only to the largely shrouded whole-cell phenotypic screens of the
1970s through 1990s, but to the more openly described genomics-based and bio-
chemical screens that have followed. Several factors could be implicated for this
low output, but a major problem has been the mismatch between the sample sources
used and the screening strategies.

The early mechanism-based screens (at least those that were disclosed!) were
mostly cell wall directed. They were used to screen natural product sources and
served in part as dereplication tools. The concept, born in the early chemotherapeu-
tic era, of choosing candidate targets for their likelihood of selectivity is valid and
deserves weight. The choice of the bacterial-specific peptidoglycan synthesis path-
way over, say, membrane lytic or DNA damage as mechanisms to be exploited for
directed antibacterial screening is logical. But inhibition of cell wall synthesis may
have been a singularly rich source of morphological and phenotypic screening pos-
sibilities — where inhibition of any point in a long pathway could give rise to similar
phenotypes or phenomena. With the revelation by microbial genetics and later
genomics, of essential bacterial genes that could be considered targets for new
antibacterials, screening became directed more and more toward specific single
targets. But the narrowing of target choice was counterproductive for natural prod-
uct screening. Such highly rational (and hence politically appealing) targeted screens
competed successfully with broader pathway (and other) screens for limited screen-
ing slots in natural product programs. The beauty of the natural products source is
the likelihood that these compounds have evolved, at least in part, to inhibit growth
of bacteria [37] (although this has been argued against as the main raison d’etre of
microbial secondary metabolites [109, 201]), and while the molecular targets (or, let
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us say, receptors) are unknown, they are preselected. If a natural product inhibitor
has not already been found for a newly selected target, it is likely that such an
inhibitor is rare, since all essential targets have been screened for empirically for
decades. To make the most of natural products requires screens that can detect the
widest breadth of chemical novelty.

The lure of target-based screening was a reasonable development from the che-
motherapeutic concepts developed in early anti-infective and cancer therapies.
Certainly, in the 1980s, success in cardiac pharmacology, with angiotensin convert-
ing enzyme (ACE) inhibitors and the HMG Co-A reductase inhibiting statins, laid
the groundwork for such screens. Furthermore, the idea that chemical inhibitors
could be designed for enzyme targets was also rational. Indeed, for chemical collec-
tions, target-based screening made theoretical and logical sense. The innate prob-
lems of natural product screening and the need to dereplicate before chemical
isolation is obviated when the structure of the hit is known. However, the quality of
chemical libraries used for antibacterial screening during the 1980s and even now,
has been poor, in the sense that most antibacterial hits are surfactants or otherwise
generally toxic and, for some reason, it is hard to find hits even for biochemically
screened enzyme targets [142]. It is likely that the nature of the libraries has been
skewed toward non-anti-bacterial structures. But a critical problem is that bacterial
entry, especially into the gram-negative cytoplasm, requires characteristics not prev-
alent in standard libraries [131, 142]. Gram-negative entry favors polar, charged
molecules for outer membrane entry and an uncharged species for cytoplasmic
membrane passage [131, 160]. Along with the mismatch of screens and sources, the
concentration on preselected targets has led naturally to a focus on single enzyme
targets and this emphasis leads to a high potential for rapid resistance development
[157, 159]

Among natural products, there has been a long-standing push for use of organ-
isms from novel niches, and more recently, for culturing or cloning unculturable
organisms [12, 86]. Furthermore, screens of natural product sources should be
hypersensitive (exploiting the likelihood that previous searches might have missed
compounds in low concentration) and, above all, aimed at finding novelty.

How can this be done? As later chapters will note, a variety of whole cell screen-
ing modes using under-expression of specific genes have been used. For efficient
use in natural product screening, these should be deployed in groups, in banks of
screens. In this way, a specific hit in a single screening organism (among others in a
bank) would indicate selectivity, and likely novelty. These banks should be used in
primary screening, to make use of the sensitivity of under-expression. For chemical
screens, specific phenotypic assays should be used either as primary screens or to
immediately validate that an in vitro hit with antibacterial activity actually targets
the desired enzyme. In many, if not most, cases, the antibacterial activity of a hit in
an enzyme assay is due to non-specific, often surfactant activity (especially if selec-
tion is for anti-gram positive activity). Similarly, optimization of inhibitors via
medicinal chemistry is often found to make a quantum leap from lack of antibacte-
rial activity to possession of such activity. It is critical to monitor such optimization
with a specific phenotypic screen or assay to avoid chasing non-specific effects.



2 Rational Approaches to Antibacterial Discovery... 67

Correlation of antibacterial activity and anti-enzyme activity is insufficient to
support the assumption of causality. While it is perfectly reasonable to develop an
antibacterial with multiple modes of action, it is more likely that toxicity will be a
problem if the “second” mode is non-specific, surfactant, and alkylating, or other-
wise toxic. Thus whole cell phenotypic assays that tie antibacterial activity to action
against a desired cellular target are still highly desirable. They may have failed to
provide us with novel antibacterial classes over the last 30 years, but there are ways
in which such phenotypic screens can be better designed and deployed against
improved sample sources to find new entries into the rapidly obsolescing antibacte-
rial armamentarium.
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Chapter 3
Beta-Lactam Antibiotics

Malcolm G.P. Page

3.1 Introduction

The beta-lactam antibiotics constitute one of the oldest and most popular classes of
anti-bacterial agents. The beta-lactams first used for human therapy, were isolated
from molds, particularly Penicillium chrysogenum. The story of the discovery
of the antibacterial properties of molds goes back to the earliest recorded history
[50, 135]: in 3000 BC, Chinese scribes documented the use of moldy soya beans to
treat infected wounds [22]; in the sixteenth century BC, a Greek peasant woman
reputedly cured wounded soldiers using mold scraped from cheese [82]; the Ebers
papyrus from Egypt, dated around 1550 BC, gives a prescription for treating infected
wounds with “spoiled barley bread” [52]; in the second century BC, soldiers in Sri
Lanka applied poultices made from moldy oilcakes to wounds. The therapeutic
usage of molds continued in such ways through to the nineteenth century without
much consideration of how the molds might be exerting their influence. A number
of studies carried out in the late nineteenth century mark the beginning of more
scientific approaches and, in particular, drew attention to the antibacterial properties
of Penicillium species [125]. John Burdon Sanderson [123] reported that bacteria
did not grow in culture medium covered with mold, which prompted further inves-
tigation of this phenomenon by Lister, who showed that urine samples infected with
a mold he identified as Penicillium glaucum Link (1809) did not develop bacterial
contamination [88]. Lister wrote to his brother “should a suitable case present I
shall endeavor to employ Penicillium glaucum and observe if the growth of the
organisms be inhibited in the human tissues.” Although he did not report it himself,
such a case did indeed present itself in the person of Ellen Jones, who had developed
a deep gluteal abscess after being injured by a horse-drawn cart. Lister was able to
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cure the infection using local administration of an extract of P. glaucum [57]. Also
inspired by Sanderson, John Tyndall performed a series of experiments with infu-
sions derived from turnips and mutton in which motile bacteria had multiplied and
found that the bacteria died in most of those that became contaminated with
Penicillium [148]. His friend Thomas Huxley made similar observations, although
they differed in their interpretation of the effect: Tyndall believed that it was depri-
vation of oxygen that killed the bacteria, whereas Huxley suspected it was due to a
direct effect of the mold. In France, Louis Pasteur and Jules Joubert [113] reported
the inhibitory effect of molds on Bacillus anthracis and Ernest Duschene [51]
reported the healing property of P. glaucum. Vicenzo Tiberio in Italy made extracts
of various molds and injected them into animals infected with virulent bacteria
[144]. Andre Gratia and Sara Dath in Belgium reported that a Penicillium strain
exerted a highly bacteriolytic activity against Bacillus anthracis [56] and Clodomiro
Picado Twight, working in Costa Rica, studied the antibacterial and curative proper-
ties of Penicillium extracts between 1915 and 1927 (Enrique Tovar, “El legado de
Clorito” La Nacion Digital, accessed August 2009). In none of these instances is it
really possible to say whether it was penicillin or some other active metabolite pro-
duced by fungi that was exerting the antibacterial effect (for example, Duschene and
Twight both mention activity against typhoid fever, which the penicillins obtained
from P. chrysogenum do not have). It was the detailed report by Alexander Fleming
(1929) on the inhibitory effect of P. chrysogenum Thom 1910 (known then as
P. notatum Westling 1911) on staphylococci, including his description of the inhibi-
tory effect of crude “penicillin” on pathogenic bacteria and the suggestion that it
might find a use in medicine, that paved the way to the isolation and widespread use
of the natural penicillins.

3.2 Development of Penicillins

The early development of the pencillins as therapeutic agents has many interesting
facets that reflect on drug discovery today, and the story is worth considering once
more, especially in the light of the looming crisis in antibiotic chemotherapy fuelled
by decreasing numbers of new chemical entities and rising bacterial resistance to
those drugs on the market [25]. Fleming somewhat lost his interest in penicillin in
the 1930s, frustrated by the instability of his preparations and several failed attempts
to purify the active principle, but he did make his strains available to anybody who
was interested in them. Among these was Cecil George Paine at the Sheffield Royal
Infirmary, who used Fleming’s “droplets,” isolated from cultures of Penicillium he
had obtained from Fleming, to successfully treat babies suffering from opthalmia
neonatum, a gonococcal infection, and a coal miner with a streptococcal infection
of a corneal laceration. Paine did not report what was, in fact, the first successful
clinical use of penicillin and when he was asked why, after his notes were rediscov-
ered in 1983, he replied: “I was a poor fool who didn’t see the obvious when placed
in front of me.” [150]. Howard Florey was the Joseph Hunter Professor of Pathology
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at Sheffield from 1932 until his move to Oxford in 1935. Florey knew of Fleming’s
work and was probably reminded of the therapeutic effect of penicillin by Paine, but
he did nothing about it until the late 1930s, when he and Ernst Chain received a
grant to make a survey of antimicrobial substances produced by microorganisms,
more as an academic exercise than as a search for medically useful substances [2].
Serendipitously, penicillin was one of the first three substances chosen for investiga-
tion [6]. When he had moved to Oxford, Florey had assembled a multidisciplinary
team, including chemists, biochemists, and a bacteriologist as well as pathologists
in Oxford. By bringing together this group of scientists representing the critical
areas of expertise, Florey enabled the rapid characterization of the systemic activity
of penicillin, producing observations that Florey described as “so gratifying as to be
at times almost unbelievable.” The first human trials, conducted in 1941, were ham-
pered by the very small amounts of penicillin that could be isolated from Fleming’s
original isolate of P. chrysogenum. The material was very impure, containing only
0.3-5% of penicillin. It is very lucky that none of great excess of impurities was
toxic, for otherwise, progress would have been considerably delayed. Nevertheless,
the first two volunteers to receive crude penicillin experienced a rise in temperature,
shivering and rigor, and the pyrogenic component had to be removed by an addi-
tional chromatography step. Several of the early patients were children, chosen in
the hope that they would need less penicillin for effective treatment than would
adults. Five of the patients had life-threatening streptococcal and staphylococcal
infections that had not responded to other treatments. The results were highly favor-
able despite the limitations imposed by insufficient amounts, which led the team
even to re-isolate the drug from the patient’s urine.

An unusual aspect of the development of penicillin was that Britain was by that
time at war with Germany. The preliminary findings on the isolation and demonstra-
tion of in-vivo activity were published in Lancet [6] and fuller description, including
details of the critical extraction step, in a second article a year later [S]. The Lancet
articles drew attention to the remarkable properties of penicillin and stimulated
interest both in the USA and in Germany (where the Lancet was obtained via neutral
Sweden). Work started at universities and companies in both countries: in the USA
at Columbia University, working with Chas., Pfizer and Co., and also at Merck and
Co., and Squibb and Sons, and in Germany at most of the constituent companies of
IG Farbenindustrie (Bayer, Hoechst, IG Elberfeld, E. Merck, Schering AG, Schott
and Genossen, inter alia). However, the drug development followed very different
courses on the two sides [105, 113].

The Anglo-American efforts were conducted in a spirit of open collaboration
between the allies, with private—public partnerships and governmental support and
guidance [152]. The US government immediately started to direct research, produc-
tion and clinical trials of penicillin through the US War Production Board (the USA
was not yet at war) and the US Office of Scientific Research and Development.
These agencies provided resources to stimulate penicillin research, for example,
through a grant to the Northern Regional Laboratory in Peoria in the summer of
1941. Florey and Norman Heatley visited the USA and Canada in July 1941 hoping
to gain support for large-scale production of penicillin in order to obtain enough
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material to carry out a more comprehensive clinical study involving up to 100
patients. Penicillin research was taken up at the Northern Regional Laboratory
directly after Florey and Heatley’s visit and the first penicillin meeting, including
representatives from Lederle, Merck, Pfizer, and Squibb took place in October 1941.
Heatley stayed in the USA for 6 months to transfer the knowledge gathered in
Oxford to the consortium of universities, national research institutes and pharma-
ceutical companies interested in penicillin. He was also involved in the first use of
penicillin in the USA. John Bumstead, a physician at the Yale-New Haven hospital
had a patient dying of f-haemolytic streptococcal sepsis. He managed to obtain a
sample of 5.5 g of penicillin through tortuous routes, involving among others another
patient, John Fulton, who was a member of an influential National Research Council
committee and personal intervention by Heatley at Merck. Bumstead and Charles
Grossman administered the first dose on 14th March 1942. A second lot of 5.54 g
was shipped on 27th March, but nevertheless, the team collected the patient’s urine
for Heatley to take back to Merck for re-isolation of the excreted penicillin [136]. In
war-torn Britain, the uptake of penicillin production was hampered by lack of per-
sonnel, apparatus, and materials. Nevertheless, Imperial Chemical Industries Ltd
(ICI) sent representatives to Oxford to learn the necessary techniques, and, by early
1942, a pilot plant was running 100 L fermentations that supplied Florey with 5 g of
penicillin for clinical trials. Glaxo Laboratories Ltd., started independently in 1940
with the help of Raistrick, who had worked with Fleming in his attempts to isolate
penicillin, and, by 1942, was also producing penicillin on a pilot scale. Glaxo came
together with Boots, British Drug Houses Ltd., Burroughs Wellcome and Co., and
May and Baker Ltd., to form the Therapeutic Research Cooperation of Great
Britain Ltd (TRC), which was later joined by ICI. One of the TRC’s goals was to
improve penicillin research through exchange of information between its members,
which was coordinated by a subcommittee later named the Penicillin Producer’s
Conference. The British government recognized the importance of penicillin in
1942, when the Ministry of Supply installed the General Penicillin Committee to
enhance penicillin production. The British institutions collaborated very closely
with those set up in the USA, exchanging strains and technical information, while
publication on penicillin was stopped in 1942 for strategic reasons. Several contri-
butions combined to dramatically improve the production of penicillin. It was found
that the addition of corn-steep liquor, a by-product of starch production that was
available in large amounts in Peoria, increased the yield tenfold and led to produc-
tion of penicillin G rather than penicillin F (see below). Replacement of glucose by
lactose further improved yield. Researchers from Peoria screened many strains of
Pencillium and eventually isolated a highly efficient strain of Penicillium chrysoge-
num from a moldy cantaloupe melon found in a local market. By 1945, the USA
average penicillin production was 570,000 mega units of penicillin per month, and,
in Britain, it was 26,000 mega units.

In contrast to the coordinated activities in Britain and the USA, research into
penicillin production in Germany was much less successful and the amounts even-
tually produced much less (about 50 mega units per month in 1945). There were
several reasons why research did not advance as rapidly as it did in the Anglo-
American consortium [105, 119]. One problem stemmed from the kind of strategic
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consideration that affects natural product research even today. The first sulfonamide
antibiotic (Prontosil rubrum®) had been discovered by Gerhard Domagk at IG
Elberfeld, and the class had become accepted worldwide as antibacterial agents.
They were readily synthesized and had become highly profitable to the German
pharmaceutical industry. In comparison, the production of the new penicillin was
tedious and complicated and its activity relatively unproven. The second, major
problem was the lack of a good producer strain. Although Fleming had provided his
strain to /G Marburg some years before the war had started, by the time interest in
penicillin had been awakened by the publications of Florey’s group, they were
unable to culture it. German scientists attempted to obtain producer strains from the
collections of institutes in occupied countries, including the Pasteur Institute (Paris),
the University of Copenhagen and the Centraal Bureau voor Schimmelcultures
(CBS, in Baarn, Holland) but eventually resorted to screening numerous isolates for
themselves. Hans Oeppinger at Hoechst started systematic screening in May 1942
and eventually obtained three effective strains that were then used for investigation
of fermentation conditions. Oeppinger produced the first German penicillin prepa-
ration for injection in late 1944, but production was stopped in early 1945 by
American occupation of the factory. Domagk also directed research into penicillin
at Bayer using strains obtained from the CBS as well as self-collected isolates, but
the primary objective appears to have been comparison with sulfonamides rather
than isolation in larger quantities. Merck, Knoll, and Schering also started working
on penicillin production, but the activities were either terminated or severely ham-
pered by Anglo-American bombing raids. Outside of the pharmaceutical industry,
Hans Knoll, working the bacteriology laboratory at the Schott and Genossen glass
factory, isolated his own set of producer strains and set up a surface-culture method
that produced sufficient quantities of penicillin wound-powder to treat up to 20
patients a day. Konrad Bernhauer at the Vierjahresplan-Institut in Prague started
screening isolates in 1943 and provided producer strains to the labs at Bayer,
Hoechst and Merck. There was, however, no central reference laboratory and many
activities were carried out independently, duplicating effort and lacking government
co-ordination or support. Eventually the government did pull the various groups
together but, as Oeppinger said, “by the time of that meeting, we could get no yeast,
no acids, no supplies or materials. It was all over.”

3.2.1 The Natural Penicillins

Five compounds (Fig. 3.1) were isolated in pure form from the fermentation broths
of P. chrysogenum strains. The aliphatic compounds (e.g., penicillin F) were pre-
dominant in the extracts produced in Britain, whereas penicillin G was predominant
in the American fermentations to which corn steep liquor was added. The antimicro-
bial activities of the early compounds were rather similar, with a spectrum that covers
Gram-positive bacteria but little or no activity against most Gram-negative bacteria.
Penicillin G (benzyl penicillin) became the most widely used clinical product, because
of its greater convenience of production. The difference between the end products
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Fig. 3.1 Structures of the first natural penicillins to be isolated

obtained by the two fermentation methods was attributed to the presence phenyl
acetate in the corn steep liquor the Americans used, and it was subsequently shown
that adding it to the growth medium would indeed greatly enhance the yield of ben-
zyl penicillin at the expense of the other products [96]. This observation encouraged
attempts to produce new pencillins by feeding the fermentations with other carboxy-
lic acid derivatives. Pencillium turned out to be moderately receptive to mono-substi-
tuted acetic acid derivatives and over 100 “biosynthetic precursor” penicillin
derivatives were described in the patent literature of the late 1940s, but none of them
appeared to present an advantage over penicillin G. Chemical modification of peni-
cillin X at positions ortho to the hydroxyl group was also achieved, but again did not
bring significant changes in the spectrum of action [40].

3.2.2 The Hunt for Penicillinase-Stable Penicillins

John Tyndall, in his experiments with turnip infusions, noticed that one of the tubes
maintained a healthy population of motile bacteria, with no trace of mold, and
developed a bright yellow-green color. He commented, “It cannot be doubted that
the mould-spores fell into this tube also, but in the fight for existence the colour-
producing bacteria has the upper hand” [148]. This must be the first report of resis-
tance of a bacterium (almost certainly a species of Pseudomonas) to the inhibitory
action of Penicillium. Fleming described the resistance of Gram-negative bacteria to
penicillin in detail [55] and Chain and Abraham went on to discover the first penicil-
linase (or beta-lactamase) in E. coli [3]. In the early 1950s, strains of staphylococci
that produced beta-lactamase appeared in hospitals, and it looked as though the pos-
sibility to combat life-threatening staphylococcal infections using penicillin would
be lost. This possibility stimulated the search for new derivatives of penicillin that
could withstand the attack of beta-lactamase.

Ernst Brandl, working on penicillin production at Biochemie Kundl in Austria
in the late 1940s, was dogged by frequent contamination of the fermentations by
beta-lactamase-producing bacteria that penetrated the tanks and destroyed the
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precious penicillin [127]. He started a systematic search for substances that would
prevent the bacterial contamination but not interfere with penicillin production. He
eventually found that addition of 2-phenoxyethanol to the fermentation not only
controlled the contamination but also appeared to produce a penicillin with greater
biological activity. Brandl and Hans Margreiter isolated the novel penicillin and
found that it was penicillin V (Fig. 3.2), which had already been described as a
biosynthetic-precursor penicillin. [23]. However, Brandl and Margreiter realized
that the apparently superior activity was due to its better stability and that penicillin
V was particularly acid—stable and therefore much more suitable for administration
by mouth than penicillin G. Penicillin V became the second penicillin to be widely
used in clinical practice, especially for oral application.

Inspired by the reports of the activity of penicillin, Giuseppi Brotzu, at the
Hygiene Institute in Cagliari, Italy, set out to look for new antibiotics in 1945. He
decided to collect samples from the sea near the outlet of a sewage pipe, based on
his hypothesis that self-purification of sewage might be due to antibiosis. He isolated
a strain of Acremonium strictum Gams 1971 (formerly Cephalosporium acremo-
nium Corda (1839)) that exerted antibacterial effects and used fermentation extracts
to treat patients suffering from a variety of infections, finding beneficial effects in
the case of typhoid fever, against which penicillin was not effective [31]. Brotzu
sent his strain to Oxford, where Abraham and Guy Newton eventually purified two
beta-lactams from the culture broths. One was penicillin N (Fig. 3.2) and the other
was cephalosporin C (see below). Although penicillin N was still labile to beta-
lactamase, its enhanced activity against Salmonella spp. demonstrated very clearly
that changes in activity could be achieved by modifications of the side chain [101].
They chemically modified the amino group of the adipic acid side chain without
achieving major change in the antibacterial spectrum. Parallel experience was made
with modification of 4-aminobenylpenicillin, obtained by feeding fermentation
broths with 4-nitrobenzylacetic acid [145] or 4-aminophenylacetic acid [86]. The
side-chains of all of these early semi-synthetic penicillins were monosubstituted
carboxylic acids and the penicillins were therefore good substrates for penicillinase.
The possibility to produce more fundamental changes in the penicillin side-chain
came when chemists working at Beecham realized that 63-amino-penicillanic acid
(6-APA) was also produced in fermentation broths and that this could be readily
derivatized by chemical acylation [100].
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3.2.3 Penicillins with Improved Oral Bioavailability

Some of the first semi-synthetic penicillins prepared from 6-APA were in fact pre-
pared in order to obtain compounds that would be suitable for oral administration [25].
Bristol Myers produced a series of analogues of penicillin V which were substituted
at the o-carbon atom, including phenethicillin (Fig. 3.3) and propicillin, while
Beecham produced a series of penicillins derived from o-amino acids, including
ampicillin and amoxicillin (Fig. 3.3) that have been the most widely used oral semi-
synthetic penicillins. Not only do they have good oral bioavailability, but they offer the
advantage of distinctly better activity against some Gram- negative bacteria such as
Haemophilus influenzae, Proteus mirabilis and E. coli (provided they do not produce
beta-lactamase). The improved oral availability comes through better acid stability.
An electron-withdrawing substituent in the o-position of the side chains hinders intra-
molecular rearrangements in which the oxygen atom of the amide group attacks the
beta-lactam under acid conditions [1]. The enhanced Gram-negative activity of the
a-amino penicillins can be attributed to the positive charge formed by protonation of
this group at physiological pH, as noted for penicillin N by Abraham and Newton.

3.2.4 Penicillins with Improved Stability to Staphylococcal
Penicillinase

The penicillinase-producing staphylococci had become a major clinical problem by
the late 1950s. All of the natural penicillins and the first semi-synthetic penicillins
were susceptible to hydrolysis by the staphylococcal beta-lactamase and finding a
stable compound took on a high priority at Beecham. The first compound to show
enhanced stability was triphenylmethyl penicillin, but it was not active in vivo,
probably because of very high protein binding. Since other tri-substituted methyl
penicillins had similar stability towards beta-lactamase, it was reasoned that steric
hindrance around the amide group decreased the affinity for the enzyme. This line
of thought led to the synthesis of methicillin in 1959, nafcillin in 1960, and of a
series of 4-isoxazoylpenicillins up to 1962 (Fig. 3.4).
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Catalytic centre
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Fig. 3.5 Structure of staphylococcal beta-lactamase

All had similar in-vitro activity against staphylococci, including penicillinase-
producing strains, but differed in their stability under acid conditions, and therefore
suitability for oral administration. Methicillin has very poor acid-stability and had
to be administered by injection, whereas cloxacillin, selected on the basis of blood
levels following oral administration to volunteers, could be administered orally. The
analogues flucloxacillin and dicloxacillin achieve particularly high blood levels but
are strongly protein-bound because of their hydrophobicity.

The availability of the crystal structure of the staphylococcal beta-lactamase
obtained by Osnat Herzberg and John Moult [70], now allows one to understand the
molecular basis of the improved stability towards this enzyme. The catalytic centre
of the enzyme has a rather shallow side chain-binding site, delimited by the omega-
loop (Fig. 3.5). The bulky, sterically hindered side-chains found in this group of
semi-synthetic penicillins prevent the beta-lactam ring from penetrating deeply
enough into the catalytic centre for attack to occur.

3.2.5 Broad-Spectrum and Beta-Lactamase Stable Penicillins

In the 1960s, infections due to Pseudomonas aeruginosa, particularly in debilitated
or immuno-suppressed patients, were becoming a significant clinical problem.
Although ampicillin had demonstrated improved activity against Gram-negative
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Fig. 3.6 Broad-spectrum and beta-lactamase-stable penicillins

bacteria, there was very little activity against this organism. The first penicillin with
useful, albeit rather moderate, activity against P. aeruginosa was carbenicillin
(Fig. 3.6), introduced by Beecham in 1967 and followed a few years later by the
slightly improved ticarcillin. Carbenicillin and ticarcillin are stable towards
the chromosomal class C beta-lactamase found in Gram-negative bacteria. Unlike
the penicillins stable to the class A beta-lactamase of staphylococci, carbenicillin
and ticarcillin react with the class C beta-lactamase to form a relatively stable acyl-
enzyme intermediate that is only slowly hydrolyzed to regenerate free enzyme.
Thus, they act as inhibitors protecting themselves from further action of the enzyme.
In contrast, carbenicillin and ticarcillin are relatively readily hydrolyzed by the class
A beta-lactamases, such as the staphylococcal penicillinase or the plasmid-encoded,
extended spectrum beta-lactamases now prevalent among the Enterobacteriaceae.
Later developments included a series of derivatives of ampicillin that had modi-
fications on the primary amino group. These included the ureido-penicillins such as
piperacillin (Fig. 3.6) from Toyama, azlocillin and mezlocillin from Bayer, and
apalcillin (Fig. 3.6) from Sumitomo. These compounds are not as stable towards
beta-lactamases, but their side chains bring enhanced penetration into P. aerugi-
nosa. Piperacillin, which is distinctly more active than ticarcillin against
P. aeruginosa and Gram-positive bacteria, has been the most widely used of these.
Two unusual penicillins, mecillinam (amdinocillin), and temocillin (Fig. 3.6),
which are basically only active against Enterobacteriaceae, will be discussed here, as
they have received interest because of their relative stability towards beta-lactamases.
Mecillinam derives from 63-dimethylformamidinopenicillanic acid, which was pre-
pared at Leo Laboratories as an intermediate in the synthesis of penicillin analogues
with novel ring systems. Although the latter were not successful, the intermediate
proved to be active in the routine screens and many analogues, culminating in mecil-
linam, were synthesized [91]. Mecillinam lacks the typical 6p3-acylamino side chain,
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having instead an amidino function. This affects its recognition by beta-lactamase
and may make it an inhibitor of class C beta-lactamase. It is active against a number
of Gram-negative bacteria, including E. coli, Enterobacter spp., Proteus mirabilis,
Salmonella spp. but not P. aeruginosa, H. influenzae, indole-positive Proteae, most
anaerobes or Gram-positive bacteria. It retains good activity against strains of sus-
ceptible organisms that have express elevated levels of class C beta-lactamase, but
elevated MICs may be observed with strains expressing extended-spectrum class A
beta-lactamases [30]. Temocillin has a conventional 6B-acylamino side chain, derived
from ticarcillin, but it also has a 6a-methoxy substituent. The o.-methoxy substituent
was first discovered in the natural cephamycins (see below), where it was found to
confer significant beta-lactamase stability, which prompted chemists at Beecham to
synthesize the corresponding 6o-methoxy penicillins. The early analogues did
not show useful activity [20], but eventually temocillin (6a-methoxy ticarcillin) was
synthesized [130]. The 6a.-methoxy substituent interferes with the hydrolytic mecha-
nism of the class A beta-lactamase and makes temocillin refractory to hydrolysis by
these enzymes. The ticarcillin side chain of temocillin confers stability towards the
class C beta-lactamases, which are able to hydrolyze most beta-lactams with a
60a-substituent.

Temocillin is active against H. influenzae, E. coli, Proteus mirabilis, Salmonella
spp., and some strains of Enterobacter spp., but not P. aeruginosa, anaerobes, or
Gram-positive bacteria. It retains good activity against strains of susceptible organ-
isms that express the classical class A and class C beta-lactamases, against which it
is very stable [89].

3.2.6 Experimental Penams

A number of experimental compounds with the same nucleus as the penicillins have
been investigated for their antibacterial properties. Among these, tricyclic 2,3 meth-
ylene penams (Fig. 3.7) synthesized at Hoffmann-La Roche proved to have good
activity against Gram-positive organisms (similar to that of penicillin G) and to
penetrate somewhat more readily into Gram-negative bacteria [47]. The interaction
of RO-23-6829 with beta-lactamases was more like that of a cephalosporin than
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penicillin G: it was not readily hydrolyzed by staphylococcal penicillinase but was
rapidly destroyed by the class C cephalosporinases. BRL 36650 was discovered at
Beecham, during the investigations of 6a.-substituted penicillins that lead to temo-
cillin. It was found to have potent activity against Gram-negative bacteria but poor
activity against Gram-positive organisms; therefore, having a spectrum rather
similar to ceftazidime or aztreonam [18]. T-5575 (Fig. 3.7) and T-5578 are novel
2-carboxypenams synthesized at Toyama. They had an antimicrobial spectrum
similar to aztreonam with good activity against Gram-negative bacilli, including
P. aeruginosa, but little activity against Gram-positive organisms [154].

3.3 Cephalosporins, Cephamycins and Other Cephems

The Acremonium strain isolated by Brotzu in 1948 produced two active beta-lactams:
one was penicillin N, which was influential in the development of broad-spectrum
penicillins, and the other was identified as cephalosporin C [4, 91]. The antibacterial
activity of cephalosporin C (Fig. 3.8) was so low that it was only detected after the
molecule had been obtained in pure form. It showed low, but rather broad activity,
and, importantly, was resistant to hydrolysis by penicillinase. Florey immediately
became interested in the new molecule and demonstrated that it could protect mice
even against penicillinase-producing staphylococci.

Although Brotzu had used crude extracts that probably contained cephalosporin
C, and Florey thought that it could be used for treatment given in large amounts by
intravenous infusion, it was the semi-synthetic cephalosporins that went into clini-
cal use. During their investigation of its structure, Abraham and Newton found that
ring system of cephalosporin C was more stable than that of penicillin and that it
was thus possible to obtain 7-aminocephalosporanic acid under controlled exposure
to dilute acid. Further, they showed that the acetoxy moiety could be replaced by
nucleophiles such as pyridine or removed enzymatically to yield deacetylcepha-
losporin C. These findings, which came at a time when the Beecham group were
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Fig. 3.8 Natural cephems: cephalosporin C and the first four cephamycins
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Fig. 3.9 First generation cephalosporins

having marked success with semi-synthetic penicillins such as methicillin, paved
the way for extensive chemical modification that has made cephalosporins one of
the most important classes of antibiotics today. The semi-synthetic cephalosporins
are commonly grouped into four generations [60], based on their anti-microbial
activity. The recent anti-MRSA cephalosporins (see Sect. 3.5), which possess a
novel spectrum of activity, can be added to these groups.

3.3.1 First-Generation Cephalosporins

The first semi-synthetic cephalosporins to appear on the market were cephaloridine
and cephalothin (Fig. 3.9), launched by Eli Lilly Ltd in the mid-1960s. The first-
generation cephalosporins have simple 73-acylamino side chains, in some instances
derived from the oral semi-synthetic penicillins. The 3’ substituents of the early
congeners were derived from the parent 7-ACA (e.g., cephalothin), or by simple
chemical modification (e.g., cephaloridine). The members of this group typically
have activity against staphylococci, including penicillinase-producing S. aureus and
S. epidermidis, and streptococci, including S. pneumoniae, group B Streptococcus
and group A beta haemolytic Streptococcus. The activity against Gram-negative
bacteria is relatively modest, but organisms that are covered include strains of
Klebsiella pneumoniae, E. coli, P. mirabilis and Shigella species that do not produce
B-lactamases or only produce penicillinases.

Commonly prescribed first-generation cephalosporins include the following:
cefadroxil (Duricef®, Bristol Myers Squibb), cefazolin (Ancef®, Smith Kline
Beecham), cephalexin (Keflex®, Lilly), cephapirin (Cefadyl®, Apothecon), and cephra-
dine (Velosef®, Apothecon). Oral first-generation agents are well tolerated and have
been widely used, particularly in respiratory tract infections, urinary tract infections,
and peri-operatively: cefazolin has been an agent of choice in surgical prophylaxis.
There have, however, been calls to restrict the use of first-generation cephalosporins in
hospital practice now that better alternatives are available [43, 118].
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Fig. 3.10 Second-generation cephalosporins

3.3.2 Second-Generation Cephalosporins

The side chains found effective in the semi-synthetic penicillins continued to be
used through the 1970s. The cephalosporin nucleus offered an advantage over that
of penicillin because the 3’ substituents can be varied to modulate the antimicrobial
activity or pharmacokinetic properties, and numerous variants with improved activ-
ity against Gram-negative pathogens were synthesized. The modifications in some
compounds, for example, cefuroxime (Fig. 3.10), decreased the oral absorption of
the drugs, and a prodrug (cefuroxime axtel) was made by masking the carboxylic
acid of the cephalosporin nucleus with as unstable acetyloxyethyl ester. The pro-
drug was rapidly converted to the active species by esterases in the blood stream,
releasing acetate and formate. The first compounds with significantly modified
7B-aminoyacyl side chains appeared towards the end of the 1970s and at the begin-
ning of the 1980s (e.g., cefotium from Abbott and cefuroxime from Glaxo).

The typical spectrum of this group includes organisms that are susceptible to first-
generation cephalosporins, but with less activity against Gram-positive organisms,
except for penicillinase-producing organisms where the improved beta-lactamase
stability of the second-generation cephalosporins may give better efficacy. In addi-
tion, they exhibit activity against Moraxella catarrhalis, H. influenzae, Enterobacter,
Citrobacter, Acinetobacter, Serratia, Neisseria, and Providencia.

Examples of second-generation cephalosporins include the following: cefaclor
(Cefaclor®, Lilly), cefamandole nafate (Mandol®, Lilly), cefuroxime axtel (Ceftin®,
Zinacef®, Glaxo Wellcome), cefprozil (Cefzil®, Bristol Labs). Parenteral cefuroxime
is the only second-generation cephalosporin that penetrates the CSF sufficiently
well to be effective in meningitis caused by S. aureus, pneumococci, meningococci,
and H. influenzae.

Several of the second-generation cephalosporins with a 1-methyltetrazole-5-thio
side chain have been associated with an unpleasant flushing reaction when taken
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Fig. 3.11 Third-generation cephalosporins

some time before the drinking of alcohol. It appears that the side chain is liberated
in vivo during a chemical rearrangement triggered by opening of the beta-lactam
ring. The thiol is oxidized to 5, 5-dithiobis(1-methyltetrazole) or to a mixed disul-
fide analogue that can inactivate aldehyde dehydrogenase.

3.3.3 Third-Generation Cephalosporins

Third-generation agents have acquired a good reputation for efficacy and tolerability.
Generally, they were expensive, but considered appropriate for hospitalized patients
with severe infections. Since nearly all are now available as generics, the price is
considerably lower. Most are administered parenterally, although there are a few
with good oral bioavailability (e.g., cefixime, ceftibuten, cefdinir, Fig. 3.11). There
has been considerable interest in the pro-drug approach (e.g., cefpodoxime proxetil,
Fig. 3.11) to obtain oral activity.

The members of this class have less activity against Gram-positive bacteria than
first-generation cephalosporins, but greater in vitro activity than first- and second-
generation cephalosporins against Gram-negative organisms, especially those with
beta-lactamases. The typical spectrum includes E. coli, Klebsiella, Enterobacter;
Acinetobacter, Serratia, Providencia, Proteus, Morganella, and Neisseria. Some
drugs are also active against B. fragilis and Pseudomonas species, for example cef-
tazidime. Cefotaxime, ceftriaxone, ceftazidime and ceftizoxime are useful in Gram-
negative bacillary meningitis but other cephalosporins have poor penetration into
the central nervous system. Commonly prescribed third-generation cephalosporins
include the following: cefixime (Suprax®, Lederle), cefpodoxime proxetil (Vantin®,
Pharmacia and Upjohn), ceftazidime (Fortaz®, Glaxo-Wellcome), cefdinir (Omnicef®,
Abbott), cefotaxime (Claforan®, Hoechst-Roussel), ceftibuten (Cedax®, Schering),
and ceftriaxone (Rocephin®, Hoffmann-La Roche).
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Fig. 3.12 Fourth-generation cephalosporins

The 7B-(aminothiazoyl)oxyiminoacetamido side chain of the third-generation
cephalosporins plays an important role in their stability towards beta-lactamases. It is
a bulky, rigid structure that does not fit into the active site of class A beta-lactamases
such as the staphylococcal penicillinase, or the TEM-1 beta-lactamase found in Gram-
negative bacteria. Thus, the third-generation cephalosporins often exhibit low affinity
for the class A beta-lactamases except for those that have acquired point mutations
that increase flexibility in the active site region and widen the side-chain binding
pocket [111]. The situation is different in the class C beta-lactamases: here the side
chain actually fits quite well into the active site, where it aligns with a beta-strand that
forms one edge of the side-chain binding pocket. Thus, the third generation cepha-
losporins often exhibit high affinity for the class C beta-lactamases. However, the
extra interactions, involving additional hydrogen bonds, help to stabilize the acyl-
enzyme intermediate and slow down the later steps in the catalytic cycle [106].

The widespread use of third-generation cephalosporins has been associated with
increases in beta-lactamase-mediated resistance amongst Gram-negative pathogens,
super-infection with resistant staphylococci, and enterococci as well as antibiotic-
associated diarrhea and onset of pseudomembranous colitis due to Clostridium difficile,
and there have been calls to restrict the use of these agents [72, 103, 107, 111, 114].
Adverse events associated with the use of third-generation cephalosporins are rare,
and mostly compound-specific. Ceftriaxone has been associated with fatal immune-
mediated haemolytic aenemia in patients with HIV infection, sickle cell disease,
and leukemia. Seizures, encephalopathy, coma, asterixis, neuromuscular excitabil-
ity, and myoclonia have been reported from renally impaired patients treated with
unadjusted dosing regimens of have been reported with several cephalosporins,
including ceftazidime.

3.3.4 Fourth-Generation Cephalosporins

The fourth-generation cephalosporins (Fig. 3.12) are considered to possess extended
Gram-negative coverage as compared to third-generation cephalosporins, due to
increased stability towards hydrolysis by B-lactamases and, perhaps, less induction
of B-lactamase-mediated resistance. They derive from compounds such as ceftazi-
dime (third generation), which has better beta-lactamase stability than some of its
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congeners. The positive charge in the 3’ side chain appears to increase the ability of
the cephalosporins to inhibit class C beta-lactamases as well as to promote uptake
into the periplasm of Gram-negative bacteria. Although the fourth-generation cepha-
losporins are quite stable to the class C beta-lactamase, they are still hydrolyzed by
the extended-spectrum beta-lactamases that evolved to hydrolyze the third-genera-
tion cephalsporins. Thus, there is a propensity to select for resistant strains, espe-
cially those with ESBLs and it has been shown that cefepime restriction improves
decreases the overall resistance among Gram-negative organisms [44, 48].

The spectrum of activity of fourth-generation cephalosporins includes Gram-
negative organisms with multiple drug-resistance patterns (e.g., Enterobacter and
Klebsiella). Cefepime (Maxipime®, Squibb) and cefpirome (Cefrom®, Hoechst-
Roussel) are the most important fourth generation cephalosporins. Cefepime pene-
trates into the CNS and therefore may be also useful for treatment of bacillary
meningitis. CXA-101, formerly FR264205 discovered at Astellas [67], is an experi-
mental compound in clinical development for treatment of infections caused by
Gram-negative bacteria. CXA-101 exploits both these features to achieve improved
resistance to hydrolysis by the P. aeruginosa class C B-lactamases. Like ceftazi-
dime, CXA-101 penetrates well into P. aeruginosa and is not greatly affected by the
expression of efflux pumps [137], but it is more stable towards the class C beta-
lactamases of this organism [67]. The MICs reported for P. aeruginosa with resis-
tance mediated by class C beta-lactamase were <4 mg/L [125]. Unfortunately, it
remains sensitive to class B metallo-beta-lactamase (MIC for one strain of P. aerug-
inosa reported as >128 mg/L) as well many class A and class D extended-spectrum
B-lactamases. Its utility against a broad range of Enterobacteriaceae is therefore
more uncertain.

3.3.5 Anti-MRSA Cephalosporins

The first reports of S. aureus that was resistant to methicillin came in 1961, shortly
after it was launched. These were, however, a series of isolated outbreaks, and
methicillin-resistant Staphylococcus aureus (MRSA) did not become a serious
clinical problem until the 1980s. After that time, the incidence of MRS A has steadily
risen in most parts of the world, such that the clinical efficacy of beta-lactams
against staphylococci is threatened once again. Resistance is due to the expression
of an alternative penicillin-binding protein, PBP 2a or PBP 2’, which is immune to
inhibition by all currently available beta-lactams but can still carry out the essential
step in cell wall biosynthesis. During the late 1980s and early 1990s, a number of
companies initiated chemical modification programs to restore the activity of cepha-
losporins against MRSA.

The anti-MRSA cephalosporins exhibit extended Gram-positive coverage com-
pared to first- and second-generation cephalosporins, including for the first time use-
ful activity against methicillin-resistant staphylococci. There are two compounds
from this class that are in late stage clinical development (Fig. 3.13). Ceftaroline,
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Fig. 3.13 Anti-MRSA cephalosporins

Fig. 3.14 Structure of the active site in the acyl-enzyme complex formed between ceftobiprole
and S. aureus PBP2a (Redrawn from [88])

discovered at Takeda [77], has been approved for use against complicated skin and
structure infections as well as community-acquired pneumonia. Its coverage of
Gram-negative pathogens has been compared to that of cefotaxime or ceftriaxone,
with no useful activity against P. aeruginosa or beta-lactamase-producing
Enterobacteriaceae. Ceftobiprole, discovered at Hoffmann-La Roche [68], has been
investigated in clinical trials against complicated skin and structure infections as well
as community-acquired and nosocomial pneumonias. Its coverage of Gram-negative
pathogens is comparable to that of ceftazidime or cefepime.

A common feature of the anti-MRSA cephalosporins is the long, rather hydro-
phobic 3’-side chain that terminates in a basic residue [97]. This is a requirement
imposed by the structure of the active site of PBP 2a [87], where the side chain has
to bind in a narrow, apolar cleft ending in a cluster of polar, mostly negative charged
residues (Fig. 3.14). The aminothiadiazoyl, rather than aminothiazoyl, group in the
7B-acyl side chain allows an additional hydrogen bonding interaction that stabilizes
the acyl-enzyme complex and therefore enhances the inhibition [82, 98].
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3.3.6 Cephamycins

The cephamycins were discovered in screening programs conducted at Merck and
Lilly around 1970 [98, 128]. The first four compounds discovered (Fig. 3.8) had the
same o-aminoadipoyl in the 7 position as does cephalosporin C from which they
are differentiated by the 7o methoxy substituent. The cephamycins were the first
beta-lactams to be found in fermentation broths of actinomycetes and, as such, her-
alded the discovery of many new classes of beta-lactam. Cephamycins A and B
have a broad spectrum of low potency activity, including both Gram-positive (except
enterococci) and Gram-negative organisms (except P. aeruginosa and S. marce-
scens), but are both chemically unstable. Cephamycin C has a similar spectrum of
activity, but is more potent against Gram-negative bacteria. A very important char-
acteristic of the cephamycins is their stability towards beta-lactamases. All of the
natural cephamycins are much more stable than cephalosporin C towards the serine
beta-lactamases, which sparked off an intense effort on the chemistry of penicillins
(see temocillin in Sect. 2. 4, above) and cephalosporins. Advances in semi-synthetic
cephamycins (Fig. 3.15) came through the development of methods for exchange of
the side chain [80] and of stereospecific introduction of the 7-methoxyl group into
the cephem molecule [39].

The antimicrobial spectrum of the semi-synthetic cephamycins is generally simi-
lar to that of second-generation cephalosporins and these molecules are frequently
classified with this group of cephems. The important difference is their greater sta-
bility towards the class A extended-spectrum beta-lactamases. Cephamycins are not
so stable to the class C beta-lactamases, and a number of the plasmid-encoded class
C enzymes (e.g., FOX-1 enzyme) were identified by their ability to hydrolyze these
compounds [60]. Introduction of the 7a-methoxy substituent into third and fourth
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Fig. 3.16 Natural 7o-formamido cephems and a semi-synthetic analog

generation cephalosporins (e.g., cefotaxime and cefpirome) resulted in analogues
that had markedly lower activity than the parent compound [85]. This result is remi-
niscent of the early attempts to make 6a-methoxy penicillins and suggests that, at
least as far as antibacterial activity is concerned, the a-substituent is only compati-
ble with certain acylamino side chains in the B-position. The rigid, bulky side chains
of the third generation cephalosporins may well have steric conflicts with the
o.-substituent.

Cefoxitin has been associated with an elevated risk of beta-lactam associated
coagulopathy [34] while ceftotetan, cefbuperazole and cefmetazole have the
I-methyltetrazol-5-yl thio substituent found in second-generation cephalosporins
that is associated with alcohol incompatibility.

3.3.7 Chitinovorins and Cephabacins

Cephalosporins with a 7a-formamido substituent were discovered in the early 1980s
in screening programs run at Shionogi, Squibb, and Takeda using tests designed to
detect beta-lactam antibiotics stable towards beta-lactamase [93, 119, 120]. They
were found in fermentation broths of several species of Gram-negative bacteria
including Flavobacterium spp., Lysobacter lactamgenus [104] and Xanthomonas
lactamgena [104].

The enhanced B-lactamase stability of the 7a-formamido cephems prompted
several attempts to introduce this functional group into other cephems. but the
results have been rather mixed. A series of semi-synthetic analogues of second gen-
eration cephalosporins were synthesized at Beecham during the 1980s and several
(e.g., compound 1 in Fig. 3.16) showed potent broad-spectrum activity [19, 24].
In contrast, attempts at Hoechst-Roussell to produce analogues of the third-and
fourth-generation cephalosporins cefotaxime and cefpirome resulted in compounds
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with disappointing lack of activity [85]. It seems that, as with the 7o-methoxy
substituent, there can be steric constraints on the 73-side chain for maintenance of
biological activity.

3.3.8 Carbacephems and Oxacephems

The discovery at Merck that oxacephems exhibit stronger antibacterial activity than
that of the corresponding cephalosporin [38] prompted many laboratories to attempt
the total synthesis of such compounds, efforts which culminated in the introduction
of latamoxef (Moxalactam) [98] and flomoxef [146] by Shionogi. Latamoxef had
a broader spectrum of activity than the previously available cephalosporins includ-
ing Gram-positive aerobic cocci, Enterobacteriaceae, Pseudomonas aeruginosa,
Haemophilus influenzae, and Bacteroides fragilis.

Latamoxef combines the higher reactivity of the oxacephem nucleus with the
7o-methoxy group of cephamycins and the a-carboxy substituent of carbenicillin in
the 7p-acylamino side chain, which both confer beta-lactamase stability. Its activity
profile was similar to that of the second-generation cephalosporins, and it is usually
classified with these. Latamoxef has the 1-methyltetrazol-5-yl thio substituent found
in many second-generation cephalosporins. Its use has been associated with pro-
longed bleeding time [34] and several fatal cases of coagulopathy were reported in
the 1980s: it is no longer available in the USA.

Loracarbef (Lorabid®, Lilly) is the only carbacephem to have been marketed so far.
The first attempts at total synthesis by the Merck group resulted in racemic carba-
cephems [57] that exhibited high chemical stability. Since this allowed structural
manipulation in a manner that could not be done with the cephalosporin ring sys-
tem, it encouraged efforts to develop efficient chiral syntheses. The chiral synthesis
that led to loracarbef was developed at Kyowa Hakko Kogyo Co. [103]. The chemi-
cal stability also confers higher plasma stability and contributes significantly to the
enhanced pharmacokinetic properties of carbacephems. Loracarbef has a broad-
spectrum of action including Gram-negative and Gram-positive bacteria, including
E. coli, S. pyogenes, S. aureus, S. saprophyticus, S. pneumoniae, H. influenzae, and
M. catarrhalis. Adverse reactions are rare and consist primarily of hypersensitivity
reactions with urticaria, nonspecific rash, and pruritus.

Blanca Pharmaceuticals has recently profiled BP-102 (Fig. 3.17) for use against
beta-lactam resistant Gram-positive bacteria, including MRSA [59]. It is one of an
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Fig. 3.18 Experimental cephems

experimental series of 3-heteroarythio-carbacephems that derive from compounds
synthesized at Lilly Research Laboratories in the 1990s. It is interesting to note that
the 3’ side chain is significantly smaller than that typical of the anti-MRSA cepha-
losporins, which suggests that there might be a different structure-activity relation-
ship for the carbacephems [143].

3.3.9 Experimental Cephems

The chemistry team at Bristol Laboratories of Canada undertook the total synthesis
of nuclear analogues of cephalosporins during the 1970s [40, 41], producing a series
of isocephems, O-2-isocephems, N-2-isocephems and 2-substituted carbacephems
(e.g., 2 in Fig. 3.18). The antibacterial activity of the O-2-isocephems appeared to
be generally rather similar to the corresponding cephem and they have been investi-
gated as antibiotics for oral administration [94]. Some of the series have been revis-
ited more recently: for example, in the isocephem series, the third-generation
cephalosporin analogue 3 shown in Fig. 3.18 had good activity against P. aeruginosa
and A. baumannii [147], and compound 4 from the N-2-isocephem series had good
activity against both Gram-positive and Gram-negative bacteria [74]. Tricyclic
bridged carbacephems (Fig. 3.18, 5) and isocephems (Fig. 3.18, 6, 7) with antibac-
terial activity were discovered at Hoffmann-La Roche during a chemical program
developing broad-spectrum beta-lactamase inhibitors [11, 67]. Only those com-
pounds with small 7-acylamino side chains had significant antibacterial activity, but
all were inhibitors of serine beta-lactamases. The antimicrobial spectrum resembles
that of third-generation cephalosporins, as they are more active against Gram-
negative bacteria than Gram-positive organisms. They are, however, more active
against strains with class A ESBLs or class C cephalosporinases than are the cepha-
losporins because of the beta-lactamase inhibitory properties. None of these more
exotic variations of the cephem nucleus has yet been pursued in clinical trials.
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3.4 Carbapenems

Beecham Laboratories developed a screen for beta-lactamase inhibitors towards the
end of the 1960s that furnished a number of molecules that had a profound influence
on antibiotic chemotherapy. Among these were the olivanic acids (e.g., MM 17880,
Fig. 3.19), which were identified in fermentation broths of Streptomyces olivaceus
Waksman, 1923 [33]. An extensive series of fermentation experiments resulted in
the identification of several members of the olivanic acid family of carbapenems
[32]. At about the same time, the Merck group was screening fermentation broths
for inhibitors of cell-wall biosynthesis and discovered several representatives of the
thienamycin family of carbapenems [8] in fermentation broths of Streptomyces cat-
tleya Kahan et al. 1979. More than 50 carbapenems, belonging to at least five fami-
lies (Fig. 3.19), have now been discovered in microbial fermentation broths using
variations of the original screens. Most are very effective beta-lactamase inhibitors
[107] but are too unstable for clinical use.

Chemists at Merck found that the solution instability of thienamycin could be
overcome by derivatization to N-formimidoyl thienamycin (imipenem, Fig. 3.20)
(Leanza et al. 1979). They were, however confronted with another problem, in that
imipenem is a substrate for renal dehydropeptidase (DHP-I), as are all naturally
derived carbapenems. The Merck team developed cilastatin, which is a competitive
inhibitor of DHP-I that can protect imipenem against the enzyme. A fixed 1:1 com-
bination of the two compounds was launched in 1985 under the name of Primaxin®
(Zienam® in Europe).

The potent antimicrobial activity and beta-lactamase stability of the carbapenems
attracted a lot of attention, firstly to try to improve fermentation yield, for the strep-
tomycetes do not produce large amounts of any single compound, and then to attempt
total synthesis of the system. Panipenem from Daiichi Sankyo Co., followed some
years after Primaxin, in 1993: it, too, is marketed as a fixed combination, in this
instance with the renal transport inhibitor betamipron, because of its instability
towards the DHP-I enzyme. A solution to the DHP-I problem came with the discov-
ery by the Merck team that synthetic analogues with a 13-methyl substituent were

Thienamycin NS-5 Epithienamycin A Carpetimycin A PS-6
HO,
N o -0,8 0,8
s
o \_\N L
HO ° H‘<

Asparenomycin B MM 17880 OA-6129C

Fig. 3.19 Representative natural carbapenems
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stable towards DHP-I but still possessed potent antibacterial activity [10]. This
observation paved the way for a second generation of carbapenems that could
be administered as a single substances, the first of which was meropenem, to be
followed by ertapenem and doripenem (Fig. 3.20). Sanfetrinem is an unusual
carbapenem discovered at Glaxo Wellcome that has high stability towards many
B-lactamases and to human renal DHP I. It has a broad spectrum of activity
against Gram-positive and Gram-negative bacteria including penicillin-resistant
Streptococcus pneumoniae.

PZ-601, formerly SM-216601 discovered at Sumitomo Pharmaceuticals [149],
is an experimental compound in clinical development for treatment of infections
caused by resistant bacteria, including MRSA and ESBL-producing Enterobac-
teriaceae. It has the same kind of long, relatively hydrophobic side chain, with a
terminal basic group, as found in the anti-MRSA cephalosporins.

3.5 Penems and Oxapenems

Analogue synthesis was also extended to the preparation of penems [159] and oxap-
enems [45], but not many of these attempts have yielded useful antibiotics, largely
because of stability and toxicity problems. Of the few penems that have been
advanced through clinical studies, faropenem (Fig. 3.21) was marketed in Japan by
Daiichi Asubio Pharma in 1997 as the sodium salt and ritipenem was introduced in
Japan by Tanabe Seiyaku Co., as the sodium salt and as acetoxymethyl ester for oral
administration. The orally administered ester faropenem medoxomil has been under
investigation in the USA for use in community-acquired respiratory tract infections
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and skin infections. Sulopenem was discovered in the 1980s but not pursued until
recently: Pfizer investigated sulopenem and a pro-drug (PF-03709270) for use in
community-acquired pneumonias that require hospitalization. The penems have
similar beta-lactamase stability to imipenem but are stable towards DHP-I. They
have a broad spectrum of antibacterial activity but are not active against MRSA,
enterococci, or P. aeruginosa.

The first oxapenems were very unstable but showed potential as beta-lactamase
inhibitors. Hans Pfaendler and his team synthesized more stable analogs (including
AM-112) that have some antibacterial activity against staphylococci and are potent
inhibitors of serine beta-lactamases [78, 117]. AM-112 and its analogs are being
profiled by Amura for use in combination with established beta-lactams.

3.6 Monocyclic Beta-Lactams

At about the same time that novel screens were being used to identify beta-lactamase
inhibitors, workers at the Takeda company used a mutant strain of E. coli that was
hyper-susceptible to beta-lactams to screen fermentation broths for inhibitors of cell
wall biosynthesis [12, 14, 69]. They identified the first members of the nocardicin
family of antibiotics from fermentation broths of an organism the referred to as
Nocardia uniformis tsuyamanensis [75]. The antibiotic has moderate in vitro activ-
ity against Gram-negative bacteria including Proteus and Pseudomonas. Later, new
monocyclic beta-lactam antibiotics with a formylamino substituent, named for-
madicins A, B, C and D. were found in fermentation broths of Flexibacter algino-
liquefaciens YK-49. Formadicins have narrow antibacterial spectra including some
species of Pseudomonas, Proteus and Alcaligenes but are stable to beta-lactamase
because of the 3a-formamido substituent. No analogues have yet been brought to
the clinic.

The Squibb Company used an assay based on the detection of beta-lactamase
induction in a hypersensitive strain of Bacillus licheniformis to screen for novel
beta-lactams [134]. Besides a number of new carbapenems, cephamycins and the
7-formamidocephems dealt with above, they found several new families of monobac-
tams (e.g., SQ 26,180 [156] and SQ 26,970 from Agrobacterium radiobacter [160]).
Screening at Beecham, using a differential assay for antibacterial activity against a
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Fig. 3.22 Representative natural monocyclic beta-lactams

pair of Acinetobacter strains (one hypersensitive and the other resistant), yielded a
number of new monobactams including compound 8 in Fig. 3.22 [32].

Squibb chemists found the azetidinone to be readily synthesized and followed up
their screening discoveries with a series of totally synthetic molecules that resulted
in aztreonam [135], which is marketed for use against infections caused by Gram-
negative bacteria. Aztreonam (Fig. 3.23) has no useful activity against Gram-
positive or anaerobic organisms but has potent activity against most species of
aerobic Gram-negative bacteria. Carumonam, discovered at Takeda, was also inves-
tigated by Hoffmann-La Roche for use against infections caused by Gram-negative
organisms: it has a very similar spectrum and beta-lactamase stability to aztreonam [76].
Aztreonam and carumonam are inhibitors of class C beta-lactamases, are hydro-
lyzed by the class A ESBLs but, remarkably, only very slowly hydrolyzed, if at all,
by metallo-beta-lactamases. The latter is a unique property of the monocyclic beta-
lactams. The inhibition of class C beta-lactamases is a common property of
monobactams with a (S)-methyl group (as in aztreonam) or bulky (R)-substituent
(as in carumonam) at the C4 position of the azetidinone ring [52, 65, 126] and is due
to interference of the substituent with residues in the active site that prevents a rota-
tion about the C3-C4 bond necessary for access of the water molecule that would
hydrolyze the acyl-enzyme complex [69].

It was also found that the beta-lactam ring could be activated towards nucleo-
philic attack at the B-carbonyl by a variety different electronegative functions
attached to the azetidinyl nitrogen. There followed the oxymazins (e.g., oximonam
and its ester gloximonam) and monosulfactams (e.g., tiggmonam), which have an
O-atom attached to the azetidinone as well as compounds such as pirazmonam [17],
which relate perhaps more to the nocardicin family in having a C-atom attached to
the azetidinone. Like the monobactams, the oxymazins and monosulfactams have
potent activity against aerobic Gram-negative bacteria, with good beta-lactamase
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stability, but little activity against anaerobes and Gram-positive bacteria. Tigemonam
has rather weak activity against P. aeruginosa compared to aztreonam or caru-
monam. Tigemonam, as its choline salt, and gloximonam were investigated for oral
administration because of their greater bioavailability. Pirazmonam marks an
attempt to improve activity against P. aeruginosa using an iron-chelating (“sidero-
phore”) group that might lead to its recognized and taken up by one of the essential
iron-uptake systems. P. aeruginosa secretes a number of natural siderophores that
bind and solubilize ferric or ferrous iron: the complexes are recognized by receptors
in the outer membrane and then transported into the periplasm. Several attempts
have been made to introduce natural siderophores or mimetic functional groups
such as the hydroxypyridinone moiety used in pirazmonam, in order to exploit the
endogenous transport systems [95]. BAL19764 (formerly Syn2416 or PTX2416) is
an experimental monobactam (analogue of aztreonam) with such a siderophore
moiety. It was shown to have enhanced activity against P. aeruginosa under condi-
tions where the siderophore-uptake systems are expected to be induced. BAL30072
is an experimental monosulfactam (analogue of tigemonam) with the same sidero-
phore. It has potent activity against Acinetobacter spp., which the monobactams do
not, as well as P. aeruginosa, which tigemonam does not. It is under investigation
for use against infections caused by multidrug-resistant Gram-negative bacteria.
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3.7 Antibiotic Combinations with Beta-Lactamase Inhibitors

The screen for B-lactamase inhibitors devised at Beecham yielded a number of
potent agents, especially carbapenems (see above). During the validation of their
screening method, the Beecham group tested the cephamycin-producing
Streptomyces cultures deposited by Merck and Lilly and discovered a potent beta-
lactamase inhibitor in fermentation broths of S. clavuligerus [119]. This was iso-
lated and characterized as clavulanic acid (Fig. 3.24), which has become the most
widely used B-lactamase inhibitor in combinations with amoxicillin (Augmentin®)
and ticarcillin (Timentin®). Clavulanic acid is a potent inhibitor of class A beta-
lactamases and also inhibits some class D enzymes: it has little activity against class
C, and no activity against class B beta-lactamases. The combination with amoxicil-
lin therefore has improved activity against penicillinase-producing staphylococci
and Gram-negative organisms, especially E. coli and K. pneumoniae, which have
ESBLs. The combination with ticarcillin has improved activity against some strains
of Acinetobacter spp., (against which clavulanic acid has modest antibacterial activ-
ity) as well as ESBL-producing Enterobacteriaceae.

The potent beta-lactamase inhibitory properties of clavulanic acid prompted
chemical modification around the clavam nucleus as well as a search for synthetic
molecules with similar activity. Sulbactam was prepared at Pfizer starting from
6-APA [52] and also showed interesting activity against class A beta-lactamases.
Although not as potent as clavulanic acid, sulbactam is considerably more stable
and is even available in Germany as a stand-alone product (Combactam®) for use in
combination with beta-lactam antibiotics. Like clavulanic acid, it has little antibac-
terial activity itself, except against Acinetobacter spp., where it has quite respect-
able activity against strains that do not express beta-lactamases. Fixed combinations
with ampicillin (Unacid®) and cefoperazone (Sulperazone®) are marketed in a num-
ber of countries and the mutual prodrug with ampicillin is also available (sultamicil-
lin, Unasyn®). Tazobactam from Wyeth is a more recent extension of the penam
sulfone class of inhibitors that has somewhat more potent activity than sulbactam
and is active against some class C beta-lactamases [36]. It is available as a fixed
combination with piperacillin (Zosyn®), which is widely used in hospitals for
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Fig. 3.24 Beta-lactamase inhibitors used in marketed combinations or recently under clinical
investigation
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treatment of infections caused by resistant Gram-negative pathogens, especially
P. aeruginosa. Calexa have indicated that they would consider profiling a combina-
tion of their investigational cephalosporin CXA-101 with tazobactam.

There have been numerous attempts to discover broad-spectrum inhibitors that
cover all of the serine beta-lactamases (classes A, C and D) but, as yet, none has
come to the market. These experimental inhibitors are beyond the scope of this
chapter and the reader should consult recent reviews for more details [33, 96, 109].
Three of experimental inhibitors have recently been profiled in combinations for
treatment of resistant pathogens. NXL-104 (formerly AVE1330A) from Novexel is
a unique representative of a novel class of diazabicyclo(3.2.1)octanones that are
broad-spectrum inhibitors, active against class A, C and some D enzymes [23]. It is
being investigated in combination with ceftazidime for use against Gram-negative
pathogens [94] and as a combination with Forest’s cephalosporin ceftaroline, which
would make a broad-spectrum agent [42, 43]. BAL29880, a specific class C beta-
lactamase inhibitor [65], was proposed as part of a unique triple combination,
comprising also the siderophore monobactam BAL 19764 (PTX2416) and clavulanic
acid [112]. The combination exhibited activity against many beta-lactamase pro-
ducer strains included those with class A ESBLs (protection afforded by clavulanic
acid), class B (due to the intrinsic stability of the monobactam), class C (protection
afforded by BAL29880) and class D enzymes (due to the intrinsic stability of
the monobactam). BLI-489 from Wyeth [148] is a broad-spectrum inhibitor from
the alkylidene penem family of inhibitors discovered at Beecham [105]. It is being
profiled in combination with piperacillin as a successor to Wyeth’s piperacillin-
tazobactam combination [119].

3.8 Beta-Lactam Mimics

The search for easily synthesized surrogates of the f-lactam nucleus started almost
as soon as the structure of penicillin was known but were not successful [49]; it was
not until the 1980s that compounds with biological activity started to emerge.
Lactivicin (Fig. 3.25) was discovered at Takeda Laboratories while screening fer-
mentation broths of Empedobacter lactamgenus and Lysobacter albus for inhibitors
of cell wall biosynthesis using a hypersensitive E. coli strain [59]. It was the first
non-beta-lactam inhibitor of cell wall biosynthesis to be found: however, not only is
it an inhibitor of the essential penicillin-binding proteins, but it is also a substrate for
beta-lactamases and its activity is therefore limited. Nevertheless, its discovery
prompted the investigation of synthetic analogues that might be more stable [92],
including those such as 9 and 10 with side chains found in penicillins and cepha-
losporins [99; 135], which had some biological activity, and pyrrazolidinone deriva-
tives such as 11 and 12, which proved to be much less active [139].

In the mid-1980s, Jack Baldwin and his group were investigating the y-lactam
analogues of penems and carbapenems. The carbapenem analogue 13 proved not to
be reactive enough to have biological activity but the analogues of the penems
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Fig. 3.25 y-lactam analogues with antibacterial activity

synthesized by Woodward (see above) had better reactivity [15]. Eventually com-
pound 14 was found with weak but broad-spectrum antibacterial activity, [16].
y-Lactams were also pursued in the Lilly group, who also found that the analogues
of penems (e.g., 15 and 16) or carbapenem analogues electron-withdrawing sub-
stituents (e.g., 17 and 18) had sufficient reactivity to confer weak biological activity
[26, 27]. The Takeda group also investigated the y-lactam analogues of carbapen-
ems (e.g., 19) with electron-withdrawing substituents at the 3-position [66], which
are necessary to active the y-lactam sufficiently for biological activity. The Lilly
group also investigated (3.3.0) fused pyrazolidinones (e.g., 20), which with appro-
priate electron-withdrawing groups at the 3-position, proved to have significant bio-
logical activity [142]. As yet, none of these surrogate molecules has been brought to
the market.

3.9 Pharmacology

The beta-lactam antibiotics act on a family of enzymes, comprising transpeptidases
and carboxpeptidases, that is involved in essential steps in the biosynthesis of the
bacterial cell wall and its maturation [110]. The beta-lactam mimics part of the natu-
ral substrate of these enzymes and covalently modifies the target protein so that it
cannot play its role in cell growth [155]. The target proteins (penicillin-binding
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Fig. 3.26 Beta-lactams targeting proteins other than penicillin-binding proteins

proteins) are unique to bacteria, with a series of homologous sub-families being
found in all bacteria with peptidoglycan cell walls. Thus, there is very little concern
about specificity for bacteria versus reaction with a human equivalent of the
target. In a broader sense, the penicillin-binding proteins, and the related serine
beta-lactamases, belong to the serine protease family and some beta-lactams do
inhibit other serine proteases. Indeed, following pioneering work by the Merck
group, beta-lactams have been investigated as inhibitors of a number of other
proteases including bacterial signal peptidase [9, 77], and other enzymes human
cytomegalovirus protease [160] as well as human enzymes such as: y-aminobutyric
acid aminotransferase chymase [13], coenzyme A-independent transacylase [158],
elastase [22, 49, 76], thrombin [58, 117], tryptase [130], fatty acid amide hydrolase
[150], and phospholipase A2 [35]. The beta-lactams that have been found most ver-
satile have been monocyclic azetidinones, but a number of bicyclic penem and
cephem derivatives have also been described (see Fig. 3.26 for some examples).
It has also been reported that many beta-lactam antibiotics are potent stimulators of
GLT1 expression and thereby can exert a neuroprotective effect [118]. For example,
ceftriaxone increased both brain expression of GLT1 and its biochemical and func-
tional activity. Ceftriaxone was neuroprotective in vitro when used in models of
ischaemic injury and motor neuron degeneration and when used in a mouse model of
the fatal disease amyotrophic lateral sclerosis, the drug delayed loss of muscle
strength and increased survival.
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Generally, the constraints on functionalization of the monocyclic beta-lactams,
and the stereochemistry of the bicyclic core as well as its functionalization, imposed
by the requirements for biological activity are quite different between the beta-lactam
antibiotics and the beta-lactams targeting human enzymes. Thus, there is little cross-
reactivity between the different series and most of the adverse events linked to the use
of the beta-lactam antibiotics are idiosyncratic reactions associated with individual
molecules, as mentioned at the appropriate places in the preceding text.

The one common class effect associated with beta-lactams (=1% of patients) is
the induction of allergic responses including hypersensitivity, nausea, rash, and urti-
caria. Infrequent adverse effects (0.1-1% of patients) include fever, vomiting, ery-
thema, dermatitis, and angioedema. Although penicillin is still the most commonly
reported allergy, less than 20% of all patients that believe that they have a penicillin
allergy are truly allergic to penicillin. Allergic reactions are primarily due to anti-
bodies against the penicillin nucleus, but some patients have exhibited reactivity to
the side chain, especially that of amoxicillin, in the absence of reaction towards
penicillin G. Cephalosporin allergy occurs in about 10% of patients with penicillin
allergy but in less than 2% of the general population. Anaphylactic reactions are
extremely rare (<0.02%). The majority of allergic reactions appear to be due to
antibodies to specific side chains rather than the cephalosporanic acid nucleus. The
cephalosporins that employ the same side chains as the penicillins, tend to show the
highest cross-reactivity with penicillins with 12-38% of cases showing clinical
cross-reactivity. Carbapenems also show a high incidence of cross-reactivity with
penicillins, whereas the carbacephem Lorcarbacef, and the monobactam aztreonam
show much less. Aztreonam has the same side chain as the third-generation cepha-
losporin ceftazidime and cross-reactivity is more likely between these two
compounds.

References

1. Abraham EP (1956) New penicillins and other antibiotics containing nitrogen and sulphur.
Giorn. Microbiol. 2:102-115

2. Abraham EP (1991) From penicillins to cephalosporins. In: Kleinkauf H, von Déhren H (eds)
50 years of penicillin application. History and trends. Technische Universitit Berlin, PUBLIC
Ltd, Czech Republic, pp 7-23

3. Abraham EP, Chain E (1940) An enzyme from bacteria able to destroy penicillin. Nature
146:837

4. Abraham EP, Newton GGF (1961) The structure of cephalosporin C. Biochem J 79:
377-393

5. Abraham EP, Chain E, Fletcher CM et al (1941) Further observations on penicillin. Lancet
ii:177-188

6. Abraham EP, Chain E, Florey H et al (1949) Antibiotics, vol 2. Oxford University Press,
London, pp 631-671

7. Adlington RM, Baldwin JE, Chen B et al (1997) Design and synthesis of novel monocyclic
f3-lactam inhibitors of prostate specific antigen. Bioorg Med Chem Lett 7:1689-1694

8. Albers-Schoenberg G, Arison BH, Hensens OD, et al. (1978) Structure and absolute configu-
ration of thienamycin. J. Am. Chem. Soc., 100:6491-6499



3 Beta-Lactam Antibiotics 111

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Allsop AE, Brooks G, Bruton G et al (1995) Penem inhibitors of bacterial signal peptidase.

Bioorg Med Chem Lett 5:443-448

Andrus A, Baker F, Bouffard FA et al (1985) Structure activity relationships among some
totally synthetic carbapenems. In: Brown AG, Roberts SM (eds) Recent advances in the
chemistry of B-lactam antibiotics, Special Publication No. 52. Royal Society of Chemistry,
London, pp 86-99

Angehrn P, Bohringer M, Hubschwerlen C et al (1996) Bridged carbacephems as antibacte-
rial agents: structure-activity relationships. In: Poster F158 abstracts of the 36th interscience
conference on antimicrobial agents and chemotherapy, New Orleans, 15-18 Sept 1996

Aoki H, Sakai H, Kohsaka M et al (1976) Nocardicin A, a new monocyclic beta-lactam anti-
biotic. I. Discovery, isolation and characterization. J Antibiot (Tokyo) 29:492-500

Aoyama Y, Uenaka M, Konoike T et al (2000) 1-Oxacephem-based human chymase inhibi-
tors: discovery of stable inhibitors in human plasma. Bioorg Med Chem Lett 10:2403-2406
Asai M, Haibara K, Muroi M et al (1981) Sulfazecin, a novel beta-lactam antibiotic of bacte-
rial origin. Isolation and chemical characterization. J Antibiot (Tokyo) 34:621-627

Baldwin JE, Chan MF, Gallacher G et al (1984) y-Lactam analogues of penicillanic and car-
bapenicillanic acids. Tetrahedron 40:4513-4525

Baldwin JE, Lowe C, Schofield CJ et al (1986) Lactam analogue of penems possessing anti-
bacterial activity. Tetrahedron Lett 27:3461-3464

Barbachyn MR, Tuominen TC (1990) Synthesis and structure-activity relationships of mono-
carbams leading to U-78608. J Antibiot 43:1199-1203

Basker MJ, Edmondson RA, Knott SJ et al (1984) In vitro antibacterial properties of BRL
36650, a novel 6 alpha-substituted penicillin. Antimicrob. Ag. Chemother. 26:734-740.
Basker MJ, Branch CL, Finch SC et al (1986) Studies on semisynthetic 7o.-formamidocepha-
losporins. 1. Structure-activity relationships in some 7o-formamimidocephalosporins.
J Antibiot 39:1788-1791

Bentley PH, Clayton JP (1977) Nuclear transformations using benzyl (6-isocyano-penicilli-
nates). In: Elks J (ed) Recent advances in the chemistry of -lactam antibiotics, Special
Publication No. 28. The Chemical Society, London, pp 68-72

Behrens OK, Corse J, Jones RG et al (1948) Biosynthesis of penicillins. II. Utilization of
deuterophenylacetyl-N15-DL-valine in penicillin biosynthesis. J Biol Chem 175:765-769
Bickel L (1972) “Rise Up to Life” Melbourne: Sun Books

Bonnefoy A, Dupuis-Hamelin C, Steier V et al (2004) In vitro activity of AVE1330A, an
innovative broad-spectrum non-beta-lactam beta-lactamase inhibitor. ] Antimicrob Chemother
54:410-417

Boschetti CE, Mascaretti OA, Cricco JA et al (1995) Synthesis and elastase inhibitory activity
of 6a.chloro-2, 2-dimethyl-3 o~ (pivaloyloxy)methylpenam sulfone, 6a-chloro-2, 2-dimethyl-
3-exo-methylenepenam sulfone, benzyl and methyl 6a-substituted penicillate sulfones.
Bioorg Med Chem 4:95-100

Boucher HW, Talbot GH, Bradley JS et al (2005) Bad bugs, no drugs: no ESKAPE! An
update from the Infectious Diseases Society of America. Clin Infect Dis 48:1-12

Boyd DB, Foster BJ, Hatfield LD et al (1986a) y-Lactam analogues of carbapenems.
Tetrahedron Letts 2:3457-3460

Boyd DB, Elzey TK, Hatfield LD et al (1986b) y-Lactam analogues of the penems. Tetrahedron
Letts 27:3453-3456

Branch CL, Basker MJ, Finch SC et al (1987) Studies on semisynthetic 7a-formamidocepha-
losporins. III. Synthesis and antibacterial activity of some 7B-[D-2-(aryl)-2-[(4-ethyl-2,3-
dioxopiperazin-1yl)-carbonylamino]acetamido]-7a-formamido-ceph-3-em-4-carboxylate
derivatives. J Antibiot 40:646-651

Brandl E, Spitzy KH (1991) 35 years of oral treatment with acid-stable penicillin (Penicillin
V). In: Kleinkauf H, von Doéhren H (eds) 50 years of penicillin application. History and
trends. Technische Universitidt Berlin, PUBLIC Ltd, Czech Republic, pp 60-63

Brenwald NP, Andrews J, Fraise AP (2006) Activity of mecillinam against AmpC f3-lactamase-
producing Escherichia coli. J Antimicrob Chemother 58:223-224



112

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

M.G.P. Page

. Brotzu G (1948) Richerche su di un nuovo antibiotico. Lavori dell’istituto d’Igiene di Cagliari,
pp 1-11

Brown AG (1987) Discovery and development of new B-lactam antibiotics. Pure Appl Chem
59:475-484

Brown AG, Butterworth D, Cole M et al (1976) Naturally-occurring beta-lactamase inhibitors
with antibacterial activity. J Antibiot (Tokyo) 29:668-669

Brown RB, Klar J, Lemeshow S et al (1986) Enhanced bleeding with cefoxitin or moxalac-
tam. Statistical analysis within a defined population of 1493 patients. Arch Intern Med 146:
2159-2164

Burke JR, Gregor KR, Padmanabha R et al (1998) A beta-lactam inhibitor of cytosolic phos-
pholipase A2 which acts in a competitive, reversible manner at the lipid/water interface.
J Enzyme Inhib 13:195-206

Bush K, Macalintal C, Rasmussen BA et al (1993) Kinetic interactions of tazobactam with
beta-lactamases from all major structural classes. Antimicrob Agents Chemother 37:851-858
Buynak JD (2006) Understanding the longevity of the $-lactam antibiotics and of antibiotic/
B-lactamase inhibitor combinations. Biochem Pharmacol 71:930-940

Cama LD, Christensen BG (1974) Total synthesis of $-lactam antibiotics. VII. Total synthesis
of (+)-1-oxacephalothin. ] Am Chem Soc 96:7582-7584

Cama LD, Leanza WJ, Beattie TR et al (1972) Substituted penicillin and cephalosporin deriv-
atives. I. Stereospecific introduction of the C-6(7) methoxy group. J Am Chem Soc 94:
1408-1410

Clarke HT, Johnson JR & Robinson R (1949) “The Chemistry of Penicillin”. Princeton:
Princeton University Press

Chain EB, Florey HW, Gardner AD et al (1940) Penicillin as a therapeutic agent. Lancet
1i:226-228

Cherry PC, Newell CE, Watson NS (1978) Preparation of the 7-oxo0-4-oxa-1-azabicyclo[3.2.0]
hept-2-ene system and the reversible cleavage of its oxazoline ring. J Chem Soc Chem
Commun 11:469-470

Christenson JG, Pruess DL, Talbot MK et al (1988) Antibacterial properties of (2,3)-a- and
(2,3)-B-methylene analogs of penicillinG. Antimicrob Agents Chemother 32:1005-1011

de Araujo OR, Cardoso D, da Silva B et al (2007) Cefepime restriction improves gram-
negative overall resistance patterns in neonatal intensive care unit. Braz J Infect Dis
11:277-280

Doherty JB, Ashe BM, Barker PL, et al (1990) Inhibition of human leukocyte elastase. 1.
Inhibition by C-7-substituted cephalosporin tert-butyl esters. http://www.ncbi.nlm.nih.gov/
pubmed/2391691\0. J Med Chem. 33:2513-21

Doyle TW, Belleau B, Luh BY et al (1977) Nuclear analogs of B-lactam antibiotics.
I. Synthesis of O-2-isocephems. Can J Chem 55:468-483

Doyle TW, Belleau B, Luh BY et al (1977) Nuclear analogs of B-lactam antibiotics. II.
Synthesis of O-2-isocephems. Can J Chem 55:468—483

Drusano G, Castanheira M, Liu W et al (2009) Pharmacodynamically-linked variable for the
combination of ceftaroline plus Novexell04. In: Abstracts of 19th European congress of
clinical microbiology and infectious diseases (ECCMID), Helsinki, 16—19 May 2009

Du B, Chen D, Liu D et al (2003) Restriction of third-generation cephalosporin use decreases
infection-related mortality. Crit Care Med 31:1088-1093

Du Vineaud V, Carpenter FH (1949). The y-lactam of benzylhomopenicilloic acid and related
compounds. pp. 1004—17. In: Clarke HT, Johnson JR, Robinson R (eds) The Chemistry of
Penicillin. Princeton: Princeton University Press

. Duschene E (1897) Contribution a I’etude de la concurrence vitale chez les microorganisms.
Thesis, Lyon

Ebbell B (1937) The Papyrus Ebers: the greatest Egyptian medical document. Levin and
Munskgaard, Copenhagen

English AR, Retsems JA, Girard AE et al (1978) CP-45,899, a beta-lactamase inhibitor that
extends the antibacterial spectrum of beta-lactams: initial bacteriological characterization.
Antimicrob Agents Chemother 14:414-419


http://www.ncbi.nlm.nih.gov/pubmed/2391691%5co
http://www.ncbi.nlm.nih.gov/pubmed/2391691%5co

3 Beta-Lactam Antibiotics 113

54

55.

56.
57.

58

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

75.

75.

76.

. Firestone RA, Barker PL, Pisano JM et al (1990) Monocyclic -lactam inhibitors of human
leukocyte elastase. Tetrahedron 46:2255-2262

Fleming A (1929) On the antibacterial action of cultures of a penicillium, with special refer-
ence to their use in the isolation of B. influenzae. Br J Exp Pathol 10:226-236

Florey HW (1945) Use of microorganisms for therapeutic purposes. Br Med J ii:635-642
Fraser-Moodie W (1971) Struggle against infection. Proc R Soc Med 64:87-94

. Fuchs PC, Jones RN, Barry LW et al (1986) In vitro activity of carumonam (RO 17-2301),
BMY-28142, aztreonam and ceftazidime against 7,620 consecutive clinical bacterial isolates.
Diagn Microbiol Infect Dis 5:345-349

Glinka T, Blais J, Dudley M et al (2005) Poster F-1455. A novel series of 3-heteroarylthio
carbacephems with activity against resistant Gram-positive bacteria. In: Abstracts of the 45th
interscience conference on antimcrobial agents and chemotherapy, Washington, DC, 16-19
Dec 2005

Gonzalez Leiza M, Perez-Diaz JC, Ayala J et al (1994) Gene sequence and biochemical char-
acterization of FOX-1 from Klebsiella pneumoniae, a new AmpC-type plasmid-mediated
beta-lactamase with two molecular variants. Antimicrob Agents Chemother 38:2150-2157
Gratia A, Dath S (1925) Propriétés bacteriolytiques de certaines moisissures. C R Soc Biol
91:1442-1443

Guthikonda RN, Cama LD, Christensen BG (1974) Total synthesis of beta-lactam antibiotics.
VIII. Stereospecific total synthesis of (plus or minus)-1-carbacephalothin. J Am Chem Soc
96:7584-7585

Hagmann WK, Kissinger AL, Shah SK, et al (1993) Orally active beta-lactam inhibitors of
human leukocyte elastase. 2. Effect of C-4 substitution. J] Med Chem. 36:771-7

Han WT, Trehan AK, Wright JJK et al (1995) Azetidin-2-one derivatives as inhibitors of
thrombin. Bioorganic Med Chem 3:1123-1143

Harada S, Tsubotani S, Hida T et al (1986) Structure of lactivicin, an antibiotic having a new
nucleus and similar biological activities to B-lactam antibiotics. Tetrahedron Lett 27:
6229-6232

Hashiguchi S, Natsugari H, Ochiai M (1988) Synthesis of y-lactam analogues of carbapen-
ems with substituted-thio groups at the C-3 position. J] Chem Soc Perkin Trans 1:2345-2352
Hatano K, Takeda S, Nakai T et al (2005) In vitro anti-Pseudomonas aeruginosa activity of
novel parenteral cephalosporin FR264205. In: Poster F-1452, 45th interscience conference
on antimicrobial agents and chemotherapy, Washington, DC, 16-19 Dec 2005

Hebeisen P, Heinze-Krauss I, Angehrn P et al (2001) In vitro and in vivo properties of RO
63-9141, a novel broad-spectrum cephalosporin with activity against methicillin-resistant
staphylococci. Antimicrob Agents Chemother 45:825-836

Heinze-Krauss I, Angehrn P, Charnas RL et al (1998) Structure-based design of beta-lactamase
inhibitors. 1. Synthesis and evaluation of bridged monobactams. ] Med Chem 41:3961-3971
Herzberg O, Moult J (1987) Bacterial resistance to beta-lactam antibiotics: crystal structure
of beta-lactamase from Staphylococcus aureus PC1 at 2.5 A resolution. Science 23:694-701
Hill DA, Herford T, Parratt D (1998) Antibiotic usage and methicillin-resistant Staphylococcus
aureus: an analysis of causality. J Antimicrob Chemother 42:676-677

Hopkins MH, Silverman RB (1992) B-Lactams: a new class of conformationally-rigid inhibi-
tors of y-aminobutyric acid aminotransferase. J Enzyme Inhib Med Chem 6:125-129
Hubschwerlen C, Angehrn P, Bohringer M et al (1996) Bridged isooxa- and iso-cephems as
f-lactamase inhibitors and antibacterials: synthesis and structure-activity relationships. In:
Poster F157 abstracts of the 36th interscience conference on antimicrobial agents and chemo-
therapy, New Orleans

Hwu JR, Tsay SC, Hakimelahi S (1998) Syntheses of new isodethiaazacephems as potent
antibacterial agents. J Med Chem 41:4681-4685

Imada A, Kitano K, Kintaka K et al (1981) Sulfazecin and isosulfazecin, novel -lactam
antibiotics of bacterial origin. Nature 289:590-591

Imada A, Kondo M, Okonogi K et al (1985) In vitro and in vivo antibacterial activities of
carumonam (AMA.1080), a new N-sulfonated monocyclic B-lactam antibiotic. Antimicrob
Agents Chemother 27:821-827



114

71

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

91.

92.

93.

94.

95.

96.

97.

98.

M.G.P. Page

. Ishikawa T, Kamiyama K, Nakayama Y et al (2001) Studies on anti-MRSA parenteral cepha-
losporins. III. Synthesis and antibacterial activity of 7-beta-[2-(5-amino-1,2,4-thiadiazol-3-
y1)-2(Z)-alkoxyiminoacetamido]-3-[(E)-2-(1-alkylimidazo[1,2-B]pyridazinium-6-yl)
thiovinyl]-3-cephem-4-carboxylates and related compounds. J Antibiot 54:257-277
Jacobson KL, Cohen SH, Inciardi F et al (1995) The relationship between antecedent
antibiotic use and resistance to extended-spectrum cephalosporins in group I beta-lactamase-
producing organisms. Clin Infect Dis 21:1107-1113

Jamieson CE, Lambert PA et al (2003) In vitro and in vivo activities of AM-112, a novel
oxapenem. Antimicrob Agents Chemother 47:1652-1657

Karady S, Pines SH, Weinstock LM et al (1972) Semisynthetic cephalosporins via a novel
acyl exchange reaction. ] Am Chem Soc 94:1410-1411

Katayama N, Nozaki Y, Okonogi K et al (1985) Formadicins, new monocyclic beta-lactam
antibiotics of bacterial origin. I. Taxonomy, fermentation and biological activities. J Antibiot
(Tokyo) 38:1117-1127

Kavaler L (1967) “Mushrooms, Moulds and Miracles: the Strange Realm of Fungi”. London:
George Harrap

Knight WB, Green BG, Chabin RM (1992) Specificity, stability, and potency of monocyclic.
beta.-lactam inhibitors of human leukocyte elastase. Biochemistry 31:8160-8170

Kuo D, Weidner J, Griffin P et al (1994) Determination of the kinetic parameters of Escherichia
coli leader peptidase activity using a continuous assay: the pH dependence and time-dependent
inhibition by beta-lactams are consistent with a novel serine protease mechanism. Biochemistry
33:8347-8354

Lattrell R, Duerckheimer W, Limbert M (1988) Synthesis and structure-activity relationships
in the cefpirome series. III 7a-methoxy and 7o-formamido analogues of cefpirome. J Antibiot
41:1409-1417

Lazell HG (1975) From pills to penicillin: the Beecham story. Heinemann, London

Lim D, Strynadka NCJ (2002) Structural basis for the B-lactam resistance of PBP2a from
methicillin-resistant Staphylococcus aureus. Nat Struct Biol 9:870-876

Lister J (1875) A contribution to the germ theory of putrefaction and other fermentative
changes, and to the natural history of torulae and bacteria. Trans R Soc Edinb 27:313
Livermore DM, Tulkens PM (2009) Temocillin revived. J Antimicrob Chemother 63:243-245
. Lovering A, Danel F, Page MGP et al (2006) Mechanism of action of ceftobiprole: structural
basis for anti-MRSA activity. In: Poster P-1586, 16th European congress of clinical microbi-
ology and infectious diseases (ECCMID), Nice, Apr 2006

Lund F, Tybring L (1972) 6p-amidinopenicillanic acid — a new group of antibiotics. Nat New
Biol 236:135-137

Marchand-Brynaert J, Ghosez L (1990) Non B-lactam analogs of penicillin and cepha-
losporins. In: Lukas G, Ohno M (eds) Recent progress in the chemical synthesis of antiobiot-
ics. Springer, Berlin/Heidelberg, pp 727-792

Mastalerz H, Menard M, Vinet V et al (1988) An examination of O-2-isocephems as orally
absorbable antibiotics. J Med Chem 31:1190-1196

Miossec C, Poirel L, Livermore D et al (2007) In vitro activity of the new B-lactamase inhibitor
NXL104: restoration of ceftazidime efficacy against carbapenem-resistant Enterobacteriaceae
strains. In: Poster F1-318, 47th ICAAC, Chicago, 17-20 Sept 2007

Mollmann U, Heinisch L, Bauernfeind A, Kohler T, Ankel-Fuchs D. (2009) Siderophores as
drug delivery agents: application of the “Trojan Horse” strategy. BioMetals 22:615-624
Moyer A, Coghill RD (1947) Penicillin X. The effect of phenylacetic acid on penicillin
production. J Bacteriol 53:329-341

Nagarajan R, Boeck LD, Gorman M et al (1987) Beta-lactam antibiotics from Streptomyces.
Applied Microbiol. Biotech 27:240-246

Narisada M, Yoshida T, Onoue H et al (1979) Synthetic studies on -lactam antibiotics. 10.
Synthesis of 7f-[2-carboxy-2-(4-hydroxyphenyl)-acetamido-7ca-methoxy-3-[[(1-methyl-1
H-tetrazol-5-yl)-thio]-1-oxa-1-dethia-3-cephem-4-carboxylic acid disodium salt(6059-S)
and its related 1-oxacephems. J Med Chem 22:757-759



3 Beta-Lactam Antibiotics 115

99

100.

101

102.

103.

104.

105.

106.
107.
108.
109.
110.
111.
112.
113.
114.
115.

116.

117.

118.

119.

120.

121.

122.

123.

. Natsugari H, Kawano Y, Morimoto A et al (1987) Synthesis of lactivicin and its derivatives.

J. Chem. Soc., Chem. Commun 1987 (2):62—-63

Nayler JHC (1991) Semi-synthetic approaches to novel penicillins. TIBS 16:234-237

. Newton GGF, Abraham EP (1954) Degradation, structure and some derivatives of cepha-

losporin N. Biochem J 58:103-111

Newton GGF, Abraham EP (1956) Isolation of cephalosporin C, a penicillin-like antibiotic

containing D-o-aminoadipic acid. Biochem J 62:651-658

Ogasa T, Saito H, Hashimoto Y et al (1989) 3H-1-carbacephem compounds. Chem Pharm

Bull 37:315-321

Ono H, Nozaki Y, Katayama N et al (1984) Cephabacins, new cephem antibioticcs of bacte-

rial origin. Discovery and taxonomy of the producing organisms and fermentation. J Antibiot

37:1528-1535

Osborne NF, Broom NJP, Coulton S et al (1989) A novel and stereocontrolled synthesis of

(5R)-(Z)-6-(1-methyl-1,2,3-triazol-4-ylmethylene)penem-3-carboxylic acid, a potent broad

spectrum b-lactamase inhibitor. ] Chem Soc Chem Commun 1989:371-373

Page MGP (1993) The kinetics of non-stoichiometric bursts of B-lactam hydrolysis catalysed

by class C B-lactamases. Biochem J 295:295-304

Page MGP (2000) B-lactamase inhibitors. Drug Resist Updat 3:109-125

Page MGP (2007) Emerging cephalosporins. Expert Opin Emerg Drugs 12:511-524

Page MGP (2007) Ceftobiprole — a case study. Expert Opin Drug Discov 2:115-129

Page MGP (2007) Resistance mediated by penicillin-binding proteins. In: Bonomoand RA,

Tolmasky M (eds) Enzyme-mediated resistance to antibiotics. Mechanisms, dissemination

and prospects for inhibition. ASM Press, Washington, DC, pp 81-100

Page MGP (2008) Extended-spectrum B-lactamases. Structure and kinetic mechanism. Clin

Microbiol Infect 14(suppl 1):63-74

Page MGP, Desarbre E, Geier C et al (2007) Activity of BAL30376 against gram-negative

bacteria. In: Poster F1-312, 47th ICAAC, Chicago, 17-20 Sept 2007

Pasteur L, Joubert J (1877) Charbon et septicemia. C R Acad Sci 85:101-105

Petri WA (2001) Antimicrobial agents penicillins, cephalosporins, and other lactam antibiot-

ics. In: Hardman JG, Limbird LE, Gilman AG (eds), Goodman and Gillman’s The pharmaco-

logical basis of therapeutics, 10th edn. New York: McGraw_Hill Professional. pp. 1189-1218

Petersen PJ, Jones CH, Venkatesan AM et al (2009) Efficacy of piperacillin combined with

the penem P-lactamase inhibitor BLI-489 in murine models of systemic infection. Antimicrob

Agents Chemother 53:1698-1700

Patterson JE (2001) Antibiotic utilization. Is there an effect on antimicrobial resistance?

Chest 119(Suppl 2):S426-S430

Pfaendler HR, Weisner F, Metzger K (1993) Synthesis and antibacterial activity of (1’R, 5R,

6R)-2-tert-butyl-6-(1’-hydroxyethyl)oxapenem-3-carboxylic acid. Bioorg. Med. Chem. Lett.

3:2211-2218

Pieroth I (1991) Penicillin — a survey from discovery to industrial production. In: Kleinkauf H,
von Dohren H (eds) 50 years of penicillin application History and trends. Technische

Universitét Berlin, PUBLIC Ltd, Czech Republic, pp 7-23

Reading C, Cole M (1977) Clavulanic acid: a beta-lactamase-inhibiting beta-lactam from

Streptomyces clavuligerus. Antimicrob Agents Chemother 11:852-857

Rice L (2001) Evolution and clinical importance of extended-spectrum B-lactamases. Chest

119(Suppl 2):S391-S396

Rothstein JD, Patel S, Regan MR et al (2005) p-lactam antibiotics offer neuroprotection by

increasing glutamate transporter expression. Nature 433:73-77

Sandanayaka VP, Prashad AS (2002) Resistance to 3-lactam antibiotics: structure and mecha-

nism based design of -lactamase inhibitors. Curr Med Chem 9:1145-1165

Sanderson JSB (1871) Appendix 5 — Further report of researches concerning the intimate

pathology of contagion. The origin and distribution of microzymes (bacteria) in water, and

the circumstances which determine their existence in the tissue and liquids. Twelfth Report of

the Medical Officer of the Privy Council (1869), Parliamentary Papers, pp 229-256



116

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

M.G.P. Page

Schentag JJ, Hyatt JM, Carr JR et al (1998) Genesis of methicillin-resistant Staphylococcus
aureus (MRSA), how treatment of MRSA infections has selected for vancomycin-resistant
Enterococcus faecium, and the importance of antibiotic management and infection control.
Clin Infect Dis 26:1204-1214

Selwyn S (1979) Pioneer work on the ‘penicillin phenomenon’. J Antimicrob Chemother
5:249-255

Shama G (2003) Pilzkrieg: the German wartime quest for penicillin. Microbiol Today
30:120-123

Shetty N, Shulman RI, Scott GM (1999) An audit of first generation cephalsoporin usage.
J Hosp Infect 41:229-232

Shoji J, Kato T, Sakazaki R et al (1984) Chitinovorins A, B, and C, novel 3-lactam antibiotics
of bacterial origin. J Antibiot 37:1486-1490

Singh PD, Young MG, Johnson JH et al (1984) Bacterial production of 7-formamidocepha-
Olosporins. Isolation and structure determination. J Antibiot 37:773-780

Slocombe B, Basker MJ, Bentley PH (1981) BRL 17421, a novel B-lactam antibiotic, highly
resistant to B-lactamases, giving high and prolonged serum levels in humans. Antimicrob
Agents Chemother 20:38-46

Stapley EO, Jackson M, Hernandez S et al (1972) Cephamycins, a new family of /3-lacta-
mantibiotics. I. Production by Actinomycetes, including Streptomyces lactamnidurams,
sp n.. Antimicrob. Ag Chemother 2:122-131

St-Denis Y, Augelli-Szafran CE, Bachand B et al (1998) Potent bicyclic lactam inhibitors of
thrombin: Part I: P3 modifications. Bioorg Med Chem Lett 8:3193-3198

Sutton JC, Bolton SA, Hartl KS et al (2002) Synthesis and SAR of 4-carboxy-2-azetidinone
mechanism-based tryptase inhibitors. Bioorg Med Chem Lett 12:3229-3233

Sykes RB, Cimarusti CM, Bonner DP et al (1981) Monocyclic -lactam antibiotics produced
by bacteria. Nature 291:489—492

Sykes RB, Bonner DP, Bush K et al (1982) Azthreonam (SQ 26,776) a synthetic monobactam
specifically active against aerobic gram-negative bacteria. Antimicrob Agents Chemother
21:85-92

Tager M (1976) John F. Fulton, coccidioidomycosis, and penicillin. Yale J Biol Med
49:391-398

Takeda S, Nakai T, Wakai Y et al (2007) In vitro and in vivo activities of a new cephalosporin,
FR264205, against Pseudomonas aeruginosa. Antimicrob Agents Chemother 51:826-830
Tamura N, Matsushita Y, Yoshioka K, Ochiai M (1988) Synthesis of lactivicin analogues.
Tetrahedron 44:3231-3240

Tamura N, Matsushita Y, Kawano Y, Yoshioka K (1990) Synthesis and Antibacterial Activity
of Lactivicin Derivatives. Chem Pharm Bull 38:116-122

Tanaka SK, Summerill RAS, Minassian BF et al (1987) In vitro evaluation of tigemonam,
a novel oral monobactam. Antimicrob Agents Chemother 31:219-225

Tayler JHC (1991) Discovery of the semisynthetic penicillins. In: Kleinkauf H, von Déhren
H (eds) 50 years of penicillin application. History and trends. Technische Universitit Berlin,
PUBLIC Ltd, Czech Republic, pp 64-74

Ternansky RJ, Draheim SE (1990) [3.3.0] pyrazolidinones: an efficient synthesis of a new
class of synthetic antibacterial agents. Tetrahedron Lett 31:2805-2808

Ternansky RJ, Draheim SE, Pike AJ et al (1993) Discovery and structure-activity relationship
of a series of 1-carba-1-dethiacephems exhibiting activity against methicillin-resistant
Staphylococcus aureus. J Med Chem 36:1971-1976

Tiberio V (1895) Sugli estratti di alcune muffe. Ann. d’Igiene Sperimentale. 1. Istituto di
Igene della R. Universita di Napoli

Tosoni AL, Glass DG, Goldsmith L (1958) Crystalline p-aminobenzylpenicillin: preparation
and some properties. Biochem J 69:476-480

Tsuji T, Satoh H, Narisada M, Hamashima Y, Yoshida T. (1985) Synthesis and antibacterial
activity of 6315-S, a new member of the oxacephem antibiotic. J Antibiot. (Tokyo).
38:466-76



3 Beta-Lactam Antibiotics 117

147.

148.

149.

150.

151.

152.
153.

154.

155.

156.

157.

158.

159.

160.

Tsuji K, Tsubouchi H, Yasumura K et al (1996) Synthesis and structure-activity relationships
of cephalosporins, 2-isocephems, and 2-oxaisocephems with C-3” or C-7 catechol or related
aromatics. Bioorg Med Chem 4:2135-2149

Tyndall J (1876) The optical deportment of the atmosphere in relation to the phenomena of
putrefaction and infection. Philos Trans R Soc Lond 166:27-63

Ueda Y, Kanazawa K, Eguchi K et al (2005) In vitro and in vivo antibacterial activities of
SM-216601, a new broad-spectrum parenteral carbapenem. Antimicrob Agents Chemother
49:4185-4196

Urbach A, Muccioli GG, Stern E et al (2008) 3-Alkenyl-2-azetidinones as fatty acid amide
hydrolase inhibitors. Bioorg Med Chem Lett 18:4163—4167

Venkatesan AM, Agarwal A, Abe T et al (2004) Novel imidazole substituted 6-methylidene-
penems as broad-spectrum f-lactamase inhibitors. Bioorg Med Chem 12:5807-5817
Wainwright M (1989) Moulds in folk medicine. Folklore 100:162-166

Wainwright M, Swan HT (1986) C.G. Paine and the earliest surviving clinical records of
penicillin therapy. Med Hist 30:42-56

Watanabe Y, Minami S, Hayashi T et al (1995) In vitro antibacterial properties of T-5575 and
T-5578 novel parenteral 2-carboxypenams. Antimicrob Agents Chemother 39:2787-2791
Waxman DJ, Strominger JL (1983) Penicillin-binding proteins and the mechanism of action
of beta-lactam antibiotics. Annu Rev Biochem 52:825-869

Wells JS, Trejo WH et al (1982) SQ 26,180, a novel monobactam. I. Taxonomy, fermentation
and biological properties. J Antibiot 35:184—188

Wells JS, Trejo WH, Principe PA et al (1982) EM5400, a family of monobbactam antibiotics
produced by Agrobacterium radiobacter. 1 Taxonomy, fermentation and biological proper-
ties. J Antibiot 35:184-188

Winkler JD, Sung CM, Chabot-Flecher M et al (1998) -lactams SB 212047 and SB 216754
are irreversible, time-dependent inhibitors of coenzyme A-independent transacylase. Mol
Pharmacol 53:322-329

Woodward RB (1977) Recent advances in the chemistry of -lactam antibiotics. In: Elks J
(ed) Recent advances in the chemistry of B-lactam antibiotics, Special publication No.23.
Royal Society of Chemistry, London

Yoakim C, Ogilvie WW, Cameron DR et al (1998) Potent beta-lactam inhibitors of human
cytomegalovirus protease. Antivir Chem Chemother 9:379-387



Chapter 4
Review of the Quinolone Family

George A. Jacoby and David C. Hooper

4.1 Introduction

The quinolone family of antimicrobial agents was discovered inadvertently as a
byproduct in the synthesis of chloroquine, an antimalarial. Nalidixic acid, the first
member of the class to be used clinically, was approved in the United States in 1967
as an oral agent to treat urinary tract infections but had limited use because of only
moderate activity, a strictly gram-negative spectrum of action, high protein binding
limiting systemic use, and the ready appearance of bacterial resistance. Further
manipulation of the molecule produced oxolinic acid, piromidic acid, and cinoxacin
with increased gram-negative potency, and pipemidic acid with enhanced activity
against Pseudomonas aeruginosa; but the most important modification was the
addition of fluorine at the 6-position, which dramatically increased potency.

The 6-fluoroquinolones, especially those with a piperazinyl group or other
amine-containing ring structure at position 7, combine this potency increase with
enhanced gram-negative spectrum and include six agents currently available in the
United States: norfloxacin (first approved in 1986), ciprofloxacin (1987), ofloxacin
(1990), levofloxacin (1996), moxifloxacin (1999), and gemifloxacin (2003). Tens of
thousands of other fluoroquinolones have been synthesized and evaluated. Some
(temafloxacin, sparfloxacin, grepafloxacin, trovafloxacin, and gatifloxacin) have
even been approved for use but withdrawn because of toxicity. Development contin-
ues especially for fluoroquinolones with enhanced activity against gram-positive
organisms and anaerobes, fewer side effects, longer half-lives of elimination allowing
once daily therapy, and reduced risk of resistance.
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4.2 Structure Activity Relationships

Figure 4.1 shows the general quinolone structure while Fig. 4.2 gives specific struc-
tures for selected quinolones. Nalidixic acid, trovofloxacin, and gemifloxacin have
N rather than C at position R, and hence are properly 1,8-naphthyridones rather than
pyridine-B-carboxylic acid derivatives, but all will be termed quinolones. The fluo-
roquinolones have a fluorine atom at R6. Garenoxacin and a few other investiga-
tional quinolones lack this substituent. The 3-carboxyl and 4-carbonyl groups and
the double bond at 2-3 are required for antibacterial activity. The N at position 1 can
be substituted with various groups including cyclopropyl (ciprofloxacin, grepafloxa-
cin, moxifloxacin, gatifloxacin, and garenoxacin), fluorocyclopropyl, a benzoxazine
ring also linked at position 8 (ofloxacin, levofloxacin), ethyl (norfloxacin, nalidixic
acid), and difluorophenyl (trovafloxacin). An aromatic nucleus is found at position
R7, either a piperazinyl derivative (norfloxacin, ciprofloxacin, levofloxacin, others),
a pyrrolidyl derivative (gemifloxacin), or a bicyclic group (trovofloxacin, moxiflox-
acin). Various substituents are found at R8 including F (sparfloxacin), CI (clina-
floxacin), OCH, (gatifloxacin, moxifloxacin), and OCHF2 (garenoxacin). Some
quinolones have a NH, (sparfloxacin), CH,, or OCH, group at R5. Ofloxacin has a
center of asymmetry and is racemic. Levofloxacin is the more active / isomer.

The 4-keto and 3-carbonyl groups are involved in binding the bacterial targets and
are hence essential. Penetration into the bacterium and target binding are facilitated
by the F at position 6 and the nature of the substituent at position 7. The steric hin-
drance of the substituents at positions 1 and 5 has a global effect on antibacterial
activity. Bicyclic molecules with the core quinolone two-ring structure (nalidixic and
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Fig. 4.1 Structure—activity relationships. If R8 is a carbon atom the molecule is a quinolone, and
if R8 is a nitrogen atom the molecule is a naphthyridone. General influence of site modifications
are listed on the figure
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Fig. 4.2 Structure of representative quinolones. The asymmetric center in ofloxacin/levofloxacin
is indicated by an arrow

oxolinic acids) are active only on Enterobacteriaceae. Molecules with an additional
ring structure at position 7 (most of the rest in Fig. 4.2) have an increased gram-
negative spectrum. Some with a non-piperzinyl ring at position 7 (moxifloxacin,
gemifloxacin) or a tricyclic structure (ofloxacin and levofloxacin) have an even
broader spectrum including streptococci, Streptococcus pneumoniae, and some strict
anaerobes. Most fluoroquinolones have two ionizable groups: the 3-carboxyl and a
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protonizable site on the heterocyclic side chain at position 7. At neutral pH nalidixic
acid and many of its close relatives are acidic while newer quinolones are zwitteri-
onic, which become important for membrane permeation. Permeation is also influ-
enced by the lipophilicity of the molecule. Some quinolones are strongly hydrophilic
(norfloxacin, ciprofloxacin) or strongly hydrophobic (nalidixic and oxolinic acids,
clinafloxacin, trovafloxacin). Most in Fig. 4.2 are weakly hydrophilic.

4.3 Mechanism of Action

The quinolone targets are the essential bacterial enzymes DNA gyrase [66, 67] and
DNA topoisomerase IV [100], which control the topology of the bacterial chromo-
some and thus facilitate DNA replication, recombination, and transcription [47].
Both enzymes are large, complex tetramers composed of two pairs of identical sub-
units. The subunits of DNA gyrase are 97-kDa GyrA and 90-kDa GyrB, encoded by
the gyrA and gyrB genes. The corresponding subunits of topoisomerase IV are
75-kDa ParC and 70-kDa ParE. DNA gyrase introduces negative superhelical twists
into DNA, can catenate and decatenate covalently closed circular DNA molecules,
and unties knots in double-stranded DNA. DNA gyrase is also responsible for
removing positive superhelical twists that accumulate ahead of the DNA replication
fork. DNA topoisomerase IV mainly decatenates DNA and can also remove positive
and negative supercoils.

Both enzymes make a pair of staggered, single-strand breaks or nicks in DNA
and bind covalently via a pair of active-site tyrosine residues to the 5’-ends of the
cleaved DNA [50, 133]. In an ATP-dependent reaction a second double-stranded
DNA strand is passed through the break, which is then resealed [98, 200]. Quinolones
act by binding to the DNA/gyrase or DNA/topoisomerase complex, preventing reli-
gation and thus forming a quinolone-gyrase-DNA complex that blocks DNA repli-
cation and cell growth.

This bacteriostatic effect is followed by a bactericidal one. With some quinolo-
nes, inhibition of protein synthesis by chloramphenicol blocks the lethal effect, sug-
gesting that synthesis of a “suicide factor” is necessary for lethality. With other
quinolones protein synthesis is not required, as though DNA released from qui-
nolone-gyrase-DNA complexes with double-strand breaks was directly bactericidal
[50, 114]. Structures associated with chloramphenicol-insensitive killing and a
rapid bactericidal effect include the N-1 cyclopropyl and C-8 methoxy groups, and
the nature of substituent at C-7 [50]. A role for peroxide in the bactericidal action of
quinolones has recently been proposed since deficiency in bacterial peroxidase
enhances quinolone lethality [202]. In S. pneumoniae there is evidence that autolytic
amidases are involved in the bactericidal activity of quinolones [144].

A few pathogens (e.g., Mycobacterium tuberculosis and Treponema pallidum)
are able to function with only DNA gyrase, but most bacteria have both enzymes. In
gram-negative bacteria gyrase is more susceptible to inhibition by quinolones than
is topoisomerase IV, whereas, in gram-positive bacteria topoisomerase IV is usually
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the prime target, and gyrase is intrinsically less susceptible. This preference can be
influenced by fluoroquinolone structure. For example, for Streptococcus pneumo-
niae addition of a bulky benzenesulfonylamido group at C-7 shifts preference from
topoisomerase IV to gyrase [4]. Presence of a C-8 halogen or methoxy group has a
similar effect [49].

Eukaryotic cells also contain topoisomerases with similar domain structure and
limited amino acid sequence homology to the bacterial quinolone targets; however,
those antibacterial quinolones in current clinical use have only minimal activity
against mammalian topoisomerase II [89].

4.4 Mechanisms of Resistance

Rates of quinolone resistance have risen steadily over the past two decades paral-
leling increasing use of fluoroquinolones [137] and also the emergence of plas-
mid-mediated quinolone resistance [118]. For example, while the frequency of
fluoroquinolones resistance in Escherichia coli is <10% in many parts of the world,
in China more than 50% of E. coli clinical isolates are now ciprofloxacin-resistant
[104] as are 48% of Klebsiella pneumoniae isolates [65]. Resistance is rising as well
for the pneumococcus and may appear within days of starting therapy [112].

Bacteria acquire resistance by spontaneous mutations in chromosomal genes that
alter the target enzymes, DNA gyrase, and topoisomerase IV, or affect drug accumu-
lation in the cell [88]. Recently, several mechanisms for plasmid-mediated qui-
nolone resistance have been recognized in gram-negative bacilli. These horizontally
acquired genes do not themselves confer clinical resistance but enable survival
under drug exposure and facilitate the selection of additive chromosomal mutations
[92]. Lateral DNA transfer may be partly responsible for quinolone resistance in the
pneumococcus and Streptococcus pyogenes as well [51, 186].

4.4.1 Chromosomal Mechanisms

Since quinolones have two target topoisomerases in most bacteria that vary in sus-
ceptibility, resistance mutations will be selected first in the more sensitive target.
Furthermore, the level of resistance produced by mutation in the primary target will
depend on the susceptibility of the second target. The less intrinsically susceptible
the second topoisomerase, the higher the resistance level that can occur with muta-
tion in the primary target, and the more balanced is the quinolone attack on both
targets, the more difficult for the cell to mutate in one step to high-level resistance
[85, 147, 188].

The lowest concentration of an antibacterial agent that prevents the appearance
of mutants in a sizeable population of bacteria (10 cells) has been termed the
mutant prevention concentration (MPC) [48, 214]. At concentrations lower than
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the MPC down to the lowest preventing growth (the MIC) mutant selection can
occur (the mutant selection window). If the serum or tissue concentration of a qui-
nolone can be maintained at a level greater than the MPC, no selection of resistance
should occur. In addition, the best quinolone will be one with the narrowest mutant
selection window, and the best schedule for drug administration should be one that
maintains the quinolone concentration above the MPC for as much of the dosage
interval as possible, thus minimizing the opportunity for mutant selection.

In gram-negative bacteria resistance mutations in GyrA are seen more often than
mutations in the GyrB, ParC, or ParE subunits, reflecting the higher MICs produced
by mutations in GyrA as compared to alterations in the other target enzyme sub-
units. In E. coli resistance mutations cluster at the amino terminus of GyrA in the
quinolone-resistance-determining-region (QRDR) between amino acid positions 67
and 106 and are thus located near to the Tyr122 residue, which is covalently bound
to DNA [211]. In the crystal structure of a 59-kDa N-terminal fragment of GyrA, the
amino acids of the QRDR formed a positively charged surface along which DNA
has been shown to bind [45, 131]. Resistance mutations are believed to alter the
structure of the site for quinolone binding at this interface, and have indeed been
shown to cause reduced quinolone binding to gyrase-DNA complexes [14, 204].
Two amino acids, Ser83 and Asp87, are most commonly mutated in resistant iso-
lates. A Ser83Leu alteration produces a 128-fold increase in resistance to nalidixic
acid but only a 16- to 32-fold increase in resistance to many newer quinolones,
paralleling the greater propensity for resistance selection with nalidixic acid.
Recently the crystal structure of a complex of ParC and ParE fragments of topoi-
somerase IV, DNA, and moxifloxacin has been solved and demonstrates the prox-
imity of the equivalent Ser and Asp residues to the moxifloxacin binding site, thus
defining directly the quinolone binding site on the enzyme-DNA complex and the
molecular mechanism by which changes in these amino acids can reduce quinolone
binding [107].

In other gram-negative bacteria, mycobacteria, and Chlamydia trachomatis sub-
stitutions at amino acid positions equivalent to Ser83 and Asp87 are also associated
with resistance. For many gram-positive bacteria DNA gyrase is a secondary target
and mutations in the ParC (Ser80Phe or Ser80Tyr) and ParE subunits of topoi-
somerase I'V occur first. The changes in GyrA, however, that cause incremental resis-
tance when present together with ParC or ParE mutations in Staphylococcus aureus,
Streptococcus pneumoniae, Enterococcus faecalis, or Mycoplasma. hominis are
analogous to those seen in gram-negatives.

Increased expression of efflux pumps and decreased expression of proteins form-
ing porin channels in the outer membrane of gram-negative bacteria promote resis-
tance by limiting quinolone access to their cytoplasmic targets. Often the two
mechanisms are regulated together. The efflux pumps can be grouped into super-
families. Those affecting quinolone access in gram-negative bacteria include mem-
bers of the resistance-nodulation-division (RND), major facilitator (MFS), and
multidrug and toxic compound extrusion (MATE) superfamilies with only the MFS
and MATE transporters having been found associated with resistance to quinolones
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Table 4.1 Efflux pumps mediating decreased quinolone susceptibility*

Efflux component

Regulatory
Organism MFP® RND° OEP! MFS¢ MATE' gene(s) References
E. coli AcrA  AcrB  TolC acrR, marA, [96,145, 199, 210]
robA, soxS
ActE  ActF  ? acrS [96],
YdhE ? [142,210]
MdfA ? [56, 142, 210]
K. pneumoniae AcrA AcrB TolC acrR, marA, [22, 123, 181]
ramA, soxS
P. aeruginosa MexA MexB OprM mexR [121, 158]
MexC MexD Opr) nfxB [121, 159]
MexE MexF OprN mexT [105]
MexX MexY OprM mexZ [121, 128]
S. enterica serovar AcrA  AcrB  TolC ramA, rma [30, 54, 61, 216]
Typhimurium
S. maltophilia SmeA SmeB SmeC smeRS [212, 213]
SmeD SmeE SmeF smeT [3, 179]
S. aureus NorA arlS [64, 139
NorB mgrA [194]
NorC mgrA [195]
S. pneumoniae PmrA ? [71]

* Adapted and updated from Poole [160, 161]
®Membrane fusion protein
¢Resistance-nodulation-division superfamily

4QOuter membrane efflux protein

¢Major facilitator superfamily

"Multidrug and toxic compound extrusion superfamily

in gram-positive organisms [97, 160, 161]. Selected examples are shown in Table 4.1.
Depending on the efflux system, other antimicrobial agents, dyes, detergents, disin-
fectants, and solvents may be actively exported as well, so that the broad substrate
spectrum of these pumps provides cross-resistance to a number of structurally unre-
lated agents.

Some quinolone resistance mutations reduce the fitness of E. coli [116] or
Salmonella enterica [73] slowing growth and reducing virulence. Mutations at loci
regulating efflux are particularly likely to exert a fitness cost, but additional muta-
tions can improve fitness and even boost resistance further.

Resistant clinical isolates usually have more than one mechanism for quinolone
resistance with multiple mechanisms present in more resistant isolates and evidence
that such strains have an increased mutation rate [106]. E. coli isolates with a cipro-
floxacin MIC of 500 pg/ml or more can be found in clinical specimens and typically
have mutations in both gyrA and parC targets as well as in the increased expression
of the AcrA efflux pump [31, 132]. In fact, known mechanisms account for fluoro-
quinolones resistance in only 50-70% of such isolates implying that additional
mechanisms remain to be discovered [132].
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4.4.2 Plasmid-Mediated Mechanisms

Plasmid-mediated resistance to quinolones, long thought unlikely to exist [36], was
discovered in a clinical strain of Klebsiella pneumoniae isolated in 1994 in Alabama
that could transfer low-level quinolone resistance along with a plasmid carrying
resistance to other antibiotics to E. coli and other gram-negative bacteria [118]. In
E. coli the plasmid caused an 8- to 32-fold decrease in susceptibility to nalidixic
acid and fluoroquinolones. Although the level of resistance did not reach the CLSI
defined breakpoint for loss of susceptibility, the plasmid raised the mutant protec-
tive concentration and facilitated the selection of fully quinolone-resistant mutants
[92, 172]. It could also further augment resistance in E. coli strains with gyrA, gyrB,
parC, ompF, ompC, or marR mutations [119].

The plasmid-encoded gene was named gnr and was found to encode a 219 amino
acid protein belonging to the pentapeptide repeat family that could bind to and protect
both DNA gyrase and topoisomerase IV from inhibition by ciprofloxacin [191-193].
Structural study of a pentapeptide repeat protein from mycobacteria (MfpA) that
contributes to quinolone resistance revealed that it formed a rod-like dimer with sur-
face charge and dimensions similar to double-stranded DNA [86] and could thus act
as a DNA mimic. Qnr may have a similar structure but the two proteins differ in their
action on DNA gyrase in vitro: MfpA only inhibits the enzyme [86, 124] while Qnr
protects from quinolones at low concentrations and only inhibits at very high concen-
tration [93, 124, 191]. Qnr also differs from MfpA in having a glycine residue that
divides the protein into two domains.

Many Qnr proteins have subsequently been discovered. There are presently five
Qnr families differing from each other by 40% or more in sequence (QnrA, QnrB,
QnrC, QnrD, and QnrS) with minor sequence variation (<10%) defining alleles
within each gnr family [91] gnrB with more than 20 alleles is the most varied.
Strains containing plasmid-mediated gnr genes have been reported from around the
world [26, 117, 170, 189] with the earliest currently known strains isolated in 1988,
not long after the introduction of fluoroquinolones into clinical use [94].

gnr-like genes have also been found on the chromosome of both gram-positive
[7, 173] and gram-negative bacteria [178]. In particular, many aquatic organisms
(Aeromonas spp., Photobacterium profundum, Shewanella spp., and Vibrio spp.)
[153, 155, 176] have gnr-like genes with Shewanella algae the leading candidate for
the origin of gnrA [34, 156], and Vibrio splendidus a possible source of gnrS [25].
The native function of these gnr-like genes is not known.

The clinical importance of gnr is emphasized by a study in mice in which gnrA
or gnrS was just as effective as a gyrA mutation in blocking ciprofloxacin treatment
of E. coli urinary tract infections [2].

Most gnr genes are found on multiresistance plasmids linked to genes for
extended-spectrum [3-lactamase (ESBL), AmpC -lactamase, and resistance to
aminoglycosides, sulfonamides, trimethoprim, and other antimicrobial agents. Such
linkage and the facilitation of higher level quinolone resistance mutations make
therapy of gnr-containing organisms difficult.
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Table 4.2 Susceptibility of E. coli J53 derivatives to quinolones

MIC (pg/ml)

Ciprofloxacin Levofloxacin Nalidixic acid
CLSI susceptibility breakpoint <1 <2 <16
Resistance mechanism
None 0.008 0.015 4
gyrA (S83L) 0.25 0.38 >256
gnrA 0.25 0.5 16
aac(6’)-1b-cr 0.047 0.015 4
qepA 0.064 0.032 4

“Determined by etest on Mueller-Hinton agar

A second type of plasmid-mediated quinolone resistance was discovered while
analyzing a Qnr-encoding plasmid that conferred unusually high ciprofloxacin resis-
tance [171] The extra resistance was due to a second gene coding for a variant of a
common aminoglycoside acetyltransferase that with two amino acid substitutions
had acquired the ability to acetylate fluoroquinolones with an amino nitrogen on the
piperazinyl ring, such as ciprofloxacin and norfloxacin. The responsible gene, aac(6’)-
Ib-cr, is part of a cassette found in an integron on plasmids worldwide [189].

A third variety of plasmid-mediated quinolone resistance (the newest to be recog-
nized and currently the least common) is produced by a plasmid-encoded multidrug
efflux pump. Two pumps that reduce fluoroquinolone susceptibility are presently
known: QepA belonging to the major facilitator superfamily [149, 209] and OqgxAB
of the RND family [83, 102].

Table 4.2 shows the effect of these resistance mechanisms on the quinolone sus-
ceptibility of an E. coli laboratory strain. Plasmid-mediated gnr decreases suscepti-
bility as much as a single mutation in gyrA, while aac(6’)-Ib-cr and gepA provide
less loss of susceptibility.

4.5 Antimicrobial Activity

Currently available quinolones are most active against aerobic gram-negative bacilli,
especially members of the Enterobacteriaceae family and Haemophilus spp., and
against gram-negative cocci such as Neisseria spp. and Moraxella catarrhalis.
Ciprofloxacin is the most potent marketed fluoroquinolone against gram-negative
bacteria. It and levofloxacin can be used against susceptible strains of P. aeruginosa
or Acinetobacter baumannii, although resistance can emerge quickly when these
quinolones are used alone in treating serious infections. With the exception of nor-
floxacin, fluoroquinolones are active against S. aureus and coagulase-negative
staphylococci, but methicillin-resistant strains are very likely to be resistant to qui-
nolones as well. Ciprofloxacin, norfloxacin, and ofloxacin have limited activity
against streptococci and anaerobes, but levofloxacin, moxifloxacin, and especially
gemifloxacin have greater gram-positive potency. Bacillus anthracis is fluoroqui-
nolone susceptible, but enterococci are likely to be resistant. Fluoroquinolones are
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also active against some mycobacteria, including M. tuberculosis, Mycobacterium
kansasii, and Mycobacterium fortuitum, but not Mycobacterium marinum,
Mycobacterium chelonae, Mycobacterium abscessus, or the Mycobacterium avium-
intracellulare complex [90]. Other bacteria inhibited by fluoroquinolones include
agents of atypical pneumonia such as Legionella pneumophila, Mycoplasma pneu-
moniae, and Chlamydophila pneumoniae and such genital pathogens as Chlamydia
trachomatis, Ureaplasma urealyticum, and M. hominis. T. pallidum, however, is not
susceptible.

4.6 Pharmacokinetics

Quinolones are well absorbed after oral administration, and for some can be admin-
istered parenterally. They are eliminated in the urine or in the bile. Some are metab-
olized in the liver. Peak serum concentrations usually occur within 1-3 h of an oral
dose and reach 2.9 pg/ml for 500 mg ciprofloxacin bid, 5.2 pg/ml for 500 mg levo-
floxacin qd, and 3.5 pg/ml for 400 mg moxifloxacin qd [41]. Binding to serum
proteins is generally low (26-37%) except for gemifloxacin (60%) [41]. Neither
food nor achlorhydria have much effect on quinolone absorption, but enteral feed-
ings given orally may reduce absorption [84]. Oral bioavailability is markedly
reduced by coadministration of aluminum, magnesium, or calcium-containing
antacids [164]. Sucralfate also reduces quinolone absorption, as does concurrent
administration of FeSO,, multivitamin preparations containing zinc [157], and the
buffered formation of dideoxyinosine.

The volumes of distribution for quinolones are high and often exceed the volume
of total body water, indicating accumulation in some tissues. Concentrations in pro-
static tissue, feces, bile, lung, macrophages, and neutrophils usually exceed serum
concentrations. Concentrations in urine and kidney tissue are especially high for
quinolones with a major renal route of elimination (levofloxacin but not moxifloxa-
cin). Concentrations in saliva, prostatic fluid, bone, and cerebrospinal fluid are gen-
erally lower than drug concentrations in serum. The distribution in the brain of
levofloxacin and other quinolones is restricted by the action of multiple efflux trans-
porters [190]. Ciprofloxacin, ofloxacin, pefloxacin, and probably other quinolones
are concentrated in the breast milk of lactating women [70].

The half-lives of elimination from serum range from 3 h for norfloxacin and
ciprofloxacin to 11 h for pefloxacin and 13 h for moxifloxacin, thus allowing once-
or twice-daily dosing. Levofloxacin is eliminated predominantly by the kidneys
while nalidixic acid, pefloxacin, and moxifloxacin are eliminated by nonrenal path-
ways. Other quinolones have mixed excretion by both renal and nonrenal routes.
Renal clearance of norfloxacin, ciprofloxacin, and levofloxacin exceeds the glom-
erular filtration rate (GFR), indicating net tubular excretion. Renal clearance of
pefloxacin is below or equal to GFR, indicating net tubular reabsorption [185].

Nalidixic acid and pefloxacin are metabolized in the liver with their active
metabolites contributing to their antibacterial effects. Conversion of norfloxacin and
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ciprofloxacin to less active metabolites accounts for 10-20% of elimination. There
is little (<10%) biotransformation of levofloxacin. Hepatic metabolism and biliary
excretion are the main routes of elimination for moxifloxacin [185].

Because of the pharmacokinetic differences dosage adjustment is necessary in
the face of renal insufficiency for levofloxacin and, to a lesser extent, for ciprofloxa-
cin but not for moxifloxacin. With mild to moderate hepatic disease no dose adjust-
ment is thought to be necessary, even for moxifloxacin.

4.7 Pharmacodynamics

Quinolones exhibit concentration-dependent killing over a wide concentration range
so that increases in the dose and drug concentration result in a faster and more
extensive lethal effect. They have a post-antibiotic effect of 1-3 h in vitro that is
enhanced in vivo, especially with adequate numbers of neutrophils. The PK/PD
(pharmacokinetic/pharmacodynamic) parameter best predicting efficacy is the ratio
of the 24-h area under the concentration-time curve (AUC,,) to minimum inhibitory
concentration (MIC), although the peak concentration/MIC ratio also correlates
well, since high-peak concentrations are important in preventing the emergence of
resistant bacterial subpopulations [38].

Study of seriously ill patients (mainly with pneumonia) treated with intravenous
ciprofloxacin indicated a significant improvement in outcome for AUC ,/MIC of
125 or greater and also a progressively more rapid bacterial eradication as the
AUC, /MIC ratio increased to>125 [62]. In a study of mixed infection types treated
with levofloxacin, 100% pathogen eradication occurred with peak/MIC ratios of
12.2 or higher compared to 80.8% when the peak/MIC ratio was<12.2, a break-
point also corresponding to an AUC, /MIC value of 100 [163]. In treating pneumo-
coccal pneumonia a lower AUC, /MIC ratio of 35 seems sufficient [5]. In terms of
the mutant prevention concentration, the emergence of quinolone resistance should
be prevented by an appropriate AUC, /MPC or time>MPC [215]. The bacterial
inoculum also plays a role with more resistance emerging with a high than a low
E. coli inoculum despite comparable time within the mutant selection window in a
mouse thigh infection model [60].

4.8 Toxicity

Adverse drug reactions to currently available quinolones are generally in the range of
2-10% with GI disorders (nausea, diarrhea, abdominal pain, vomiting, dyspepsia),
CNS effects (dizziness, headache), and skin disturbances (mainly rash) predominat-
ing [10]. In addition there are reactions common to the class but more frequent and
more severe with particular fluoroquinolones.
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For example, grepafloxacin was withdrawn because an association with sudden
cardiac death and cases of torsade de pointes related to QT interval prolongation.
Similar cardiac effects have been reported with other fluoroquinolones but are rare [9].
Phototoxicity with most quinolones is uncommon, but potential serious phototoxic-
ity has been seen with multiply-fluorinated and 8-halogenated fluoroquinolones
and contributed to the abandonment of clinafloxacin and sparfloxacin. On the other
hand, 8-methoxy derivatives are unlikely to cause phototoxicity [120]. Gatifloxacin
was withdrawn because of an unacceptable incidence of hypo- and hyperglycemia
[148]. Dysglycemia also occurs with levofloxacin but not with ciprofloxacin [8].
A few quinolones have had increased CNS side effects such as confusion, insomnia,
and other sleep disturbances associated with ofloxacin or dizziness with trovafloxa-
cin. Tendinitis, usually affecting the Achilles tendon, is also a rare class effect. It is
more common in the elderly, in those receiving corticosteroid treatment, in patients
with renal failure, and in recipients of organ transplants. Tendinitis may be bilateral
and can lead to rupture [154]. Juvenile animals given quinolones develop arthropa-
thy with cartilage erosion and defects in epiphyseal growth plates. Such changes
have not been seen in human adults given quinolones, but the concern has restricted
pediatric use of these agents. In limited experience in children with cystic fibrosis
given quinolones joint symptoms have been uncommon and reversible [180].

Severe immunologically mediated adverse reactions have occurred specifically
with the 1-(2,4)-difluorophenyl quinolones temafloxacin and trovafloxacin. The
temafloxacin syndrome involved fever, chills, and jaundice a week into therapy with
associated hemolysis and in about half the cases renal failure and hepatitis [20].
Trovafloxacin was associated with eosinophilic hepatitis with liver necrosis and, in
a few cases, the need for transplantation [29]. Both side effects were rare but led to
the abandonment of these agents.

4.9 C(linical Uses

4.9.1 Urinary Tract Infections

For uncomplicated urinary tract infections, usually in symptomatic young women
with cystitis caused by susceptible organisms such as E. coli, most fluoroquinolones
are likely to be effective. Three-day regimens of norfloxacin, ciprofloxacin, ofloxa-
cin, and other fluoroquinolones have produced cure rates of 81-96% [82]. Single-
dose therapy with ciprofloxacin, ofloxacin, or norfloxacin resulted in cure in 75-96%
of patients [63, 152, 165]. For Staphylococcus saprophyticus, however, a 7-day
course is recommended because of failure with shorter courses [166, 203]. Cystitis
in elderly women is more likely to be caused by organisms less sensitive to antimi-
crobial agents. Longer courses of therapy have been recommended [140] but have
no clear advantages [113].
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Uncomplicated acute pyelonephritis also responds well to ciprofloxacin (either
orally or parenterally), norfloxacin, levofloxacin, or ofloxacin [130, 150, 169].
Guidelines of the Infectious Disease Society of America recommend a fluoroqui-
nolone as first-line treatment because of the increasing resistance of uropathogenic
E. coli to trimethoprim-sulfamethoxazole [203]. Unfortunately, quinolone suscepti-
bility cannot always be assumed. Ciprofloxacin-resistant E. coli causing commu-
nity-acquired urinary tract infections have emerged in Europe [23] and are even
more common in parts of China [201].

For complicated urinary tract infections occurring in men and in patients with
catheters or structural or functional abnormalities of the urinary tract, more resistant
pathogens are expected along with a higher incidence of relapse and reinfection.
Ciprofloxacin has given better short-term bacteriological eradication rates than
aminoglycoside therapy in such patients, but long-term efficacy has been equivalent
[59]. For patients with spinal cord injuries ciprofloxacin for either 3 or 14 days pro-
duced similar short-term cure rates but long-term microbiological cure was better
with the longer course of treatment [46]. P. aeruginosa infections have responded to
ciprofloxacin or norfloxacin therapy, but failure can occur with the selection of
resistant organisms [136].

Quinolones have also been used prophylactically in patients with bladder dys-
function due to spinal cord injury who use intermittent suprapubic taps or self-
catheterization for bladder emptying. Relative to placebo 100 mg ciprofloxacin ghs
reduced episodes of infection tenfold [18]. In addition quinolones, as well as other
agents, have been used successfully for prophylaxis after transurethral prostate
resection or transrectal prostate biopsy [17, 206].

Fluoroquinolones have proven valuable in treating prostatitis as well, since they
are concentrated in prostatic tissue [40]. In patients with chronic prostatitis at least
14-day and often longer courses of norfloxacin, ciprofloxacin, or ofloxacin have
produced bacteriologic cure in more than 60% of cases [135].

4.9.2 Sexually Transmitted Diseases

Neisseria gonorrhoeae is a major pathogen in urogenital, anogenital, and pelvic
inflammatory disease (PID) and until recently could be reliably treated with fluoro-
quinolones. Because of rising resistance in some parts of the world and in certain
patient groups, such as men having sex with men, quinolones have been removed
from the recommended treatment guidelines, although they remain effective against
susceptible isolates [138]. Quinolones are active against the sexually transmitted
pathogens C. trachomatis and Haemophilus ducreyi but lack activity against
T. pallidum. For chlamydial infections a 7-day course of ofloxacin or levofloxacin is
as effective as a treatment with doxycycline [103, 127].

In the treatment of PID a 14-day course of IV and oral ciprofloxacin produced
clinical resolution in 94% of patients, a response similar to that seen with clindamy-
cin/gentamicin [39]. In another study 14 days of oral ciprofloxacin plus clindamycin
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gave cure rates similar to doxycycline plus im ceftriaxone [6]. Fourteen days of po
moxifloxacin has also been shown equivalent to ofloxacin plus metronidazole in
patients with uncomplicated PID and produced fewer side effects [175]. In treating
chancroid H. ducreyi was eliminated from genital ulcers in 100% of patients by
3 days of ciprofloxacin, a response equivalent to that produced by trimethoprim-
sulfamethoxazole [134]. Ciprofloxacin 500 mg po bid for 3 days is one of the CDC-
recommended treatment options for chancroid [207]. For bacterial vaginosis
ofloxacin is less effective than metronidazole [37].

4.9.3 Gastrointestinal and Abdominal Infections

When they were first introduced, fluoroquinolones were highly active against all
bacterial enteric pathogens and consequently quickly became mainstays for the
treatment of bacterial gastroenteritis and enteric fever [16] Fluoroquinolones have
been routinely used to treat infections with Shigella, S. enterica serovar Typhi,
severe infections with nontyphoidal Salmonella, and for travelers’ diarrhea. Use for
Campylobacter infections has been abandoned because of resistance, and resistance
is emerging with the other GI pathogens as well.

For travelers’ diarrhea 3-5 day courses of norfloxacin or ciprofloxacin, begun
soon after the onset of symptoms, have shortened the duration of loose stools by
1-3 days relative to placebo [57, 205]. Single-dose therapy with ciprofloxacin [151,
177] or ofloxacine with or without loperamide has also been effective [58]. In
patients with shigellosis fluoroquinolones have been notably effective, and in com-
parative studies with other agents they have usually proved at least as effective and
often more so both bacteriologically and clinically [16]. For enteric fever due to
S. enterica serovar Typhi or S. enterica serovar Paratyphi ciprofloxacin [187] or
ofloxacin [198] was highly effective. Typhoid strains with reduced quinolone
susceptibility have, however, been reported from a number of Asian countries [35]
due mainly to mutations in gyrA [28]. In patients with nontyphoidal Salmonella
gastroenteritis, treatment with norfloxacin or ciprofloxacin has shortened symptoms
in some, but not all, studies [16]. Few investigators have found reduced duration of
fecal Salmonella excretion. Treatment of Salmonella gastroenteritis is generally not
indicated, except for elderly and immunocompromised patients with enhanced risk
of invasive disease. Limited data suggests that prolonged treatment with fluoroqui-
nolones can eliminate chronic Salmonella carriage [16].

In treating cholera fluid replacement is the cornerstone of therapy, but antimicro-
bial agents, by reducing the duration and volume of diarrhea, are important adjuncts.
Both norfloxacin [52] and ciprofloxacin [77, 197] are effective in shortening diar-
rhea and eradicating Vibrio cholerae from the stool. In patients with diarrhea caused
by Yersinia enterocolitica, Plesiomonas shigelloides, or Aeromonas spp. quinolones
have eliminated the organisms from the stool but have not yet been shown to shorten
clinical illness [16]. Quinolones are active against Helicobacter pylori in vitro.
Levofloxacin- or moxifloxacin-based combination regimens given for 7-10 days
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have been successfully used for first-line or second-line rescue therapy [74, 75, 126].
Moxifloxacin penetrates well into the gallbladder tissue [143]. Limited data sug-
gest that quinolones are effective in treating biliary sepsis [33]. Complex intra-
abdominal infections have also been successfully treated with quinolones, usually
combined with metronidazole for improved coverage of bowel anaerobes [184].

4.9.4 Respiratory Tract Infections

Many respiratory tract pathogens are susceptible to the fluoroquinolones including
H. influenzae, M. catarrhalis, M. pneumoniae, C. pneumoniae, and L. pneumophila.
Least susceptible among common respiratory pathogens is S. pneumoniae [109],
but levofloxacin, gemifloxacin, and moxifloxacin have improved antipneumococcal
activity and consequently have been termed respiratory fluoroquinolones.

Treatment of patients with a respiratory fluoroquinolone either alone (outpatient),
combined with aztreonam (inpatient), or combined with an antipneumococcal,
antipseudomonal 3-lactam (in a patient in whom P. aeruginosa is suspect) is one of
the options in the current IDSA/ATS guidelines for community-acquired pneumonia
[115]. A number of studies have documented clinical success in treating commu-
nity-acquired pneumonia with quinolones via either the oral or parenteral route
with results comparable to treatment with amoxicillin or clarithromycin (oral therapy)
or with a cephalosporin or amoxicillin-clavulanate (intravenous therapy) [11].
Levofloxacin, gemifloxacin, and moxifloxacin have also been shown to eradicate
pneumococci from the lung, although a few patients with pneumococcal pneumonia
have failed levofloxacin therapy because of preexisting or acquired resistance [42].

Quinolones also have a role in the treatment of health care or hospital-acquired
and ventilator-associated pneumonia both for their activity against typical respira-
tory tract pathogens and also against Enterobacteriaceae and P. aeruginosa. In
patients with late onset disease or risk factors for multidrug-resistant pathogens, an
antipseudomonal fluoroquinolone (ciprofloxacin or levofloxacin) is one component
recommended for empiric combination antimicrobial therapy [141].

Respiratory quinolones are at least as good, if not superior, to macrolides for
treatment of Legionella pneumonia [19, 55]. Pneumonia due to M. pneumoniae and
C. pneumoniae has also responded well [111]. Patients with acute bacterial exacer-
bations of chronic bronchitis have responded to treatment with quinolones, even
with non-respiratory quinolones, thanks to their activity against H. influenzae [11].
For aspiration pneumonia and lung abscess moxifloxacin was as effective as ampi-
cillin/sulbactam and more convenient to administer [146].

In the treatment of drug-sensitive pulmonary tuberculosis substitution of a first-
line agent with ciprofloxacin or ofloxacin offers no therapeutic advantage and has
been associated with increased treatment failures and slower sputum conversion
rates. Some case series support the use of fluoroquinolones for multidrug-resistant
tuberculosis, but controlled trials are lacking. Since they are well tolerated, quinolo-
nes do have a role, however, as substitutes for a first-line agent in patients intolerant
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of standard regimens for tuberculosis [129] For nontuberculous mycobacteria a
4-drug regimen including ciprofloxacin did less well than a 3-drug regiment with
clarithromycin in patients with AIDS and M. avium-intracellulare bacteremia [182].

Ciprofloxacin, levofloxacin, and moxifloxacin have been found equivalent to
other agents for the treatment of acute bacterial sinusitis [162, 183].

4.9.5 Bone and Joint Infections

Quinolones have been useful for the necessarily prolonged treatment of chronic
osteomyelitis due to susceptible gram-negative bacilli and methicillin-susceptible
S. aureus. Failures have been associated with incomplete debridement, the presence
of foreign bodies, and the development of resistance, especially with infections due
to P. aeruginosa and S. aureus [68, 79]. Oral quinolones also have a role in the treat-
ment of infections associated with prosthetic joints [44]. For staphylococcal joint
infections regimens have often included rifampin as well as a quinolone [12, 13].

4.9.6 Skin and Soft-Tissue Infections

Comparative trials indicate that fluoroquinolones are as effective as other oral agents
(usually cephalexin) in the treatment of uncomplicated skin infections with -hemolytic
streptococci and methicillin-sensitive S. aureus as the dominant pathogens [99]
They offer no special advantages for uncomplicated infections but are particularly
useful in treating complex, complicated infections where their broad spectrum can
cover the polymicrobial etiology of surgical or traumatic wound infections, bites, or
infected decubitus or diabetic foot ulcers [69, 72, 78] The emergence of community-
associated methicillin-resistant S. aureus as a common pathogen in skin and soft-
tissue infections has altered recommendations, however, since many of these isolates
are quinolone-resistant [1] so that other agents are preferred for initial therapy until
quinolone susceptibility is proven by culture.

4.9.7 Other Infections

Ciprofloxacin is indicated for the treatment of cutaneous or inhalation anthrax and
for anthrax prophylaxis [15]. Pefloxacin and ofloxacin have been used in combina-
tion regimens to treat lepromatous leprosy [80], and moxifloxacin has antileprosy
activity in a mouse model [81]. Patients with tularemia have been cured with levo-
floxacin [110] or ciprofloxacin [32]. The first-line treatment of Coxiella burnetii
infection is a tetracycline, but ofloxacin for 14-21 days is an alternative for acute Q
fever [122]. Mediterranean spotted fever due to Rickettsia conorii has also been suc-
cessfully treated with pefloxacin, ofloxacin, or ciprofloxacin although doxycycline
is the treatment of choice [174].
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Quinolones have been used for prophylaxis in neutropenic patients with reduction
in the occurrence of gram-negative bacteremia, but breakthrough bacteremia by
streptococci has been a problem [95, 167] as has the emergence of quinolone-resistant
E. coli [24]. Quinolones have also been used in oral therapy of low-risk febrile, neu-
tropenic patients with results comparable to intravenous alternatives [101].

Fluoroquinolones penetrate fairly well into cerebrospinal fluid and have good
in vitro activity against meningitis pathogens but have been infrequently used to
treat central nervous system infections. Limited data suggest that they are useful for
meningitis due to susceptible gram-negative organisms that are resistant (P. aerugi-
nosa) or slow to respond (Salmonella) to other drugs. They are also useful for pro-
phylaxis of individuals exposed to patients with H. influenzae or N. meningitidis
meningitis [196], although a few ciprofloxacin-resistant N. meningitidis have been
found recently in the United States [208].

Ciprofloxacin, levofloxacin, and ofloxacin have been clinically efficacious in
treating bacteremia due to Enterobacteriaceae, but less so when bacteremia was
caused by Acinetobacter spp. or P. aeruginosa [21, 43, 168]. With levofloxacin, the
lower the MIC of the organism causing the bloodstream infection, the better the
outcome, even if the organism tested susceptible [43]. In neutropenic patients with
fever, ciprofloxacin combined with an aminoglycoside produced comparable
response rates to piperacillin plus an aminoglycoside [27], but in another study cip-
rofloxacin monotherapy was inferior to piperacillin combined with amikacin [125].

Experience with quinolones in bacterial endocarditis is quite limited [108].
Selected patients with right-sided endocarditis due to methicillin-susceptible
S. aureus have been cured with oral ciprofloxacin combined with rifampin [53, 87],
but ciprofloxacin alone has failed with persistent bacteremia and the development of
increased ciprofloxacin resistance [76].
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Chapter 5
Tetracyclines

Patricia A. Bradford and C. Hal Jones

5.1 Introduction

For more than half a century, tetracycline antibiotics have been used to treat infec-
tious diseases. As one of the earliest antibiotics to be marketed following penicil-
lin and streptomycin, and because of their convenient oral dosing, tetracyclines
quickly achieved wide clinical usage. Unfortunately, this extensive use in clinical
practice and agriculture has resulted in widespread resistance that ultimately has
limited the clinical utility of the entire family of tetracycline antibiotics [114].
Tetracyclines inhibit bacterial growth by inhibiting protein synthesis. In general,
they bind to the bacterial 30S ribosomal subunit and prevent aminoacyl-t-RNA
binding to the ribosomal A site, thus preventing addition of amino acids to the
growing polypeptide chain [18]. In the past decade, there has been renewed inter-
est in this antibiotic class, with attempts being made to modify existing compounds
so that they are not affected by common bacterial tetracycline resistance mecha-
nisms. This chapter will review the history of tetracycline discovery from the early
natural products through the newest tetracycline-like derivatives, the glycylcy-
clines and aminomethylcycline.
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Fig. 5.1 Dr. Benjamin Duggar

5.2 History of Tetracycline

5.2.1 The Natural Products Approach to Antibiotic Discovery

The discovery and clinical use of the tetracycline family of antibiotics emerged
from efforts that began in the 1930s, using what were regarded then as cutting edge
technologies. In 1935, the chemical giant American Cyanamid acquired Lederle
Antitoxin Laboratories, a pharmaceutical company founded in 1906 to manufacture
antisera in horses for the treatment of infectious diseases. American Cyanamid
already had made substantial profits from the manufacture of calcium cyanamide, a
synthetic fertilizer; now the company was interested in diversifying its markets by
entering the pharmaceutical field. Following that decision, American Cyanamid
increased their research efforts at Lederle’s production site in Pearl River, New York,
initiating a systematic search for life-saving drugs, particularly antibiotics.

A worldwide search for antibiotic-producing microorganisms began in earnest
following Alexander Fleming’s announcement of his discovery of penicillin [38].
Given Lederle’s extensive participation in the U. S. government-sponsored penicil-
lin research and development program during World War II, antibiotic discovery
seemed a natural direction for Lederle to pursue. In 1944, the general manager of
Lederle initiated a research effort to search for antibiotics that would be superior to
streptomycin. Streptomycin, a natural product aminogylcoside antibiotic which was
discovered by Selman Waksman and Albert Schatz at Rutgers University, was mar-
keted by Merck in 1946 [110]. Outside of Waksman and his group, there were very
few experts in antibiotic screening during the early 1940s. As a part of the effort at
Lederle, 71 year-old Benjamin Minge Duggar (Fig. 5.1) was hired in 1943 to head
the soil-screening department in an effort to identify therapeutic substances pro-
duced by soil microorganisms. Duggar, a retired professor of plant physiology and
economic botany at the University of Wisconsin, was an energetic and scholarly
scientist world-renown for his studies on fungal taxonomy and the invention of
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Fig. 5.2 Streptomyces spp.
in tube cultures. Different
species of Streptomyces can
produce a wide variety of
colors and morphologies
when grown on solid medium

novel methods for mass production of edible mushrooms [29]. Antibiotic discovery
research was not within Duggar’s previous expertise; however, he vigorously threw
himself into the new challenge and his perseverance and scientific insight ultimately
bore fruit for Lederle [46].

Duggar implemented his soil-screening program by consulting with an extensive
network of colleagues who resided in diverse locations from whom he requested soil
samples from sites that had not recently been disturbed. Upon receipt, soil suspen-
sions were prepared and inoculated onto agar media to permit growth of the indige-
nous microflora. In that era, potentially new organisms were selected almost exclusively
on a basis of their morphological properties (Fig. 5.2). Today, culture and microscopic
morphologies, while still extremely important for recognizing unique isolates, have
been supplemented with newer tools, including analysis of 16S rRNA sequences for
bacteria and internal transcribed spacer (ITS) sequences for fungi, thereby enabling
more precise discrimination of unique taxonomic groups. In addition, selection of
cultures using DNA probes for polyketide synthetase (PKS) and nonribosomal pep-
tide synthetase (NRPS) may increase the likelihood of finding novel antibiotics. [99].
However, armed only with the tools of his time, Duggar proceeded to screen 3,500
organisms comprised of eubacteria (B cultures) and actinomycetes (A cultures).

To test fermentation samples for antimicrobial activity, Duggar applied aliquots
of spent medium into wells cut into agar plates that were inoculated for confluent
growth with indicator organisms. Following incubation, the growth on the plates
was scored for the appearance of zones of inhibition around the wells (Fig. 5.3).
Duggar used both Gram-positive and Gram-negative indicator organisms in his
screens, and he prioritized hits that were active against both bacterial types (i.e.,
antibiotics with a broad spectrum of activity). Many antibiotic-producing organisms
and their active substances were discovered through Duggar’s efforts at Lederle, but
most were thought to be too toxic for medical use and were quickly discarded. For
example, Duggar originally selected strain B-71 as producing a lead of interest that
showed potent antibacterial activity; however, there was limited interest in pursuing
this compound because of its nephrotoxicity. This strain was identified later as
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Fig. 5.3 Natural products
assay plate. Wells were dug
into an agar plate and extract
from shake flask cultures was
placed into the well. A zone
of inhibition around the well
indicated that the extract
contained a compound that
had antibacterial activity
against the indicator
organism

Bacillus polymyxa, which produced polymyxin. In recent years, the challenges
posed by multi-resistant Gram-negative pathogens have caused a resurgence of
interest in polymyxins [34, 35, 54].

5.2.2 The Discovery of the First Tetracycline

In August 1945, Duggar tested an unusual bronzed-colored actinomycete culture des-
ignated A-377 that was isolated from a soil sample collected by William Albrecht, a
soil microbiologist and friend of Duggar, in a dormant timothy hay field in Sanborn
Fields outside Columbia, Missouri. Duggar named this organism Streptomyces aureo-
faciens to reflect the golden (aureus) color of both the culture and its antibiotic product.
The compound resulting from this culture had very different properties compared to
the toxins usually recovered from Duggar’s soil screens in that it demonstrated a broad-
spectrum of antibacterial activity by inhibiting both Gram-positive and Gram-negative
bacteria. This included strains resistant to sulfa drugs and other antibiotics known at
that time. The antibacterial activity of this new substance was confirmed in rodent
models of infection, and the compound appeared to be relatively nontoxic [86].

With the excitement of this initial discovery came the realization that fermenta-
tion scale-up of strain A-377 and chemical isolation of the compound needed to
occur quickly. In 1946, Lederle chemist Joseph Niedercorn was assigned the task of
producing the compound of interest (the structure was uncharacterized) in 5-gal
stirred bottles. This assignment turned out to be quite challenging, because strain
A-377 did not exhibit the same fermentation characteristics that were common to
other organisms that he had experienced. One of the issues was that producing the
golden compound in any appreciable quantities resulted in considerable autotoxic-
ity for the producing organism. In early 1947, Niedercorn discovered that increased
yields of the compound could be obtained when the fermentation medium was buff-
ered with calcium carbonate, which caused the antibiotic compound to precipitate
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as an insoluble calcium salt, leaving little of it in solution to inhibit growth of
the producing organism [84]. In addition, by employing previous experiences with
penicillin fermentations, microbiologists at Lederle isolated mutants of strain A-377
that had improved yields of the novel compound. In April 1947, a pilot plant was
established at Lederle that was devoted to development of the new antibiotic. It took
nearly a year to solve problems associated with downstream processing, but finally
the compound was recovered in crystalline form and was subsequently identified as
chlortetracycline (7-chlorotetracycline, Fig. 5.4). Strain and fermentation improve-
ments continued over many years to produce dramatically higher yields commensu-
rate with commercial demands for the drug.
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After mass production of chlortetracycline started in 1947, chlortetracycline
became available in sufficient quantities to allow further animal testing. Later that
year, the orally active drug was used for the first time as active therapy on a compas-
sionate basis in patients with Rocky Mountain Spotted Fever, a rickettsial disease
with a high mortality rate for which there was no treatment at that time. Following
successful outcomes in these patients, it was also used in patients at Boston City
Hospital suffering from a variety of bacterial infections [86]. Chlortetracycline met
with immediate success for treatment of numerous previously intractable diseases
such as typhoid fever (Salmonella typhi), typhus (Rickettsia prowazekii), and infec-
tions caused by invasive Streptococcus pneumoniae and B-hemolytic streptococci,
which earned it the status of a “wonder drug.” Following its approval in late 1948 by
the United States Food and Drug Administration, Lederle launched chlortetracy-
cline under the trade name Aureomycin® (Fig. 5.4), in deference to the golden color
of the compound and to the bronze-colored soil bacterium that produced it. Duggar
reported the process for fermentation and isolation of chlortetracycline, as well as
some preliminary structural data, in 1948 [30]. The first tetracycline patent,
“Aureomycin and preparation of the same” was issued in September 1949 [31]. As
part of the patenting process and at the request of the United States Patent Office, a
culture of S. aureofaciens A-377 (now the type strain S. aureofaciens subsp. aureo-
Jaciens) was deposited in the Agricultural Research Service Culture Collection at
the Northern Regional Research Laboratory in Peoria, Illinois (accession number
NRRL-2209).

During this same period, other pharmaceutical companies were diligently bio-
prospecting for their own novel antibiotics. During the mid-1940s, Chas. Pfizer &
Sons, Inc., a Brooklyn, New York-based chemical company, also initiated a discov-
ery campaign for new antibiotics. At that time, Pfizer manufactured citric acid for
the food and beverage industry by deep-tank fermentation of molasses with
Aspergillus niger, and was also involved in the wartime penicillin production pro-
gram. After extensive screening of soil samples obtained from all over the world,
Pfizer identified a strain of Streptomyces rimosus from a sample collected in Terre
Haute, Indiana. This culture produced an antibiotic compound structurally related to
chlortetracycline, which was later identified as oxytetracycline (5-hydroxytetracy-
cline, Fig. 5.4). Following FDA approval, Pfizer launched oxytetracycline in 1950
under the trade name Terramycin®, from terra, Latin for earth, and perhaps in
acknowledgement of its producer strain’s source, Terre Haute, Indiana. Like chlo-
rtetracycline, oxytetracycline was orally bioavailable, and proved to be slightly
more active than the Lederle drug [37]. Moreover, oxytetracycline possessed fewer
side effects. Within months of its introduction, oxytetracycline became a serious
competitor to chlortetracycline, assuming a large proportion of the American anti-
biotic market.

Even though both chlortetracycline and oxytetracycline were on the market by
1950, their chemical structures were still not completely known, and a competition to
solve the structure of these molecules arose between the leading organic chemists of
the time; the Lederle team led by James H. Boothe, and the Pfizer team led by Lloyd
H. Conover. By the end of 1953, the Pfizer team proposed chemical structures were
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for both oxytetracycline and chlortetracycline [50, 51, 117, 118]. These structures
contained a naphthacene core, and the term “tetracycline” was coined to describe this
family of antibiotics [50]. It was noted that oxytetracycline possessed a hydroxyl
group at C-5 lacking in chlortetracycline whereas chlortetracycline possessed a chlo-
rine atom at C-7 absent from oxytetracycline. In 1954, the complete structures of
chlortetracycline and oxytetracycline were solved and revealed in a landmark paper,
“The Structure of Aureomycin” (Fig. 5.4)[119]. As part of their structural proof the
Pfizer chemists chemically modified chlortetracycline to generate an even more
active antibiotic, tetracycline (later trade named Tetracyn®. Tetracycline was the
structurally simplest member of this antibiotic class, and became the generic struc-
ture for this antibiotic class (Fig. 5.4). Subsequently, tetracycline was isolated in
small quantities from spent broth of both S. aureufaciens [5] and S. rimosus [88].

Dehalogenation of chlortetracycline to produce tetracycline, which represented
an important breakthrough in synthetic organic chemistry, became the subject of a
lengthy patent dispute between Lederle and Pfizer. This conflict evolved, in part,
because Lederle chemists were also working on semi-synthetic analogs of chlortet-
racycline and in the course of their investigations independently and concurrently
discovered tetracycline. The Lederle team named their version of tetracycline
Achromycin,® because of its pale yellow color compared to the deep gold of chlo-
rtetracycline. Furthermore, the Pfizer chemists had used Lederle’s patented com-
pound chlortetracycline as their starting material for production of tetracycline. This
dispute was finally resolved through an amicable agreement between the two com-
panies. By the mid 1950s, chlortetracycline, oxytetracycline, and tetracycline had
become widely prescribed antibiotics.

5.2.3 Biosynthesis of the Tetracyclines

While structural studies were in progress, work began at both Lederle and Pfizer to
characterize the biosynthetic routes for the tetracyclines. At Lederle, work was prin-
cipally conducted with S. aureofaciens, optimizing fermentation conditions for
and yields of chlortetracycline whereas Pfizer scientists devoted their attention
to production of oxytetracycline by S. rimosus [74, 80]. A pioneer in the field of
elucidating secondary metabolite biosynthetic pathways, Lederle scientist J. R. D.
McCormick isolated numerous mutants blocked in the production of chlortetracy-
cline. Using an innovative agar plate technique still employed today, McCormick
was able to determine the precise sequence of each intermediate in the chlortetracy-
cline pathway by determining which blocked mutants (secretors) produced diffus-
ible compounds that enabled other blocked mutants (converters) to produce the final
product. In the course of such “cross-feeding” experiments, the pathway intermedi-
ates elaborated by secretors were isolated and identified [75]. In this manner, the
Lederle team discovered that tetracycline was a precursor of chlortetracycline.
Today, McCormick’s cross-feeding strategy has been augmented by the capacity
to isolate and sequence the genetic pathway for biosynthesis of an antibiotic.
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Subsequently, incorporation experiments with radiolabeled malonate and acetate
showed that the naphthacene moiety is formed through successive addition of one
malonyl ~SCoA unit and 8 acetyl ~SCoA units, followed by cyclization through a
concerted series of enzyme-mediated foldings, ring closures, and stereospecific
transformations. The total synthesis of tetracycline was finally achieved in 1959
[11]; however, as a result of extensive strain selections, improved fermentation con-
ditions, and optimized downstream processing, tetracyclines are now produced
solely by fermentation. The complete tetracycline biosynthetic pathway was later
cloned and characterized at Wyeth (formerly Lederle Laboratories), and the func-
tions of the genes comprising this pathway were deduced through bioinformatics
and selective disruption [106].

5.2.4 Expanding the Utility Through Semi-Synthesis

Soon after the discovery of tetracyclines, chemists at both Lederle and Pfizer began
tinkering with their structures in an effort to increase potency, decrease toxicity, and
improve pharmacokinetic properties. Towards this end, each company chose differ-
ent starting materials and used different semi-synthetic pathways. Naturally occur-
ring tetracyclines can be altered either by modifying existing functional groups or
by introducing novel functionalities, which could then be further modified. Both
methods were used in the search for new tetracycline derivatives.

Pfizer chemists used oxytetracycline as the starting material for further develop-
ment of this compound class. Oxytetracycline was converted to 11a-chlorotetracy-
cline-6,12-hemiketal, oxidized and dehalogenated to form methacycline (Fig. 5.4),
a broad-spectrum antibiotic that had improved stability and pharmacokinetic prop-
erties [10]. Subsequently, many different companies worldwide produced methacy-
cline, which was sold under various trade names such as Rondomycin. Methacycline
was effective against a variety of pathogens impacting human and animal health as
well as pathogens of interest in the agricultural sector [23, 141]; however, Pfizer
voluntarily withdrew it from the market in 2001 (http://www.fda.gov/OHRMS/
DOCKETS/98fr/081601a.pdf).

Pfizer used methacycline as the precursor for another valuable compound.
Catalytic reduction of methacycline produced a mixture of o-6-deoxyoxytetracy-
cline and B-6-deoxyoxytetracycline, from which the 6 a-epimer (variant lacking
they hydroxyl at the 6f position) was found to be a highly bioactive. The name
“B-6-deoxyoxytetracycline” was shortened to doxycycline and given the trade name
Vibramycin®. Today, the one-step stereospecific reduction of methacycline to doxy-
cycline is used for the industrial manufacturing of doxycycline [36, 91]. Doxycycline
is used widely for treatment of a variety of community-acquired bacterial infec-
tions, including Lyme disease; an increasingly common tick-borne bacterial infec-
tion caused by the spirochete Borrelia burgdorferi [53]. A single dose of doxycycline
following a tick bite often can preclude emergence of borreliosis [82]. Recently
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doxycycline has achieved a high profile as a treatment for anthrax, one of only two
drugs (the other being ciprofloxacin) approved by the FDA for treatment of Bacillus
anthracis infections [21]. Additionally, doxycycline, under the trade name Periostat®
(Collagenex Pharmaceuticals) is approved for treatment of periodontitis, by virtue
not only of its anti-anaerobe activity but also due to its inhibition of gingival matrix
metalloproteases [44, 66, 128].

In 1956, demeclocycline (6-demethyl-7-chlorotetracycline) was discovered at
Lederle during a screening program with blocked mutant strains of S. aureofaciens
[73]. Initially marketed in 1959 as Declomycin®, the antibacterial properties of this
substance were only marginally better than those of tetracycline, and its increased
phototoxicity led to restricted use. However, demeclocycline proved quite important
as a starting material for semi-synthetic manipulations of tetracycline derivatives.
Moreover, it was at the center of an incident of corporate espionage, in which the
producing strain was sold to European industrialists by a disgruntled Lederle chem-
ist [86]. Sidney Fox and John Cancelarich stole a number of cultures that produced
high yields of chlortetracycline, tetracycline and demeclocycline as well as trade
secrets for production processes. The cultures were sold to several companies with
production plants in Italy, as well as Miles Laboratories. Miles obeyed a court order
to return the stolen cultures and the Italian companies were prosecuted after scien-
tists detected effluent containing the Lederle cultures in the Bay of Naples. American
Cyanamid pursued the case in criminal court resulting in Fox’s conviction and
2-year prison sentence following Cancelarich turning state’s evidence to assist in
the conviction of several others for conspiracy (United States v. Bottone, 365F.2d
389, 1966).

Despite all of this, the main commercial importance of demeclocycline was that
it could be reduced to 6 o-deoxy-6-demethyltetracycline (sancycline), the tetracy-
cline structure with the minimal chemical features necessary for antibacterial activ-
ity [75]. Lederle chemists then converted sancycline to 7-aminosancycline, called
minocycline (trade name Minocin®), which turned out to be the most potent antibac-
terial tetracycline described at that time (Table 5.1, Fig. 5.4) [70]. Church et al., then
described a cost-effective, scalable process for the manufacturing of minocycline
[25]. Minocycline had enhanced lipophilic properties compared to other tetracy-
clines available at that time [129], which increased its bioavailability and tissue
penetrability. In addition, the drug proved effective against some strains of tetracy-
cline-resistant bacteria [1, 78]. Minocycline is also used as an oral treatment for
moderate acne, and the anti-inflammatory properties of the molecule are believed to
contribute to its overall efficacy [137].

Extensive use of tetracyclines over the years led to widespread dissemination of
genes encoding tetracycline resistance; as a result, the utility of this family of anti-
biotics became limited for many clinical indications [24]. A comprehensive review
of tetracycline resistance genes and encoded mechanisms will be discussed in a
subsequent chapter. However, the increase in tetracycline resistance drove the need
to discover even more potent tetracycline antibiotics that could overcome the diverse
mechanisms responsible for resistance.
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Table 5.1 Comparative activity of selected tetracycline, glycylcycline and aminomethylcycline
antibiotics (Data from [12, 15, 22, 68, 89, 90, 96, 130])

MIC (pg/mL)
Organism Antibiotic Range MIC,, MIC,,
S. aureus Chlortetracycline 0.8-50 0.8 50
Oxytetracycline 0.4-200 0.8 200
Methacycline 0.2—>6.25 0.4 >6.25
Tetracycline 0.25—>64 0.5 4
Minocycline <0.06-8 0.12 0.12
Doxycycline 0.25-8 0.25 0.5
DMG-MINO 0.25-0.5 0.5 0.5
DMG-DMDOT 0.5 0.5 0.5
Tigecycline 0.06-1 0.12 0.25
PTK 0796 0.06-0.25 0.12 0.12
S. aureus (MRSA) Chlortetracycline ND ND ND
Oxytetracycline ND ND ND
Methacycline ND ND ND
Tetracycline 0.25—>64 0.5 32
Minocycline <0.06-32 0.12 4
Doxycycline 0.12-16 0.25 2
DMG-MINO 0.12-2 0.25 2
DMG-DMDOT 0.25-2 0.5 2
Tigecycline 0.06-1 0.12 0.25
PTK 0796 0.12-1 0.25 0.5
E. faecalis Chlortetracycline 0.8-50 3.1 12.5
Oxytetracycline 0.8-100 1.6 12.5
Methacycline 1.6—>12.5 >12.5 >12.5
Tetracycline 0.06—>64 64 >64
Minocycline <0.06-16 4 16
Doxycycline 0.12-32 8 16
DMG-MINO 0.06-0.25 0.25 0.25
DMG-DMDOT 0.12-0.5 0.25 0.25
Tigecycline 0.03-0.12 0.06 0.12
PTK 0796 0.06-0.5 0.25 0.5
E. faecium (VRE) Chlortetracycline ND ND ND
Oxytetracycline ND ND ND
Methacycline ND ND ND
Tetracycline 0.25->32 0.25 >32
Minocycline <0.06-16 2 8
Doxycycline 0.12-32 0.12 16
DMG-MINO 0.06-0.25 0.12 0.25
DMG-DMDOT 0.12-0.25 0.12 0.25
Tigecycline <0.015-0.12 0.03 0.06
PTK 0796 0.12-0.5 0.25 0.5

(continued)
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Table 5.1 (continued)
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MIC (pg/mL)

Organism Antibiotic Range MIC, MIC,,

S. pneumoniae Chlortetracycline ND ND ND
Oxytetracycline ND ND ND
Methacycline 0.2-0.8 0.4 0.8¢
Tetracycline 0.5-32 32 32
Minocycline <0.06-16 0.06 8
Doxycycline 0.12-16 0.25 16
DMG-MINO 0.03-0.12 0.06 0.06
DMG-DMDOT 0.06-0.12 0.12 0.12
Tigecycline <0.004-0.06 0.015 0.03
PTK 0796 <0.06-0.25 <0.06 0.12

E. coli Chlortetracycline 6.25-25 12.5 25
Oxytetracycline 0.6-12.5 3.1 12.5
Methacycline 0.8-3.1 1.6 1.6
Tetracycline 1—>64 2 >64
Minocycline 0.12-32 0.5 8
Doxycycline 0.5-64 1 64
DMG-MINO 0.25-4 0.5 4
DMG-DMDOT 0.25-4 1 4
Tigecycline 0.06-0.5 0.12 0.25
PTK 0796 0.5-2 1 2

K. pneumoniae Chlortetracycline 25-50 NA® NA
Oxytetracycline 6.25-12.5 NA NA
Methacycline ND ND ND
Tetracycline 1—>64 2 16
Minocycline 1-64 2 32
Doxycycline 1-16 2 16
DMG-MINO 1-16 4 8
DMG-DMDOT 0.12-2 1 1
Tigecycline 0.254 0.5 0.5
PTK 0796 1-8 2 4

A. baumannii Chlortetracycline ND® ND ND
Oxytetracycline ND ND ND
Methacycline ND ND ND
Tetracycline 0.12—>64 1 >64
Minocycline <0.06-16 0.12 8
Doxycycline 0.25—>32 1 32
DMG-MINO ND ND ND
DMG-DMDOT ND ND ND
Tigecycline 0.03-4 0.25 2
PTK 0796 0.12-16 2 8

(continued)
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Table 5.1 (continued)

MIC (pg/mL)

Organism Antibiotic Range MIC, MIC,,

P. aeruginosa Chlortetracycline 3.1->100 50 >100
Oxytetracycline 3.1-50 12.5 25
Methacycline 6.2-25 25 25
Tetracycline 8—>64 32 64
Minocycline 0.25-64 8 32
Doxycycline 8—>32 16 16
DMG-MINO 4-8 8 8
DMG-DMDOT 4-16 8 8
Tigecycline 0.25-32 8 16
PTK 0796 16-64 32 32

*NA- not applicable, too few strains reported to calculate MIC,  and MIC, values

"ND - no data

‘Data on older tetracyclines generated before the emergence of resistance for some bacterial
pathogens

5.2.5 A New Generation of Tetracyclines: The Glycylcyclines
and Aminomethylcyclines

In 1988, Lederle Laboratories renewed its tetracycline research program, the prin-
cipal aim of which was to obtain novel broad-spectrum tetracyclines active against
clinically important pathogens harboring tetracycline resistance elements thereby
restoring the therapeutic utility of this class of antibiotics. The research program
was a multidisciplinary one involving the chemistry, molecular biology, biochemis-
try, and microbiology departments [125].

Initial stages of the program focused on extensive historical reviews of antibacte-
rial data of older tetracyclines and involved some researchers who were part of
Lederle’s early tetracycline research programs. A series of new tetracyclines as well
as “archived tetracyclines” prepared during earlier research programs, were reex-
amined in terms of binding to bacterial ribosomes, inhibition of protein synthesis,
and transit across the outer membrane of Gram-negative bacteria. Results from
these assays were coupled with determinations of in vitro activity using a set of
isogenic strains of Escherichia coli, Staphylococcus aureus and Enterococcus
faecalis that expressed well-characterized efflux or ribosomal protection resistance
determinants [121]. Early structure-activity studies as well as those derived from
new testing paradigms confirmed observations that changes in the hydrophobic
domain of the tetracycline molecule led to compounds with enhanced antibacterial
activity, whereas changes in the hydrophilic domain of the molecule resulted in loss
of activity [125]. Efforts were thus focused on modifying the C-7 and C-9 positions
of the D ring of the 6-demethyl-6-deoxytetracycline nucleus.

The first breakthrough came with the synthesis of the 9-amino series of tetracy-
clines, which had activity against S. aureus strains carrying the fet(M) determinant,
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encoding ribosomal protection. These compounds were not stable under the assay
conditions, however, and further structure-activity studies led to the preparation of
N,N-dimethylglycylamido(DMG)derivatives N,N-dimethylglycylamidominocycline
(DMG-MINO) and N,N-dimethylglycylamido-6-demethyl-6-deoxytetracycline
(DMG-DMDQT, Fig. 5.4) [122]. Due to its increased antimicrobial activity towards
some strains of tetracycline-resistance bacteria, minocycline was chosen as a start-
ing point for chemical modifications. Lederle chemists made many modifications,
finally resulting in a series of 9-aminotetracyclines bearing a glycyl moiety[122].
These compounds were referred to as “glycylcyclines” and this name has been
accepted to describe this new class of tetracyclines (Table 5.1, Fig. 5.2).

Studies conducted with the early glycylcycline derivatives DMG-MINO and
DMG-DMDOT demonstrated that the glycylcyclines efficiently (<30 pg/mL)
blocked translation in extracts containing 30S ribosomes [97]. Moreover, the gly-
cyleyclines were as effective in blocking translation of TetM- protected ribosomes
and fourfold to eightfold better inhibitors than tetracycline or minocycline.
Similarly, when tested by monitoring macromolecular synthesis in vivo, the glycyl-
cyclines showed a 90% inhibition of translation on both tetracycline sensitive and
TetM-protected ribosomes [97]. A later study, using filter binding to capture 70S
ribosomes and monitor [*H]-tetracycline binding to the ribosome, demonstrated
that DMG-DMDOT bound to the same high-affinity binding site as tetracycline and
bound approximately fivefold more tightly [9]. Using cell free translation, this
study went on to show that the IC,; for translation inhibition was approximately
tenfold higher for the glycylcyclines and further that inhibition was unaffected by
the addition of semi-purified TetM or TetO to the in vitro translation system.

In the course of defining structure-activity relationships for glycylcyclines, it
was observed that relatively small substituents at the C-9 position led to increased
potency towards bacterial strains harboring tetracycline efflux proteins [121, 126].
This key observation directed the chemistry so that hundreds of derivatives were
synthesized and tested against a panel of strains carrying every major tetracycline
resistance gene. In this manner, the ideal chain length and substituent at position
C-9 were established. A glycyl derivative of minocycline with an attached #-butyl
amine group was identified as one of the most potent antibacterial compounds syn-
thesized, and this compound 9--butyl glycylamido minocycline, named tigecycline,
was chosen as a clinical candidate (Fig. 5.4) [90]. Tigecycline (trade name Tygacil®)
was the first “glycylcycline” to be developed by Wyeth, who purchased Lederle in
1995. The attributes of tigecycline are discussed in detail below.

Paratek Pharmaceuticals, Inc., abiotechnology company in Boston, Massachusetts
led by Stuart Levy, has developed another tetracycline antibiotic substituted at the
C-9 position with a structural resemblance to tigecycline [7]. This compound, PTK-
0796, lacks a glycylamido moiety, and Paratek refers to this class of tetracycline as
an “aminomethylcycline” (Fig. 5.4). In preclinical studies PTK-0796 had a similar
in vitro potency and antibacterial spectrum to tigecycline, though perhaps with
somewhat less potent towards Gram-negative pathogens (Table 5.1) [68, 130], and
proved efficacious in a number of animal models of infection [76, 77]. Recently, the
safety and efficacy of PTK-0796 was demonstrated in a phase 2 clinical trial for
complicated skin and skin structure infections [3].
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5.3 Tigecycline

5.3.1 Mechanism of Action

The inhibitory activity of tigecycline was tested in a coupled in vitro transcription/
translation system [85]. These studies revealed that the IC, for tigecycline (0.75 uM)
was approximately 20-fold and 2-fold lower than that of tetracycline and minocy-
cline, respectively. In addition, these investigators monitored direct binding of tige-
cycline, minocycline, and tetracycline to 30S and 70S ribosomes by taking advantage
of the intrinsic fluorescence of the tetracycline molecule. Based on the binding stud-
ies, tigecycline bound to the 30S and 70S ribosome with 5-fold and >100-fold
greater affinity than minocycline and tetracycline, respectively. Using ['“C] tigecy-
cline, competition studies demonstrated that the three tetracycline derivatives bound
to the same or overlapping sites on the ribosome [85].

Using the 3.4-angstrom X-ray diffraction structure of the 30S ribosome from
Thermus thermophilus, computational models of tetracycline, minocycline, and
tigecycline bound to the ribosome were constructed [85]. In support of biophysical
analyses described above, the interaction of tigecycline with the ribosome intersects
with that seen for tetracycline; however, additional interactions were also mapped
that are unlike any seen with other A-site binding molecules. Specifically, substan-
tial hydrogen binding interactions were noted between the aminoglycyl tail of tige-
cycline and base C1054 in the 16S rRNA. In addition, the t-butyl group made
additional van der Waals interactions with helices H34 and H18 in the 16S ribo-
somal RNA.

In order to map the interaction of tigecycline with 16S rRNA, Bauer et al., [8]
utilized dimethylsulphate (DMS) and Fe?* mediated probing of close contact sites
comparing tetracycline and tigecycline interaction with the 70S ribosome. Using
Fenton Chemistry, the investigators substituted the resident divalent cation, Mg?*,
chelated by tigecycline and tetracycline, with Fe?, to enable probing interaction
sites between the antibiotics and the 70S ribosomes via H,O, mediated RNA cleav-
age. These data showed, from a qualitative standpoint, that tetracycline and tigecy-
cline interact with 16S rRNA with overlapping contact points. However, when
tetracycline and tigecycline were titrated in the assay, difference were noted in the
interactions with the target, suggesting that tigecycline binds with a higher affinity
and with a different orientation of the molecule in relation to the binding site on the
16S rRNA. Compensation for the large bulky substituent at the nine position of
tigecycline may necessitate approaching the 16S rRNA binding sites with a differ-
ent orientation of the molecule. Further analysis, DMS probing and site directed
mutation, supported the findings of the Fe** mediated cleavage studies. Mutations in
helix 34 and helix 31, both of which showed identical patterns of Fe* mediated
cleavage with tetracycline and tigecycline, resulted in fourfold to eightfold increases
in MIC for both antibiotics [8].
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5.3.2  Spectrum of Activity

5.3.2.1 Reference Susceptibility Test Method

During the establishment of the quality control (QC) ranges for tigecycline, inconsis-
tencies were noted in the MIC limits obtained from different testing laboratories as
well as over time from the same laboratory. It was determined that the relative age of
the Mueller-Hinton broth (MHB) used in the MIC experiments and the effect media
age had on the amount of dissolved oxygen in the media could account for the testing
discrepancies [14]. HPLC analysis of tigecycline exposed to fresh (<12 h old) and
aged media (>24 h old) revealed a novel species, believed to be a tigecycline degra-
dant, that was present at a significantly higher concentration in aged media. Previous
studies had shown that the addition of a biocatalytic oxygen-reducing reagent, such
as Oxyrase®, could be employed to control dissolved oxygen concentration in broth
media [98, 116]. It was demonstrated that addition of Oxyrase® to media prevented
the accumulation of the tigecycline degradant and permitted the establishment of
reproducible QC ranges for tigecycline [14, 89]. Moreover, controlling oxygen con-
tent in MHB was determined to be essential for maintaining QC, and recommenda-
tions from CLSI (Clinical Laboratory Standards Institute) state that MHB used for
susceptibility testing must be less than 12 h old at the time of use when testing is
performed by reference broth microdilution [26]. However, this requirement for
fresh media does not affect the use of agar based tests such as Kirby-Bauer disk dif-
fusion or Etest. In addition, there is no special requirement for tests performed with
automated susceptibility test systems.

5.3.2.2 Susceptibility Test Data

Susceptibility data for bacterial isolates was obtained during the four pivotal clinical
trials (two of complicated skin and skin structure infections, two of complicated
intra-abdominal infections) and two recent clinical trials designed to determine the
efficacy of tigecycline in community acquired pneumonia [15, 16]. Tigecycline is
active against strains of Staphylococcus spp., regardless of the susceptibility to
methicillin. For S. aureus, the tigecycline MIC, for both MSSA (459 strains)
and MRSA (143 strains) was 0.25 pg/mL. Similarly, for methicillin-susceptible
(76 strains) and methicillin-resistant (74 strains) strains of S. epidermidis the MIC,,
values of tigecycline were 0.25 pg/mL and 0.5 pg/mL, respectively. Of the 44 iso-
lates of S. haemolyticus tested, all of the isolates were inhibited by 2 pg/mL or less
of tigecycline. Tigecycline MICs for clinical isolates of S. aureus were unaffected
by the presence of the rer(K) efflux determinant (48 isolates, MIC , 0.25 pg/mL),
the tet(M) (12 isolates, MIC , 0.25 pg/mL) ribosomal protection determinant or
both genes (5 isolates, MIC range 0.25 pg/mL) [57], as has been described in earlier
studies [39, 90]. In a large collection of bloodstream infection isolates representing
29 countries from six continents for which the tigecycline susceptibilities for 5718
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MSSA and 3047 MRSA isolates were virtually identical (MIC,, values were
0.25 pg/mL and MIC 0.5 pg/mL for MSSA and MRSA)[108]. Of particular inter-
est, was a recent study looking at a global collection of nosocomial pneumonia
isolates that included 1543 S. aureus of which 49.4% were oxacillin resistant [40].
Tigecycline susceptibility for this collection of pathogens was consistent with iso-
lates from other infection types (MIC , 0.5 pg/mL).

Importantly, tigecycline has shown potent activity against the recent threat of
CA-MRSA that has arisen in the hospital and community setting [120]. A recent
analysis of MRSA isolates from North American medical centers reported the tigecy-
cline susceptibility of a large collection (1989) of epidemiologically defined
CA-MRSA isolates [79]. Tigecycline susceptibility of the CA-MRSA subset of strains
was no different from that of the concurrent collection (1907) of HA-MRSA isolates
(MIC,; 0.5 pg/mL). Of the CA-MRSA strains, 71% were SCCmec type IV and of
these 88% belonged to the USA300 clone and nearly 95% were PVL positive.

In another study, CA-MRSA were retrospectively genetically defined in isolates
from phase 3 clinical studies for tigecycline [71]. All clinical isolates of MRSA and
a set of clinically and genetically defined CA-MRSA control isolates (including
USA-300 and USA-400) were ribotyped and the patterns compared using clustering
software for genetic relatedness. The isolates were also evaluated based on the pres-
ence of the type IV SCCmec element and PVL using PCR. Of the 317 unique MRSA
isolates collected during the phase 3 clinical trials, 81 isolates fulfilled all three of
the criteria (clustering with known CA-MRSA PFGE types, SCCmec type 1V ele-
ment, PVL positive), suggesting that they were genetically similar to known, clini-
cally defined CA-MRSA isolates. Tigecycline susceptibility of the genetically
defined CA-MRSA subset (MIC, ) 0.25 pg/mL) was identical to the entire MRSA
collection as a whole, suggesting that MRSA isolates of community origin are as
susceptible to tigecycline as MRSA isolates of nosocomial origin [71].

Tigecycline was demonstrated to be active against adherent bacteria growing in a
biofilm model [65]. The growth of bacteria in a biofilm on the surface of a foreign
body is often associated with infections of bloodstream catheters or prosthetic
devices. The MIC, values (determined by the non-reference method) of tigecycline
were equal (MIC; =0.5 pg/mL) for both planktonic and adherent cultures of
S. epidermidis. Furthermore, the minimum bactericidal concentration (MBC) of tige-
cycline for adherent bacteria (8 pg/mL) was fourfold less than for growing bacteria
and, interestingly, considerably lower than the MBC for vancomycin (32 pg/mL)
[65]. In a more recent study, tigecycline was again shown to be more efficacious in
clearing MRSA embedded in a biofilm. In a comparative study, tigecycline, minocy-
cline and daptomycin performed better than linezolid and vancomycin in eradication
of the biofilm [95].

The in vitro activity of tigecycline was determined against 301 recent clinical
isolates of Enterococcus spp [15]. The MIC  was 0.25 and 0.12 pg/mL for E. faecalis
and E. faecium, respectively, and all of the isolates of enterococci were inhibited by
<0.5 ng/mL of tigecycline. Tigecycline activity was also determined against defined
VRE isolates was reported in a study in which the genetic determinant (vanA, vanB)
encoding vancomycin resistance was defined for 202 Enterococcus spp. isolates [107].
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For the 179 vanA encoding strains, the tigecycline MIC range, MIC50 and MIC90
were <0.12-0.5, <0.12 and 0.25 pg/mL, respectively. Tigecycline MIC,  and
MIC,, values for the 23 vanB encoding Enterococcus spp. were identical to the
vanA encoding strains.

In another study, the activity of tigecycline was measured against a collection of
1832 Enterococcus faecium isolates from North America and Europe over 50% of
which were vancomycin resistant [55]. These findings also demonstrated that tige-
cycline susceptibility was unaffected by the presence of vancomycin resistance
mechanisms in enterococci (MIC , 0.25 pg/mL). The collection of isolates included
678 that were phenotypically characterized as being of the CC-17 lineage: vanco-
mycin resistance due to VanA and resistance to both ampicillin and ciprofloxacin.
PFGE and PCR were used to further characterize a subset of the strains to identify
CC-17 isolates based on genotype and encoding a specific pathogenicity island
(PAI). Twenty-three of the isolates encoded the specific esp (enterococcal surface
protein) variant gene that is a component of the PAI correlated with the CC-17
lineage. The phenotypically defined isolates (MIC,, 0.25 ng/mL) and genotypically
defined isolates (MIC, 0.12 ng/mL) were equivalently susceptible to tigecycline.

Tigecycline demonstrated good activity against the streptococci [15]. The 37
strains of S. agalactiae and the 86 strains of S. pyogenes and the 246 isolates of the
S. anginosus group (S. anginosus, S. constellatus) collected were inhibited by
0.25 pg/mL of tigecycline. Similarly, S. oralis isolates from both the skin and intra-
abdominal protocols were fully susceptible with a MIC, value of 0.12 pg/mL.

Tigecycline has also shown good activity against gram-negative and gram-
positive pathogens associated with respiratory infections as was demonstrated in
the recent clinical trial for community acquired pneumonia (CAP) [16]. The 184
S. pneumoniae isolates collected during the CAP trial were 100% susceptible to
tigecycline at 0.12 pg/mL (MIC , 0.06 pg/mL) and susceptibility was unchanged
when comparing penicillin-intermediate and penicillin-resistant S. preumoniae.
A recent analysis confirms that tigecycline has potent activity against S. pneumo-
niae that is not impacted by the penicillin susceptibility status of the organism [41].
The MIC90 was <0.03 pg/mL for 662 PSSP, 203 PISP and 169 PRSP. Early studies
also demonstrated that tigecycline activity was unaffected by carriage of tetracy-
cline resistance determinants in S. pneumoniae [40, 107]. In a large survey of 6,991
S. pneumoniae clinical isolates collected throughout Canada, the MIC, , MIC, and
MIC range for tigecycline were reported to be 0.03, 0.06 and <0.015-0.25 pg/mL,
respectively [140].

The expanded broad-spectrum activity of tigecycline includes gram-negative
pathogens of the Enterobacteriaceae family and has the potential for use in infec-
tions where an ESBL or AmpC producing isolate might be suspected. The activity
of tigecycline was determined for 1,062 isolates of E. coli from the skin and intra-
abdominal clinical trails [15, 16]. All E. coli isolates were inhibited by 2 pg/mL of
tigecycline and the MIC,, was 0.5 pg/mL. The clinical isolates collected from the
cIAI trial included nine ESBL producers for which the MIC range (0.25-1 pg/mL)
was the same as for the ESBL non-producers [4]. A recent survey of ESBL and
AmpC producing clinical E. coli isolates support the finding that the expression of
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these B-lactamases does not impact tigecycline susceptibility for E. coli [58, 132].
A genetic analysis of 98 phenotypically defined ESBL encoding E. coli isolates
showed that 83% encoded a bla ., B-lactamase (CTX-M-1 or CTX-M-2 family)

CTX

and 41% encoded a blaSHV (SHV-2, SHV-5, SHV-12) B-lactamase. All 98 isolates
were susceptible to 2 pg/mL tigecycline with an MIC, 0.5 pg/mL. Likewise, the
presence of bla gl (ACT-1, MIR-1, CMY-2), alone or in combination with an
ESBL, did not impact tigecycline susceptibility (MIC,; 0.5 pg/mL).

Tigecycline MICs for clinical isolates of E. coli were also unaffected by the pres-
ence of efflux determinants (fef(A)—tet(E)) or the tet(M) ribosomal protection deter-
minant [133]as has been described in earlier studies [39, 48, 90]. In a recent study,
452 tetracycline resistant isolates were positive by PCR for one of six tetracycline
resistance determinants (tet(A), tet(B), tet(C), tet(D), tet(E), tet(M)) with 33% of
the isolates shown to encode more than one resistance gene. The tigecycline MIC,,
for this collection of strains was 0.5 pg/mL with all of the isolates susceptible to
2 pug/mL [133].

Tigecycline activity also extends to K. pneumoniae: when tested against 199
clinical isolates of K. pneumoniae, the MIC, for the clinical isolates was 1 pg/mL
and 99% of strains were found to be inhbited by 2 pg/mL of tigecycline. However,
4 png/mL was required to inhibit all isolates, reflecting the tendency of some strains
of K. pneumoniae to show reduced susceptibility to tigecycline [103]. Nevertheless,
the clinical isolates collected from the cIAlI trial included 6 K. pneumoniae isolates
that were ESBL producers for which the MIC range was the same as for the ESBL
non-producers [4]. A recent survey of ESBL and AmpC producer clinical strains
support the finding that the expression of ESBLs or AmpC B-lactamases does not
impact the susceptibility of K. pneumoniae to tigecycline [58, 132]. A genetic anal-
ysis of 153 phenotypically defined ESBL encoding K. pneumoniae isolates showed
that 71% encoded a bla .., B-lactamase (CTX-M-1 or CTX-M-2 family) and 28%

CTX

encoded a blaSHV (SHV-2, SHV-5, SHV-12) B-lactamase. Likewise, the presence of
bla mpC (ACT-1, DHA-1), alone or in combination with an ESBL, did not impact
tigecycline susceptibility (MIC; 2 pg/mL). Although the MIC range for the 153
isolates was 0.25-8 ng/mL, the MIC,, was 2 pg/mL and the majority of isolates
were fully susceptible to tigecycline (MIC <2 p/mL) [58]. The reduced susceptibil-
ity to tigecycline in the eight isolates with an elevated tigecycline MIC (8 pg/mL)
was not correlated with expression of an ESBL or AmpC and is proposed to be
through up regulation of a multidrug efflux system.

The Tigecycline Evaluation and Surveillance Trial (T.E.S.T) collected tigecy-
cline susceptibility data for ESBL-producing K. pneumoniae and demonstrated that
the 126 ESBL positive organisms had equivalent susceptibility as the 1,334 non-
ESBL producing strains (MIC,; for both subsets of strains was 2 pug/mL) [135].
A recent study by Morosini et al., investigated the activity of tigecycline against a
collection of ESBL producing Enterobacteriaceae [81]. Tigecycline showed potent
activity against this collection with 97.5% of isolates fully susceptible and the MIC,,
was | pg/mL (MIC range 0.12—4 pg/mL). Additional recent large surveys of tigecy-
cline activity have included ESBL producing E. coli and K. pneumoniae found
that the MIC range, MIC,  and MIC | were unaffected by the presence of an ESBL
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determinant [13, 42, 49, 115]. Tigecycline has also shown potent activity against
carbapenem resistant isolates as recently demonstrated during a carbapenem-resistant
K. pneumoniae producing the KPC-2 B-lactamase outbreak in Brooklyn, NY hospi-
tals [17]. Ninety-six isolates were obtained from ten hospitals and analyzed for
susceptibility against a large panel of antimicrobials of which only tigecycline pro-
vided 100% coverage (MIC, 1 pg/mL). The only other agent that provided better
than 90% coverage against the outbreak strains was polymyxin B (MIC,, 2 pg/mL).
Another large-scale study from the SENTRY antimicrobial surveillance program
reported on the tigecycline susceptibilities of 104 carbapenemase-producing
Enterobacteriaceae [20]. Tigecycline was the most active agent against this collec-
tion of pathogens, including E. coli, K. pneumoniae, and Enterobacter spp., with all
isolates susceptible to 2 pg/mL and the MIC | 1 pg/mL. The encoded carbapene-
mases in the strain collection included, KPC-2, KPC-3, IMP-1, VIM-1, NMC-A,
and SME-1. Likewise, a study of 109 Enterobacteriaceae isolates expressing
the VIM-1 metallo-f-lactamase, showed that 99% of isolates were susceptible to
tigecycline at 2 pg/mL [92]. The tigecycline MIC, was 1 pg/mL for the 31C. freundii
isolates analyzed; 2 png/mL was required to inhibit all of the isolates from the intra-
abdominal trial. Similarly, the 82 E. cloacae isolates tested were fully inhibited by
exposure to 2 pg/mL tigecycline (MIC ; 1 pg/mL).

Tigecycline susceptibility testing of the Proteeae has consistently resulted in
higher MICs than for other members of the Enterobacteriaceae. For 85 strains of
Proteus mirabilis and 12 strains of Proteus vulgaris collected during the pivotal
clinical trials, the tigecycline MIC,) was 4 and 2 pg/mL, respectively, with 8 and
4 ng/mL required, respectively, to inhibit all isolates [15]. Based on the FDA
approved susceptibility breakpoint of <2 pug/mL, 47% of P. mirabilis and 8.0%
P. vulgaris isolates would be classified as being non-susceptible to tigecycline [139].
Similarly, when tested against 22 strains of Morganella morganii the tigecycline
MIC,, was 2 and 4 pg/mL was required to inhibit all strains; therefore, 9.0% of
isolates would fall into the intermediate category. The activity of tigecycline has
also been determined for a number of non-Enterobacteriaceae gram-negative patho-
gens [15]. As reflected in the MIC, and MIC, values of 16 and 32 pg/mL, respec-
tively, tigecycline is less active against Pseudomonas aeruginosa than against some
of the other non-Enterobacteriaceae [28]. Recently published tigecycline suscepti-
bility studies on A. calcoaceticus-baumannii complex, including MDR strains, have
shown variable results [19, 27, 47, 52, 56, 67, 83, 113, 127]; and as such may reflect
differences in methodology as well as differences in region, site and associated epi-
demic clone. A recent study from the T.E.S.T. program evaluated 851 isolates from
the US and reported an MIC, of 2 pg/mL [47]. Nearly 30% of the isolates in the study
were classified as multi-drug resistant. In a similar fashion, data on the utility of tige-
cyclinefortherapeuticinterventionininfectionscausedbyA. baumannii-calcoaceticus
complex show mixed results [2, 87, 109, 123, 124].

Tigecycline was uniformly active against isolates of H. influenzae and isolates of
H. parainfluenzae collected during the CAP clinical trials, with MIC s for both
pathogens of 0.5 pg/mL [16]. These results were identical to preclinical data for that
showed H. influenzae to be fully susceptible to tigecycline with an MIC , 0.5 and
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0.06-1 pg/mL [89]. A recent survey from Canada of 429 H. influenzae isolates
using the reference test method showed similar results (MIC,; 0.25 pg/mL) [49]. In
addition, against a small collection of M. catarrhalis isolates collected during the
CAP trial, tigecycline inhibited all of the isolates at 0.12 pg/mL [16]. Similarly, for
M. catarrhalis susceptibility testing, using the reference method resulted in values
of 0.06 and 0.03-0.06 pg/mL, respectively, for the MIC,  and MIC range [89].

Tigecycline has shown good activity against anaerobic pathogens in preclinical
studies and this was borne out in the recent clinical trials[15]. All of the C. perfrin-
gens and P. micros isolates collected were susceptible to tigecycline with 2 and
0.12 pg/mL of drug required to inhibit all isolates, respectively. Against Bacteroides
spp., a wide range of MICs was seen, especially against isolates from the intra-
abdominal trial. In contrast, the 33 strains of B. vulgatus in the collection, all from
the cIAI protocol, were 100% susceptible to drug with an MIC, of 2 ug/mL.
A recent survey of anaerobes from Belgium supports the clinical data, as suscepti-
bility among 443 anaerobes was 84% (MIC_ 0.5 pg/mL, MIC, 8 pg/mL) [1338].
The MIC,, for 238 B. fragilis group strains was 8 pg/mL; whereas, for 50 isolates
of Prevotella spp., and 57 isolates of Clostridium spp., the MIC s were 0.5 and
4 pg/mL, respectively.

Furthermore, tigecycline has been shown to be active against several “atypical”
bacterial species involved in respiratory infections such as Mycoplasma spp., and
Chlamydia spp., [62, 100]. Showing comparable activity to comparator agents
doxycycline, clarithromycin, and ofloxacin, tigecycline MIC ranges against
10 isolates of C. pneumoniae and five isolates of C. trachomatis were 0.125-0.25
and 0.03-0.125 pg/mL, respectively [100]. Tigecycline showed potent activity
when tested against isolates of M. hominis and M. pneumoniae with all isolates
inhibited at the MIC,, for each organism: 0.5 and 0.25 pg/mL, respectively [62].
Rapidly growing Mycobacteria spp., were also susceptible to tigecycline with all
isolates of M. abscessus susceptible to 1 png/mL and all isolates of M. chelonae and
M. fortuitum susceptible to 0.25 pg/mL [136]. Importantly, an analysis of tetracy-
cline resistant isolates of each species tested in this study resulted in identical tige-
cycline susceptibility data when compared to the tetracycline susceptible strains.

5.3.3 Mechanisms of Resistance to Tigecycline

Tigecycline is active against bacterial strains harboring all of the known tetracy-
cline-resistance genes encoding efflux or ribosomal protection mechanisms tested
to date; however, the possibility that these genes could readily mutate to a form
capable of rendering cells resistant or, alternatively, that novel mechanisms could
arise during exposure to tigecycline was explored in depth and remains the subject
of ongoing research.

In preclinical studies, it was previously reported that certain efflux-encoding,
tetracycline-resistance genes, fef(A) and tet(B), could mutate under selection to
yield bacteria with reduced susceptibility to the earlier generation of glycylcyclines:
DMG-MINO, MICs 8-16 pg/mL, DMG-DMDOT, MICs 4 png/mL [45, 131].
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However, these mutations resulted in strains with only a fourfold to eightfold
increase in the tigecycline MIC (0.25-2 pg/mL) with the elevated MICs still falling
within the susceptible category for tigecycline [139]. The clinical experience with
tigecycline has yet to yield an isolate of E. coli with a tigecycline MIC that crosses
the resistance breakpoint (>4 ng/mL).

5.3.3.1 S. aureus

S. aureus mutants with reduced susceptibility have been raised in several laborato-
ries following multiple serial passages on tigecycline [64, 72]. Investigators at
Wyeth identified point mutations and deletions in the mepR gene that resulted in
elevated tigecycline MICs. MepA, a novel efflux pump in the MATE family of
multi-drug efflux pumps is regulated, at the transcriptional level, by the MepR
repressor [72]. Presumably, the absence of an active repressor protein would have
the consequence of over-expression of the cognate efflux pump, MepA, resulting in
the increased MICs of tigecycline. Efflux may only be part of the story; however,
this data suggests that the emergence of resistance in gram-positive organisms may
involve multiple step mutations and will not arise rapidly.

5.3.3.2 The Proteeae and P. aeruginosa

Isolates of the family Proteeae appear to be intrinsically less susceptible to tigecy-
cline. The MIC, s for P. mirabilis and P vulgaris were 8 and 2 pg/mL, respectively,
with the MIC range 0.5-8 pg/mL for both organisms [89, 134]. Likewise,
Providencia spp., and M. morganii have broad ranges of susceptibility to tigecy-
cline with MIC,s of 8 and 2 pg/mL, respectively, and an MIC range of 0.12-8 ug/
mL for both organisms [89, 102]. Using transposon inactivation, a tigecycline sus-
ceptible mutant was derived from a clinical isolate of P. mirabilis with reduced
susceptibility (Table 5.2) [134]. It was determined that the transposon had inserted
into the acrB gene, which is a component of the AcrAB efflux system. This efflux
system, which pumps out a broad range of antibiotics, detergents, and dyes, is a
member of the RND (resistance, nodulation, cell division) pump family [63, 94]
and has been well characterized in other genera of Enterobacteriaceae, but had not
previously been identified in P. mirabilis. RND pumps have broad specificity and
expression of these efflux systems usually results in a multi-drug resistance (MDR)
phenotype. Although close homologues of the AcrAB efflux system are found in
E. coli, K. pneumoniae and E. cloacae, wild-type strains of these organisms do not
show decreased susceptibility.

In a similar fashion, transposon mutagenesis of a M. morganii isolate with
reduced susceptibility to tigecycline (MIC 4 pg/mL), resulted in the selection of two
tigecycline-susceptible mutants (MIC 0.03 pg/mL) [102]. In both cases, the transpo-
son insertion was mapped to the acrA gene. Northern blot and RT-PCR analysis of
acrA expression showed that acrAB is expressed in higher amounts in the isolate with
reduced tigecycline susceptibility compared to the tigecycline-susceptible isolate.
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Therefore, increased expression of the AcrAB pump is the likely cause of reduced
susceptibility of M. morganii to tigecycline (Table 5.2).

The decreased susceptibility to tigecycline in P. aeruginosa (MIC range 0.25—
32 pg/mL) is also related to an RND efflux system [28]. Using a panel of well-
characterized mutants, it was determined that the MexXY-OprM pump mediates
intrinsic resistance to tigecycline, as the mexXY mutant strain resulted in an MIC of
0.5 pg/mL for tigecycline compared to 8 pug/mL for the wild-type parent strain. The
MexXY-OprM pump is one of four pump systems in P. aeruginosa that belongs to
the RND pump family [93]. Spontaneous resistant mutants of the mexXY deletion
strain could be selected after a single passage on tigecycline, indicating that when
challenged P. aeruginosa could easily compensate with another efflux system [28].
It was determined that when sufficiently over-expressed, both the MexAB-OprM
and MexCD-OprJ pump systems could efflux tigecycline sufficiently to boost the
tigecycline MIC over the breakpoint (8 pg/mL).

5.3.3.3 Other Enterobacteriaceae

In spite of the inability to easily select tigecycline-resistant mutants in the labora-
tory, several isolates of Enterobacteriaceae with reduced susceptibility to tigecy-
cline were obtained from patients enrolled in clinical trials [60, 61, 101, 103, 105].
Acquired decreased susceptibility to tigecycline has been noted in K. pneumoniae,
E. aerogenes, E. cloacae, and E. coli (Table 5.2). Although the majority of Klebsiella
pneumoniae isolates are susceptible to tigecycline (MIC, 2 pg/mL), a few clinical
strains with reduced susceptibility to tigecycline have been isolated; such as strain
G340, which has a tigecycline MIC of 4 pg/mL [103]. Indicative of a multidrug
resistance (MDR) mechanism, MICs of tetracycline, minocycline, chlorampheni-
col, nalidixic acid, and trimethoprim were also elevated in isolate G340. Transposon
mutagenesis of strain G340 resulted in tigecycline-susceptible mutants with MICs
of 0.25 pg/mL. Mapping of the transposon insertion identified ramA, a gene previ-
ously identified in both K. pneumoniae and E. cloacae as an MDR determinant
[111]. RamA is a transcriptional activator and member of a protein family that
includes MarA, SoxS and Rob, which have been shown to promote antibiotic resis-
tance due to up-regulation of the AcrAB-TolC pump [43]. As discussed above, the
AcrAB efflux system is associated with reduced susceptibility to tigecycline in P.
mirabilis. Constitutive over-expression of ramA in K. pneumoniae isolate G340
resulted in increased tigecycline MICs, suggestive of a role for RamA as an activa-
tor of AcrAB expression. In another study, elevated levels of ramA transcription
coincided with increased expression of AcrAB in K. pneumoniae that were resistant
to fluoroquinolones [111]. In addition, clinical isolates of Klebsiella pneumoniae
were tested for a correlation between tigecycline MIC and expression of ramA by
using real-time PCR. At MICs of 4 and 8 pg/mL, the expression of ramA was sta-
tistically significantly different from MICs of 2 ng/mL or less, supporting the tige-
cycline susceptibility breakpoint of <2_pg/mL for K. pneumoniae [105]. To
determine the frequency of spontaneous mutations with reduced susceptibility to
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Table 5.2 Organisms with decreased susceptibility to tigecycline

Intrinsic/  Resistance Efflux pump Efflux pump  Tigecycline
Organism Acquired  determinant’  component(s)  expression® MIC (pg/mL)
M. morganii Intrinsic acrA AcrAB + 8
- 0.5
P. aeruginosa Intrinsic mexXY MexXY +° 8
- 0.5
P. mirabilis Intrinsic ~ acrB AcrAB + 4
++ 16
- 0.25
E. coli Acquired  acrA AcrAB + 1-2
acrB +
marA +++
marB ++
E. aerognes Acquired  acrA AcrAB ++ 4
E. cloacae Acquired  acrA AcrAB + 8
acrB - 0.5
+ 8
- 0.5
K. pneumoniae Acquired  ramA AcrAB + 4
- 0.25
Acinetobacter Acquired  adeB AdeABC + 4
calcoaceticus/ — 0.5
baumannii
complex

“The gene that was identified by transposon mutagenesis as critical for reduced tigecycline suscep-
tibility. In the case of P. aeruginosa the mexXY locus was deleted

®Level of expression of genes encoding efflux pump components was monitored by transcriptional
profiling, northern blotting and/or RT-PCR

‘Expression levels were not measured. The strains tested either contained a wild-type copy of
mexXY or the locus was deleted

tigecycline, two susceptible K. pneumoniae clinical isolates were plated at 10°CFU
on tigecycline-containing medium at 16 times the MIC of the strain. Tigecycline-
resistant colonies arose at a frequency of 3.5x 108 and 4.4 x 1078, respectively [103].
While this result suggests that less susceptible strains can arise as a result of single-
step mutations, the majority of clinical isolates tested have MICs values in the
0.25-1 pg/mL range.

Isolates of E. cloacae from four patients have been identified as having decreased
susceptibility to tigecycline [60]. Comparison of the amounts of the acrAB tran-
script by northern blot analysis showed an increase in the amount of transcript in the
clinical isolate with reduced tigecycline-susceptibility compared to a tigecycline
susceptible isolate. Transposon mutagenesis of the isolate with reduced susceptibil-
ity mapped to the acr locus, insertions mapped to acrA and acrB. Similar to other
species, inactivation of acr genes in E. cloacae resulted in significantly lower MICs
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of tigecycline and other classes of antibacterial agents, such as Ethidium bromide
and SDS.

A strain of Enterobacter aerogenes with reduced susceptibility to tigecycline
was isolated from a single patient in a phase 2 clinical trial [60]. Two isolates, G587
(tigecycline MIC 0.25 pg/mL) and G666 (tigecycline MIC 4 pg/mL), from this
patient were determined to be identical by ribotyping; therefore, it appeared that
decreased susceptibility to tigecycline developed on therapy. Using RT-PCR and
northern blotting, the level of acrA expression was significantly higher in G666
(tigecycline MIC 4 pg/mL) than in G587 (tigecycline MIC =0.25 pg/mL). Therefore,
the decreased susceptibility in E. aerogenes G666 was associated with the overex-
pression of the AcrA efflux pump.

Six E. coli isolates from an individual participant in a phase 3 clinical trial were
examined for their differing susceptibility patterns for tigecycline [59]. Two iso-
lates, G5048 and G5049, resulted in MICs of tigecycline of 1 and 2 pg/mL, respec-
tively, whereas tigecycline MICs were 0.5 pg/mL for the remaining four isolates.
All of the isolates from this patient were determined to be identical by ribotyping.
In the two strains with elevated MICs, northern blot analysis demonstrated increased
expression levels of the AcrAB efflux pump and MarA, a global response regulator
that activates AcrAB [6]. Results were confirmed by transcriptional profiling that
showed members of both the mar regulon and acrAB locus to be up regulated.
Collectively, this data confirms the involvement of AcrAB and transcriptional acti-
vators, such as MarA, in decreased susceptibility to tigecycline that was established
in earlier studies and extends these findings to clinical E. coli strains.

5.3.3.4 Acinetobacter baumannii

Two isolates of A. baumannii with reduced susceptibility to tigecycline (MIC 4 g/
mL) were identified in isolates from the phase 3 clinical trials for tigecycline [104].
As multidrug efflux pumps have been previously identified as contributing to tige-
cycline resistance in other organisms, the AdeABC pump, which is homologous to
the AcrABC and MexAB-OprM pumps was targeted in A. baumannii. Using
RT-PCR, it was shown that the expression of adeA was increased 27- and 37-fold in
the two reduced susceptibility isolates relative to susceptible isolates. Therefore, the
AdeABC pump was targeted for insertional inactivation and resulted in isolates
fully susceptible to tigecycline. The regulatory region, AdeRS, that controls AdeABC
expression encodes a two-component regulatory system [69]. Upon sequencing this
region, it was discovered that the IS,  insertion element had inserted into the
regulatory region [112]. The precise mechanism accounting for the increased
expression of AdeABC in the resistant isolates is not fully elucidated at this time.

In summary, it is interesting to note that reduced susceptibility to tigecycline
among clinical isolates is associated with up regulation of multidrug efflux pumps
rather than by mutation of known, dedicated tetracycline resistance genes. This
serves to underscore the distinct and improved properties of tigecycline as com-
pared to the tetracycline antibiotics.
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5.3.4 Clinical Indications

5.3.4.1 Complicated Skin and Skin Structure Infections

Two phase 3, randomized, double-blind trials were conducted to investigate the
efficacy of tigecycline versus the standard combination of vancomycin/aztreonam
in hospitalized patients with complicated skin and skin-structure infections [33].
Both protocols were international, muticenter studies enrolling patients from a
total 118 centers representing 29 countries. Patient enrollment was initiated in
August 2001 and the study ended in February 2004. Of the patients enrolled in the
trials, 540 met the criteria for both clinical and microbiological evaluability: 279
treated with tigecycline and 261 treated with vancomycin/aztreonam. For both the
clinically evaluable and microbiologically evaluable study populations, tigecycline
met the statistical criteria for efficacy and non-inferiority when compared to van-
comycin plus aztreonam. Cure rates for the clinically evaluable population were
86.5% and 88.6%, respectively, for tigecycline and comparator. Similarly, for the
microbiological evaluable population, cure rates were 79.7% and 81.9% for tigecy-
cline and comparator, respectively. With respect to microbiologic eradication as a
measure of efficacy, tigecycline monotherapy was shown to be non-inferior to the
standard therapeutic combination of vancomycin plus aztreonam. Specifically, for
all MRSA, tigecycline, and comparator had eradication rates of 78.1% and 75.8%,
respectively. In addition, tigecycline (77.8% cure) was as effective as comparator
(75% cure) for treatment of patients with community acquired MRSA strains.

5.3.4.2 Complicated Intra-Abdominal Infections

Two phase 3, randomized, double blind trials were conducted to investigate the
efficacy of tigecycline versus imipenem plus cilastatin in hospitalized patients with
complicated intra-abdominal infections [4]. Enrollment in the study initiated in
November 2002 and continued until May 2004. Both protocols were muticenter and
international, enrolling patients from 190 centers located in 34 countries. A total of
512 tigecycline treated patients and 513 imipenem plus cilastatin treated patients
met the criteria for both clinical and microbiological evaluability. For both the
microbiologically evaluable (86.1% vs. 86.2%) and the modified microbiologic
intent to treat (80.2% vs. 81.5%) (m-mITT) populations, the clinical cure rates were
virtually identical for tigecycline and imipenem plus cilastatin. Tigecycline met the
criteria for efficacy and non-inferiority when compared to imipenem plus cilastatin
for both clinical populations studied. Additionally, for those patients with a positive
pre-therapy blood culture (40 in tigecycline group, 50 in imipenem plus cilastatin
group), clinical cure rates were 82.5% and 80.0% for tigecycline and imipenem,
respectively. Similarly, tigecycline was efficacious and statistically non-inferior to
imipenem/cilastatin when looking at microbiological eradication as an endpoint.
In the case of E. coli, the most commonly isolated aerobe, eradication rates were
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86.2% for tigecycline and 87.1% for comparator. Likewise, for the most commonly
isolated anaerobe, B. fragilis, eradication rates were 78.2% and 80.8% for tigecy-
cline and imipenem plus cilastatin, respectively. The in vitro spectrum of activity
for tigecycline includes gram-negative pathogens expressing extended-spectrum
B-lactamases (ESBLSs). In the case of ESBL producing E. coli, tigecycline treatment
resulted in clinical cure or eradication in 78% of patients; likewise, 83% of patients
with ESBL producing K. pneumoniae resulted in a clinical cure or eradication fol-
lowing tigecycline therapy.

5.3.4.3 Community Acquired Pneumonia

Two phase 3, randomized, double blind trials were conducted to investigate the
efficacy of tigecycline versus levofloxacin in hospitalized patients with community
acquired pneumonia [32]. At the test of cure visit for the clinical evaluable popula-
tion, tigecycline cured 89.7% of patients compared to levofloxacin, which cured
86.3% of patients. Similarly, at the test of cure visit for the clinical modified intent
to treat population, tigecycline cured 81% of patients and levofloxacin cured 79.7%
of patients. In both cases, tigecycline met the both the co-primary endpoints for
efficacy and was non-inferior to the comparator.

5.4 Concluding Remarks

The tetracyclines were one of the first antibiotic classes discovered, and they were
one of the first antibiotic classes to be mass-marketed. The history of tetracyclines
represents a chronological progression, leading from the discovery of natural prod-
ucts with antibacterial activities to the development of these natural products (most
notably chlortetracycline and oxytetracycline) as drugs, and thence to the improve-
ment of the antibacterial, pharmacokinetic, and toxicological properties via semi-
synthesis. Lederle Laboratories led the discovery effort, while Pfizer and more
recently Paratek Pharmaceuticals, have added value to the tetracycline family of
antibiotics. The diligence and tenacity of scientists at both Lederle/Wyeth and Pfizer
were responsible for bringing newer, more efficacious tetracyclines to the clinic.
Through competition, Lederle and Pfizer challenged each other to further their
research efforts in the antibacterial arena, to the benefit of patients for whom their
drugs proved lifesaving. Wyeth recently developed and marketed a new generation
of tetracycline antibiotics, the glycylcyclines, exemplified by tigecycline. Sadly,
during the past decade there has been a sharp decline in efforts to discover and
develop new antibacterial agents. Nonetheless, as the scourge of infectious bacterial
diseases continues into the twenty-first century, the need for concerted efforts in
antibacterial research remains unabated.
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Chapter 6
Macrolides and Ketolides

Ze-Qi Xu, Michael T. Flavin, and David A. Eiznhamer

6.1 Introduction

Macrolide antibiotics are a well-known class of antimicrobial agents and have long
been considered drugs for the treatment of upper- and lower-respiratory tract infec-
tions caused by typical (such as Streptococcus pneumoniae, Staphylococcus
aureus, Moraxella catarrhalis, and Haemophilus influenzae) and atypical patho-
gens (suchas Mycoplasma pneumoniae, Legionella peumophila,and Chlamydophila
pneumoniae). They have been used as an alternative for patients allergic to
B-lactams. However, worldwide resistance to these antibiotics is increasing at
alarming pace. By 2005, 29.5% of S. pneumoniae strains isolated in the USA were
found nonsusceptible to macrolides [1]. Many macrolide-resistant organisms are
also resistant to 3-lactams and some other antimicrobial classes, thereby limiting
treatment alternatives for orally administered agents, particularly in children in
whom fluoroquinolones are not approved for use [2]. In order to meet the chal-
lenges brought on by macrolide and other multidrug resistance, ketolides have
been designed and developed. Ketolides are not only generally more potent than
macrolides against susceptible microorganisms but are also active against species
that are resistant to macrolides. Ketolides have a low propensity for selection of
resistant mutants and have shown less frequent development of resistance in vitro.
Therefore, ketolides may represent the future of macrolides and be an ideal replace-
ment for the currently used macrolides.

The intent of this review is to focus on the current state of three macrolides eryth-
romycin, clarithromycin, and azithromycin that have been used extensively in North
America, the only approved ketolide telithromycin and the late stage development
ketolide cethromycin. Future directions and challenges for the discovery and devel-
opment of new macrolides and ketolides are also discussed.
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6.2 Development History and Chemistry

The first macrolide antibiotic, erythromycin (1), was discovered over 60 years ago
in 1949 at Eli Lilly by McGuire, who isolated erythromycin from the metabolic
products of a strain of the actinomycete Saccharopolyspora erythraea, formerly
known as Streptomyces erythreus, found in soil samples collected from the
Philippines by the Filipino scientist Abelardo Aguilar. It was first marketed by
Eli Lilly in 1952 under the brand name Ilosone to overcome penicillin-resistant
S. aureus [3]. Erythromycin is unstable in acidic environments and is poorly absorbed
by the oral route, resulting in erratic pharmacokinetic behavior and gastrointestinal
intolerance due to the acid degradation products. In acidic media, the 3-L-cladinose
can be hydrolyzed and cyclization between the 6-OH and 9-keto groups can take
place to form a hemiketal [4]. In addition, cyclization can occur between the 12-OH
and 9-keto groups [4].

In the late 1970s, the outbreak of Legionnaire’s disease, the discovery of L. pneu-
mophila and the implication of Chlamydia trachomatis in sexually transmitted dis-
eases led to renewed interest in the macrolide class of antibiotics. Clarithromycin
(2) was then invented by scientists at Taisho Pharmaceutical, a Japanese drug com-
pany, in the 1980s [5]. In 1991, it was introduced to the Japanese market under the
brand name of Clarith and also gained FDA approval as Biaxin through Abbott
Laboratories [6].

Azithromycin (3) was discovered by a team of Croatian scientists at Pliva in the
1980s and marketed 8 years later in Central and Eastern Europe under the brand
name of Sumamed [7]. In 1991, azithromycin gained FDA approval and was brought
to the US market by Pfizer under the brand name of Zithromax [8].

The prevalence of S. pneumoniae resistant to multiple antibacterial agents,
including macrolides, has spurred the search for new antibiotics to combat multi-
drug-resistant organisms and has led to the development of ketolides. Telithromycin
(4) was synthesized by the French pharmaceutical company Hoechst Marion
Roussel (later Sanofi-Aventis) in the 1990s [9]. Telithromycin was first approved by
the European Commission in 2001 and subsequently by the FDA in 2004 under the
brand name of Ketek [10].

Cethromycin (5) was created at Abbott Laboratories in the late 1990s [11, 12]
and then licensed to Advanced Life Sciences in 2004 [13]. An NDA of cethromycin
for the treatment of mild to moderate community-acquired pneumonia was submit-
ted to the FDA in September of 2008.

As can be seen from the molecular structures (Fig. 6.1), the second generation of
macrolides and ketolides are all semisynthetic derivatives of erythromycin.
Clarithromycin differs only in the 6-O-methyl group while azithromycin has a
15-membered lactone, with a methylamine inserted between the C-9 and C-10 posi-
tions and the ketone group at the C-9 position reduced. The substitution at 6-O in
clarithromycin or removal of the 9-keto group in azithromycin either decreases or
prevents the acid-catalyzed hemiketal cyclization seen in erythromycin, resulting
in increased acid stability in the digestive tract, improved oral bioavailability,
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Fig. 6.1 misses the chemical structures of telithromycin and cethromycin

prolonged elimination half-life, and diminished gastrointestinal-related side effects
such as nausea and stomach ache. However, the 3-L-cladinose present in both
clarithromycin and azithromycin is still prone to hydrolysis in acidic media.

The ketolide antibiotics telithromycin and cethromycin contain the core
14-membered lactone ring. The chief structural characteristic of a ketolide is the
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replacement of L-cladinose at the C-3 position by a ketone group, hence giving rise
to the name ketolide, the incorporation of a carbamate side ring at C-11 and C-12,
and the substitution at the 6-O position. These changes have not only eliminated
acid-labile functionalities, thus further improving the chemical stability, but, more
importantly, they have rendered significant increases in the antibacterial activity.
For instance, the presence of a 3-keto group is responsible for the potent activity
against inducible erm-containing S. pneumoniae and S. aureus and enhanced activ-
ity against strains of S. pneumoniae and S. pyogenes with mef-mediated macrolide
efflux. The cyclic 11,12-carbamate moiety and the aryl side chain stabilize the
conformation of the ketolide skeleton and provide additional interactions with the
bacterial ribosome, thus improving the antibacterial activity [14].

It is also worth noting structurally significant differences between telithromycin
and cethromycin. Telithromycin has a pyridinyl-imidazolyl-butyl group attached at
N-11 of the carbamate ring, whereas cethromycin possesses a quinolinyl-allyl side
chain substituted at the C-6 position, similar to clarithromycin. These structural
differences may account for different side-effect profiles observed in the clinical
use of telithromycin and cethromycin.

6.3 In Vitro Antibacterial Activity

The in vitro activities of macrolides and ketolides are shown in Tables 6.1-6.4, as
represented by the range of MIC values and the minimum concentration of antibac-
terials required to inhibit growth in 90% of the tested isolates (MIC,)) for each
organism.

The ketolides display potent activities against most of the Gram-positive aero-
bic bacteria (Table 6.1) [15]. Even though macrolide MICs generally rise with
those of penicillin resistance, ketolides are consistently active against all pneumo-
cocci, irrespective of their penicillin-susceptibility. All of the penicillin-nonsus-
ceptible isolates of S. pneumoniae were inhibited by the two ketolides cethromycin
and telithromycin (MICs of <2.0 pg/mL), 97% of which were inhibited by cethro-
mycin and 87% by telithromycin at a concentration of 0.125 pg/mL. In compari-
son, 71% of penicillin-nonsusceptible pneumococci were nonsusceptible to
erythromycin and azithromycin [16].

The two ketolides, cethromycin and telithromycin, are very potent against
S. pneumoniae, regardless of macrolide susceptibility. Both agents inhibited 100% of
erythromycin-susceptible isolates of S. pneumoniae at a concentration of 0.125 pg/
mL. Against erythromycin-nonsusceptible isolates, cethromycin inhibited 97% of the
isolates at an MIC of <0.125 pg/mL and telithromycin inhibited 83% of the isolates
at this concentration [16]. The superiority of cethromycin against mef(A,E) strains
suggests that cethromycin is a poor substrate for this family of efflux pumps [17].

The activity of ketolides against S. pneumoniae isolates carrying both ermB and
mefA is very significant, as this genotype exhibited multidrug resistance and its
prevalence increased from 9.7% to 18.4% from 2000 to 2004 in the USA [18].
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Ribosomal mutations have been described as a rare cause of clinical macrolide
resistance in S. pneumoniae. The data suggest that mutations in streptococcal rRNA
or ribosomal proteins, most likely selected by macrolide exposure, do not typically
result in resistance to ketolides [17].

Macrolides and ketolides are generally susceptible in S. pneumoniae isolates
resistant to other classes of antibiotics including fluoroquinolones, tetracyclines,
trimethoprim/sulfamethoxazole, and second- or third-generation cephalosporins
[19-21].

Against methicillin-susceptible S. aureus (MSSA) strains, ketolides exhibited
excellent in vitro activities, which are at least 256-fold more active than the mac-
rolides and are comparable to the fluoroquinolones [22]. Different MIC , values of
cethromycin against methicillin-resistant S. aureus (MRSA) strains were reported,
with one being 0.06 pg/mL [22] and the other >128 pg/mL [23], reflecting different
endemic MRSA in the two testing centers. However, when the S. aureus isolates
were classified regarding their MLS, phenotype, it is evident that cethromycin was
very potent, with the MIC, being <0.031 pg/mL, against methicillin-resistant but
macrolide-susceptible or -inducible MLS resistant S. aureus [24]; it was the MRSA
isolates with constitutive MLS phenotype, due to constitutive production of ermA
or ermC methylase, that were very resistant to both ketolides (MIC,, of >128 pg/mL)
[20, 24, 25].

Erythromycin resistance is invariably present in MRSA. It was reported that
there was 8.2% resistance to erythromycin among MSSA and 87.9% erythromycin
resistance among MRSA [26]. Due to the apparent inability of ketolides to act
as inducers of methylase production, they maintain good in vitro activity against
S. aureus strains with inducible methylase but lose activity against strains constitu-
tively producing ermA or ermC methylase [17].

In addition, cethromycin was effective (MIC, 0.06 pg/mL.) against staphylococ-
cal strains that were macrolide-resistant but clindamycin-susceptible, although
much less effective (MIC,) >16 pg/mL) against staphylococcal strains that were
resistant to macrolides and clindamycin [27].

Cethromycin was also effective against the USA300 clone of community-asso-
ciated MRSA (CA-MRSA) [28], which has been implicated in recent outbreaks
within the USA and worldwide and is resistant to many currently marketed antimi-
crobial agents. Ketolides are active against macrolide-susceptible and -inducible
MLS,, resistant coagulase-negative Staphylococcus spp. (CoNS) but again lack
activity against constitutive MLS resistant CoNS [24, 29]. The methicillin suscep-
tibility alone had no effect on ketolide MIC values for CoNS.

Cethromycin is the most active agent against S. pyogenes among the macrolides
and ketolides; it is also extremely active against macrolide-resistant S. pyogenes due
to the mefA efflux, the inducible ermA, or the constitutive ermB methylase [17, 38].
In comparison, telithromycin MIC values increased to resistant levels against
S. pyogenes isolates harboring the ermB determinant, either alone or in combination
with the mefA [30, 39]. There is no cross-resistance between macrolide/ketolide and
the fluoroquinolone classes of antibiotics [19].
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Against other Streptococcus spp. such as S. agalactiae and Viridans group strep-
tococci, ketolides are generally active regardless of macrolide susceptibility [27,
40-42, 44]. The macrolides had poor activity against Enterococcus spp. and ketolides
were in general more active. However, none of the agents possessed activity against
erythromycin- or vancomycin-resistant E. faecalis and E. faecium [25, 27, 43, 45,
46]. Both Listeria monocytogenes and Corynebacterium spp. showed susceptibility
to all agents, with ketolides being more potent than macrolides [27, 31, 32].

Even though the majority of Gram-negative aerobes including Pseudomonas
aeruginosa, Enterobacteriaciae, and Acinetobacter are intrinsically nonsusceptible
to macrolides and ketolides, both classes of agents were active against a number of
clinically important Gram-negative aerobic bacteria (Table 6.2). Ketolides and
azithromycin had similar activity against H. influenzae, which were fourfold more
active than erythromycin and clarithromycin [33, 49]. Their in vitro activities
were not affected by the presence of B-lactamase production or by ampicillin
susceptibility [27, 50]. This is significant as the prevalence of ampicillin-resistant
H. influenzae due to B-lactamase production among the nontypable strains respon-
sible for community-acquired respiratory infections is very high and resistance to
B-lactams due to modification of penicillin-binding proteins (B-lactamase negative,
ampicillin resistance — BLNAR) has also been reported.

Over 90% of all M. catarrhalis isolates, a common respiratory tract pathogen,
produce B-lactamases that render them resistant to antibacterial agents such as
amoxicillin. Ketolides had activity against M. catarrhalis, identical to the activity of
azithromycin but twofold more active than erythromycin and clarithromycin. No
difference in susceptibility was seen between [-lactamase-positive and -lactamase-
negative strains [19].

Clarithromycin is the most active macrolide against Helicobacter pylori and lim-
ited data indicated that ketolides have activity against clarithromycin-susceptible
strains but are nonsusceptible to clarithromycin-resistant isolates [31, 51]. Both
macrolides and ketolides displayed good in vitro activity against Neisseria spp. and
Bordetella pertussis [24, 31, 52, 53]. MIC90 values of ketolides are generally one to
two dilutions lower than macrolides. There was no data published for cethromycin
against B. pertussis.

MIC data demonstrate the excellent activity of ketolides against a variety of clin-
ically important anaerobic pathogens (Table 6.3), including Gram-positive anaer-
obes such as Peptostreptococcus spp. and Clostridium spp., as well as Gram-negative
anaerobes such as Fusobacterium spp. and Prevotella/Porphyromonas spp.
Macrolides are generally less active than ketolides and cethromycin is the most
active [54]. Against 110 unique toxigenic C. difficile isolates of differing REA
(restriction endonuclease analysis) type known to have caused C. difficile-associated
disease, cethromycin showed a bimodal distribution with MIC values of 0.03—4 ng/
mL against 80% of the isolates but an MIC, =128 pg/mL [55]. Both macrolides and
ketolides have a poor activity against Bacteroides spp., a Gram-negative anaerobic
pathogen [54, 56].

As shown Table 6.4, both macrolides and ketolides are very effective against the
clinically important intracellular and atypical pathogens C. pneumoniae, L. pneumo-
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Table 6.5 Comparison of macrolide and ketolide IC, | (ng/mL) values for inhibition of cell growth
and function in S. aureus cells [61] and apparent dissociation constants K, (nM) in other
microorganisms

Antimicrobial Growth Rate Protein Synthesis 50S Formation K
Erythromycin 0.25 0.1 0.2 41°
Clarithromycin 0.1 0.075 0.15 9.5¢
Telithromycin 0.1 0.04 0.08 1.3¢
Cethromycin 0.035 0.02 0.035 0.61°

*K,: apparent dissociation constant = reverse rate constant (K )/ forward rate constant (K))
*Organism: S. pneumoniae [68]
‘Organism: E. coli [69]

phila, M. pneumoniae, and Ureaplasma urealyticum [57-60]. Against L. pneumo-
phila and other Legionella species [59], cethromycin (MIC, =0.06 nug/mL) and
clarithromycin (MIC, =0.06 ug/mL) were the most active agents. These antimicro-
bial agents were more active than telithromycin (MIC, =0.25 pg/mL), and at least
eightfold more active than the other macrolides tested (azithromycin MIC, =2.0 ug/
mL and erythromycin MIC, =1.0 pg/mL). Most of the L. pneumophila strains
tested belonged to Serogroup 1, but similar MIC results were observed for all agents,
except for azithromycin (MIC;=0.25 pg/mL), for Serogroups 2-7, and 15.
Cethromycin also maintained good activity against Legionella species other than L.
pneumophila.

6.4 Mechanism of Action

Macrolides and ketolides exert their antimicrobial effects by preventing the bacterial
ribosome from translating its messenger RNAs into new proteins. The bacterial ribo-
some is composed of two subunits, the small 30 S subunit made of 16 S ribosomal
RNA and 21 ribosomal proteins, and the large 50 S subunit consisting of 5 S and
23 S rRNA and more than 30 ribosomal proteins. Macrolides and ketolides bind to
the 23 S rRNA of the 50 S ribosomal subunit, which blocks the peptide exit channel
and stimulates the dissociation of peptidyl-tRNA from the ribosome during the
translocation process [61].

A second and potentially equally important mode of action of macrolides and
ketolides is their ability to interact with partially assembled 50 S subunit precursors
and to inhibit the complete formation of bacterial ribosomes with the unassembled
precursor particles undergoing nucleolytic degradation. By contrast, 30 S particle
formation was generally unaffected. As shown in Table 6.5, the ketolides were bet-
ter inhibitors of cell growth and function than the macrolides, with cethromycin
showing the best inhibition of protein synthesis and 50 S particle formation in
S. aureus cells [61, 62]. Cethromycin was threefold more effective than telithromy-
cin in S. pneumoniae cells [63, 64]. However, both ketolides appeared to be ineffective
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in inhibition of 50 S particle formation in H. influenzae cells. Erythromycin was
also ineffective in this regard, whereas azithromycin was a good inhibitor, explaining
the superiority of this drug against H. influenzae [65, 66].

Cethromycin demonstrated a twofold higher binding affinity with S. pneumoniae
ribosomes compared to that of telithromycin and a tenfold improvement in binding
affinity over erythromycin [17]. The binding affinity of cethromycin with H. influ-
enzae ribosomes was more than 20-fold tighter than that of erythromycin [67].
Cethromycin had a rapid association with ribosomes and a very slow dissociation
compared to those of erythromycin in both S. pneumoniae and H. influenzae, result-
ing in smaller K (Table 6.5) [67, 68]. Telithromycin and cethromycin demonstrated
a similar level of inhibitory effect on the H. influenzae protein synthesis with an IC,
value of 1.25 pg/mL [65].

Footprinting (chemical protection) experiments have shown that both macrolides
and ketolides interact with domains II and V of the 23 S rRNA. These compounds
protected residues A2058, A2059, and G2505 in the central loop of domain V from
chemical modification, indicating direct contact between drug and rRNA [70]. Even
though both macrolides and ketolides influenced residue A752 in hairpin 35 of
domain II in the 23 S rRNA, their footprints were distinctively different [71].
Erythromycin led to enhanced modification at position A752 by dimethylsulfide
(DMS) and removal of cladinose caused the loss of this footprint. The enhanced
accessibility of A752 appeared not to be due to the direct contact of the cladinose,
but via allosteric interaction elsewhere. In contrast, telithromycin and cethromycin
protected A752 through the 11,12-carbamate side ring, suggesting direct interaction
[69, 71]. This additional interaction with domain II may account for the tighter
binding to ribosomes observed for ketolides [72].

Furthermore, ribosomal crystallography studies of bacterial ribosomes complexed
with macrolides or ketolides have confirmed the binding sites and detailed the inter-
actions between the antibiotics and the ribosome. The crystallographic structures of
complexes of the 50 S ribosomal subunit from Deinococcus radiodurans with eryth-
romycin, clarithromycin, azithromycin, telithromycin, and cethromycin reveal that
all these drugs bind in the upper chamber of the exit tunnel adjacent to the peptidyl-
transferase center near the constriction formed by the extended loops of proteins L4
and L22 [73-75]. The majority of the binding to the ribosome occurs via the macro-
cyclic lactone ring and the desosamine sugar moiety, with the former associating
with the tunnel wall formed by positions 2057-2059 and the latter orienting toward
the peptidyl-transferase center. There are no major interactions between the cladi-
nose sugar in macrolides and the 23 S rRNA, implying that cladinose can be dispens-
able. As shown above, ketolides, which have a ketone group at the C-3 position
instead of the cladinose sugar, bind tighter to ribosomes than macrolides. The nucle-
otides implicated in macrolide and ketolide binding (A2058, A2059, and G2505) are
predominantly located in domain V of the 23 S rRNA [76] and there are no interac-
tions with ribosomal proteins [73—75]. Surprisingly, no direct contact with A752 was
observed with ketolides. However, the studied ketolides contact domain II via their
side chains with the nucleotide residue U790, which is located at a distance of 11 A
from A752.
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Even though it is fairly certain that the general location of the macrolide/ketolide-
binding site is the same in ribosomes, the orientation of an individual drug inside
the binding pocket and its interactions with the target may vary and may not be pre-
served among all ribosomes from different species. Compared with macrolides and
other ketolides, cethromycin is shifted 3 A deeper into domain V, creating stronger
interactions via additional hydrophobic contacts with the carbamate group and des-
osamine. The quinolylallyl side chain of cethromycin forms an additional hydrogen
bond with 02’ of U790 in domain II of the E. coli 23 S rRNA through the quinolyl
N3. In addition, the quinolylallyl group provides an unexpected interaction with
domain IV through hydrophobic contacts with U1782, which had not previously
been reported to participate in the binding of macrolides and other ketolides [74].

Azithromycin contains an additional nitrogen atom that increases the size of its
macrocyclic lactone ring; however, this nitrogen does not directly contribute to the
binding of the drug. Rather, it appears to alter the conformation of the macrocyclic
lactone ring enough to induce novel contacts with a putative magnesium ion that
serves as a bridge between the azithromycin molecule and the ribosome. The orien-
tation of the cladinose sugar in azithromycin appears also to be different from that
in erythromycin, enabling an additional hydrogen bond with U2586. The second
binding site seen may be specific to D. radiodurans, as no other bacterial organism
has a Gly60 residue, and this second binding was not seen in the Haloarcula maris-
mortui complex [77].

In the telithromycin-bound ribosome from H. marismortui, the alkylaryl side
chain of telithromycin was folded over the plane of the macrocyclic lactone ring
oriented in the direction opposite to that observed in a complex with the D. radio-
durans ribosome [77].

6.5 Mechanism of Resistance

There are three major mechanisms by which bacteria become resistant to
macrolides:

* rRNA methylation
e Macrolide efflux
¢ Ribosomal mutation

The rRNA methylation process is accomplished by an adenosine-N® methyl
transferase, coded for by the erm (erythromycin resistance methylase) family of
genes, which either mono- or dimethylate the adenine residue A2058 in the peptidyl-
transferase center of the 23 S rRNA. Methylation of A2058 disrupts hydrogen bond-
ing between the 2’-OH group of the desosamine sugar and A2058, producing a
posttranslational conformational change in the 50 S ribosomal subunit. The added
one or two methyl groups at N® of A2058 sterically hinders the access of macrolides
to the ribosomal binding site. Monomethylation confers a low level of resistance
to macrolides, whereas dimethylation confers high levels of resistance to all the
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macrolides, lincosamides (clindamycin), and streptogramin B antibiotics (MLS,
phenotype) [78].

There are 21 different classes of erm genes which are carried on either plasmids
or transposons, with the resultant MLLS resistance either constitutively or inducibly
expressed [79, 80]. Constitutive erm expression is often associated with structural
changes to the erm mRNA attenuator and with the production of an active mRNA,
resulting in high-level cross-resistance to MLS | drugs. Inducible expression is asso-
ciated with the production of an inactive mRNA encoded for methylase production.
Upon ribosome stalling in the presence of drug, a translation attenuation mechanism
promotes a conformational change in the mRNA that allows a formerly sequestered
Shine-Dalgarno (SD) sequence to become accessible. The structure of the attenua-
tor differs for the various classes of erm genes, resulting in a few major phenotypes
of inducible MLS, resistance. The ermB gene, carried on the constitutive transpo-
sons Tn/545 and Tn3872, is the most clinically significant gene occurring typically
in streptococci. The ermA and ermC genes occur in staphylococci, and the ermTR
gene in S. pyogenes [81]. The ermB gene can be transmitted between organisms by
transposons in addition to clonal spread.

Although ribosome-based mutations conferring macrolide resistance are com-
mon for microbes with one or two rRNA alleles, these mutations are found in less
than 5% of the macrolide-resistant pathogens with four or more alleles. Ribosomal
mutations at nucleotides directly involved in drug binding in domain V of 23 S
rRNA by base substitution A2058G confer MLS , resistance in S. pneumoniae. The
exocyclic amino group at the 2-position of guanine disrupts the hydrogen bonding
between the 2’-OH group of desosamine and the N' position observed for adenine.
This 2-amine group would also alter the nature of the hydrophobic tunnel wall,
making it less suitable for interaction with the hydrophobic face of the macrocyclic
lactone ring. In the same way, point mutations at the adjacent nucleotide A2059G
present a ML or MLS resistance phenotype. The change of C—T at 2611 results
in the disruption of a Watson-Crick base pairing between 2057 and 2611 at the end
of helix 73 before it opens into the central loop of domain V. It is conceivable that
this base pair is essential for maintaining the conformation of A2058 and A2059
within the ribosomal binding site [82].

A single base deletion (A752) in a stretch of highly conserved adenines in hair-
pin loop 35 of domain IT of 23 S rRNA was selected in vitro by clarithromycin and
was resistant to all macrolides [83]. The deletion may have resulted in structural
changes to the domain II ribosomal binding site by disruption of helix 35 [82].
Mutations in ribosomal proteins L4 and L22 have also been implicated in macrolide
resistance. Common mutations in L4 occur in a highly conserved stretch of amino
acids (,,KPWRQKGTGRAR_ ), including single amino acid changes (G69C,
G71R), substitutions, and insertions, while mutations in L.22 all appear to be single
amino acid substitutions and can occur in combination with L4 mutations [83]. As
there are no direct contacts between ribosomal proteins and macrolides, the mecha-
nism of resistance must be due to conformational changes to the residues of the
binding site. The tip portion of L4 forms a portion of the polypeptide exit tunnel just
below where the macrocyclic lactone binds. The large B-sheet of L.22 interacts with
the rRNA hairpin 35 in domain II and forms part of the hydrophobic tunnel wall.



6 Macrolides and Ketolides 195

The conformational changes induced by L.22 mutations may disrupt the interaction
of the hairpin tip with nucleotides C748, A750, and A751 of domain II which is, in
turn, in strong contact with U2609 in domain V. The conformational change of the
tip of the hairpin may also result in a large opening of the tunnel, rendering the
macrolide unable to block the peptide exit tunnel [82].

The macrolide-specific efflux pump encoded by mef (macrolide efflux) genes
binds macrolides and pumps them out of the cell. A mef gene is homologous to
genes encoding membrane-associated transport proteins of the major facilitator
superfamily [84]. The mefA gene was first identified in 1996 in S. pyogenes and was
also subsequently found to be common in S. pneumoniae. The mefE gene was
detected a year later in S. pneumoniae and found in a variety of other Streptococcus
species. The mefA gene is carried on the transposon Tn/207.1 in S. pneumoniae and
Tnl207.3 in S. pyogenes, while the mefE gene is carried by a different chromosomal
element called “mega.” Organisms expressing mef gene display a low level of resis-
tance to only macrolides (M-phenotype). A related ATP-binding cassette gene,
msrA, is found in S. aureus and is also associated with macrolide efflux. An msrD
gene with homology to msrA was identified in S. pneumoniae, which is located
immediately downstream of the mef gene and can be cotranscribed with mef [81].

Ketolides retain activity against strains of S. pneumoniae that have become resis-
tant to macrolides via mef-encoded efflux or by possessing an inducible or constitu-
tive erm gene that confers resistant to MSL, drugs (Table 6.1). The potent activity
of ketolides against constitutive ermB streptococci may be due to their higher affini-
ties for methylated ribosomes than macrolides. Even though it is less effective in
binding to methylated ribosomes, cethromycin binds to methylated ribosomes as
effectively as erythromycin binds to unmethylated ribosomes [68]. Mutations in
streptococcal rRNA or ribosomal proteins, most likely selected by macrolide expo-
sure, do not typically result in resistance to ketolides [17]. In studies of S. pyogenes,
ketolides are effective against almost all erythromycin-resistant clinical isolates.
Cethromycin maintains activity against MRSA isolates that are macrolide-susceptible
or -inducible MLS  resistant [24] but loses activity against MRSA isolates with the
constitutive MLS, phenotype, due to constitutive production of ermA or ermC
methylase (Table 6.1). The efflux pump encoded by the msrA gene in the USA300
clone of CA-MRSA can pump out azithromycin, clarithromycin, and erythromycin,
but cannot eliminate cethromycin [28].

In contrast to macrolides, ketolides do not induce higher levels of 23 S rRNA
methylation, and thus MLS , resistance, in strains of S. pneumoniae, S. aureus, and
S. pyogenes with an inducible erm gene [31, 68, 86]. This unique property is due to
the lack of the 3-cladinose sugar in the ketolides [87]. A more recent report showed
that ketolides may induce a very low level of ermC expression in E. coli [88].

Although reported ketolide resistance is rare [18], a few laboratory-derived and
clinical isolates of S. pneumoniae have been documented [89, 90]. A deletion of the
upstream region of the ermB attenuator resulted in a highly telithromycin-resistant
strain. This deletion has been associated with the change from inducible to constitu-
tive resistance in streptococci. Clinical isolates with mutations in the ermB leader
sequences, a mutation (AT — AG) in the second Shine—Dalgarno (SD2) site of ermB
and a 136 bp deletion in the ermB promoter region have displayed either decreased
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susceptibility or resistance to telithromycin. A deletion of A752 showed a 500-fold
increase in telithromycin MIC [83]. An E. coli mutation in domain V (U2609C)
resulted in resistance solely to ketolides and not macrolides [71]. This base is located
behind A752 of domain II and mutation of this base may change the conformation
around A752 such that the ketolide can no longer bind to domain II. Clinical isolates
with mutations in the ribosomal proteins have also been reported. Ribosomal insertion
(;,REKGTG,,) and mutations (S20N or  GTG_, to , ,TPS, ) in L4, insertions (,,VRPR
or ,RTAHIT, ) and a mutation (K68Q) in L22 have shown reduced susceptibility
to telithromycin [89, 90]. Combinations of alterations in the ermB gene, the ermB
control region, and the ribosomal proteins L4 or L22 have been observed in the pneu-
mococcal isolates which exhibited the highest telithromycin resistance [91-93].

Other less common mechanisms of macrolide resistance include esterases that
hydrolyze the macrocyclic lactone ring, phosphotransferases which phosphorylate
the 2°-OH functional group, and the production of short peptides that are capable of
expelling macrolides from their drug-binding site [94]. Gram-negative bacilli, par-
ticularly Enterobacteriaceae, Pseudomonas spp., and Actinetobacter spp., are
intrinsically resistant to macrolides and ketolides. These hydrophobic agents are
unable to pass through the outer membrane of the bacterial cell.

6.6 Pharmacokinetics and Pharmacodynamics

Pharmacokinetics measures the physiologic distribution of a drug over time.
Generally, these measurements are taken from serum concentrations versus sam-
pling time. The pharmacokinetic parameters for macrolides and ketolides following
administration of multiple doses are summarized in Table 6.6.

Erythromycin base, the only active form in vivo, has low bioavailability because
it is inactivated by gastric acid. It has a short half-life of 1.5-2 h that requires dosing
four times a day. The absorption of erythromycin base is erratic and produces peak
concentrations approximately 45 h after administration [95]. To improve the bio-
availability and pharmacokinetics of erythromycin, enteric-coated dosage forms,
acid-stable salts (stearate), esters (ethylsuccinate), and salts of an ester (estolate)
were developed. Food may hinder the absorption of erythromycin base and stearate,
whereas the ethylsuccinate ester is best taken just after a meal [96]. Erythromycin
binds strongly to and markedly inhibits CYP3A4 and, therefore, it is expected that
drug—drug interactions may occur when coadministered with a drug primarily
metabolized by CYP3A [97]. Erythromycin is principally excreted in the bile. After
oral administration, less than 5% of the administered dose was recovered in the
active form in urine.

Clarithromycin appeared to be rapidly absorbed with a 55% bioavailability. Food
delays the absorption of clarithromycin and may slightly increase its bioavailability,
although not to a clinically significant extent. On average, 25% of a systemically
available dose is metabolized by CYP3A4 to the active 14-hydroxy clarithromycin, the
only substantial metabolite found in plasma. The formation of the microbiologically
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active metabolite is reduced when clarithromycin is administered with food [98].
The rise in clarithromycin peak plasma (C_ ) concentration and area under the
plasma concentration versus time curve (AUC) were disproportionate to increases
in dose, suggesting nonlinearity in pharmacokinetics, a phenomenon not seen with
other macrolides. The nonlinearity allowed accumulation to higher plasma concen-
trations than predicted, but steady state was readily achieved by the fifth dose.
Clarithromycin terminal disposition half-life (t,,,) also exhibited dose dependency,
ranging from harmonic means of 2.7-4.8 h. Generation of the metabolite was
reasonably rapid with T of 1.8-2.9 h. In contrast, nonlinearity in the 14-hydroxy
metabolite pharmacokinetics was not observed. Plasma accumulation of this metab-
olite occurred to a lesser degree than that of the parent compound, despite a substan-
tially longer t,, for the metabolite, suggesting that formation of this metabolite is
capacity-limited and that this may in part account for the nonlinearity observed in
clarithromycin pharmacokinetics. Clarithromycin and its metabolite both undergo
significant renal and nonrenal elimination. Fecal excretion of both is approximately
40%, while urinary excretion is 46-53%. Clearance by the renal route appeared to
be linear, with no significant overall trend to dose dependency [99]. Since clarithro-
mycin undergoes significant renal elimination, dosage adjustments must be made
for renal insufficiency. No dosage adjustment is necessary in the elderly or for those
with liver dysfunction. However, liver dysfunction does decrease formation the of
metabolites, thereby potentially decreasing its activity against H. influenzae [100].

An extended-release (ER) formulation of clarithromycin resulted in prolonged
absorption from the gastrointestinal tract after oral administration and produced
significantly lower peak plasma concentrations (C_ ) and a later onset (T, ) of the
maximum concentration for both parent and the metabolite than does an equipotent
dose of immediate release (IR) form; however, the ER clarithromycin exhibited
AUC,_ ,, equivalent to that of IR form. Food appeared to reduce the AUC of the ER
formulation by approximately 30% and ER clarithromycin is recommended to be
administered with food [100, 101].

Azithromycin has a bioavailability of approximately 37%. Food was shown to
increase C__ by 23% but had no effect on AUC. The reported time to C__ varies
from 2 to 12 h [102—-104]. Azithromycin is eliminated from the serum in a poly-
phasic manner. The initial rapid decline in drug plasma levels is indicative of a rapid
distribution phase, followed by a second component of distribution and elimination.
The terminal half-life of azithromycin in serum is substantially longer than other
macrolides, which is characterized by the extraordinary distribution from the tissue
compartments into vascular compartments. The protein-bound azithromycin at clini-
cally achievable serum concentrations is about 50%, which significantly diminishes
as the concentrations increase. Azithromycin interacts poorly with the cytochrome
P450 system in vitro [97] and the majority of absorbed azithromycin is found in the
bile unchanged; ten inactive metabolites have been found in feces. Urinary excretion
accounts for only a minimal route of elimination for azithromycin. The mean C_
and AUC values of azithromycin increased 61% and 35%, respectively, in subjects
with severe renal impairment compared to subjects with normal renal function, while
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mild to moderate renal impairment had an insignificant impact on the exposure. No
dosage adjustment is recommended for subjects with renal insufficiency.

Following oral administration, telithromycin was rapidly absorbed, reaching C_
within 1 h of dosing [105]. Steady-state plasma concentrations of both telithromy-
cin and its main circulating metabolite, formed by hydrolysis of the aryl rings of the
carbamate side chain, were reached within 2—3 days of multiple dosing, regardless of
the dose. Due to a slight decrease in nonrenal clearance with multiple dosing, there
was moderate accumulation of both telithromycin and its metabolite, with AUC
values approximately 1.5-fold higher than those attained after a single dose. The
AUC of telithromycin deviated moderately from dose proportionality; a doubling of
dose resulted in approximately a threefold increase in AUC. This may reflect a
decrease in the metabolic clearance of the drug and a slight increase in the bioavail-
ability of telithromycin with an increasing dose. The C_  values deviated only slightly
from dose proportionality. Telithromycin exhibited biphasic elimination, with a short
but predominant t, A, followed by a longer ¢t ,A,. The systemically available telithro-
mycin is eliminated by multiple pathways: 7% of the dose is excreted unchanged in
feces by biliary and/or intestinal secretion, 13% in urine by renal excretion, and 37%
of the dose is metabolized by the liver. Approximately 50% of metabolism is mediated
by CYP3A4 and the remaining 50% is cytochrome P450-independent. Hepatic insuf-
ficiency, regardless of severity, had no impact on the C__, AUC and t, , of telithromy-
cin. An increase in renal elimination was observed in hepatically impaired patients,
suggesting that this pathway may compensate for some of the decreased metabolic
clearance. However, a 1.4-fold increase in C_ and 1.9-fold increase in AUC0_2 , were
observed in patients with severe renal impairment. It is recommended that the dosage
of telithromycin be reduced in half in severely renally impaired patients.

The pharmacokinetics of cethromycin appeared to deviate from dose proportion-
ality and time-linearity [106]. Cethromycin systemic exposure (AUC) increased
more than proportionally with increasing dose, and was greater following repeated
dosing than following a single dose. The nonlinearity may be a result of increasing
oral bioavailability with an increasing dose rather than the saturation of drug elimi-
nation from the systemic circulation. Steady-state for cethromycin was reached by
Day 4 and the mean cethromycin half-life at steady-state ranged between 6.0 and
8.8 h [107]. Food appeared to have little or no effect on the pharmacokinetics of
cethromycin [108]. Cethromycin was principally metabolized by CYP3A, with the
primary N-desmethyl metabolite present in plasma and feces and the primary route
of elimination being presumably biliary excretion (87% of the dose was recovered
in feces). Cethromycin was about 87-95% protein bound at clinically relevant con-
centrations, with binding to a -acid glycoprotein being of higher affinity than to
albumin and accounting for most of the binding. While the steady-state exposure to
cethromycin appeared to be greater for subjects with moderate hepatic impairment
than for subjects with mild hepatic impairment or subjects with normal hepatic
function, the data suggests that no dose adjustment in cethromycin is required for
subjects with either mild or moderate hepatic impairment [109]. When cethro-
mycin was administered to subjects with severe renal impairment, the exposure to
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cethromycin was two- to fourfold greater than exposure in subjects with normal
renal function [110].

One characteristic common to both macrolides and ketolides is that they are
lipophilic in nature and have a low degree of ionization, which allows extensive
penetration into tissues and fluids to occur, as indicated by their large volumes of
distribution (Table 6.6). This is significant, as the majority of infections and the
antimicrobial actions take place in tissues, mucosa, or interstitial space fluid. For
example, concentrations of antibacterial agents in epithelial lining fluid (ELF) for
extracellular pathogens and in alveolar macrophage cells for intracellular pathogens
are corroborated with the efficacy for the treatment of pulmonary infections such as
community-acquired pneumonia [112]. All other four macrolides/ketolides, except
for erythromycin, notably accumulate in epithelial lining fluid and alveolar mac-
rophages (Table 6.7).

Macrolides and ketolides also demonstrated higher concentrations in tissues of
the upper respiratory tract such as bronchial mucosa, bronchial secretions, tonsils,
and sinus fluid [96, 111]. Concentrations of clarithromycin and telithromycin were
measured in peripheral soft tissues such as muscle and the subcutis. Data indicated
that telithromycin concentration in interstitial space fluid was twice the free drug
concentration in plasma, while clarithromycin achieved only approximately 50% of
the free drug concentration in plasma [111].

The ability to enter and survive within host cells offers a pathogenic advantage
to some microorganisms and, therefore, the intracellular concentrations of antibac-
terial agents are important in the defense against intracellular pathogens such as
L. pneumophila, C. pneumoniae, M. pneumoniae, U. urealyticum, Rickettsia, and
Brucella. In addition, extracellular pathogens such as S. aureus frequently invade
the phagolysosomal compartment of phagocytes, resulting in recurrence of the
infection or treatment failure. Macrolides and ketolides, unlike -lactams and amin-
oglycosides, penetrate host defense cells, particularly neutrophilic granulocytes,
macrophages, and polymorphonuclear leucocytes (PMNs) [96, 111, 118-120]. High
concentrations of macrolides and ketolides have also been detected within lyso-
symes due to a lower pH (4 to 5) in lysosymes compared with the cytoplasm (pH 7).
The effects of macrolides and ketolides as lysosome fusion with the phagosomes are
an essential event in the phagocytic killing process [96, 111].

Pharmacodynamics correlates the antibacterial activity of a compound with its
concentration profile at the site of action. Use of pharmacokinetic/pharmacody-
namic parameters could help to optimize dosing, maximize efficacy, and prevent the
emergence of resistance. The extensive distribution of macrolides and ketolides into
tissues, fluids, and cells as discussed above, however, makes predictions of pharma-
codynamic activity difficult, as plasma pharmacokinetic parameters frequently used
as predictors do not necessarily represent the concentrations of these agents at the
site of action [121]. Nevertheless, various models have demonstrated the pharmaco-
dynamics of erythromycin to be time-dependent. The survival rate of the treated
animals was associated with the time during which erythromycin concentrations
remained above the MIC and, hence, more frequent administration of the same total
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Table 6.8 AUC ,, i/ MIC for susceptible and resistant S. pneumoniae

Drug Susceptible Resistant (erm) Resistant (mef)
Clarithromycin 24 NM 27
Azithromycin 24 NM 20
Telithromycin 121 132 86
Cethromycin 34 50 56

daily dose was significantly more effective than larger doses given less frequently
[9, 122, 123].

Azithromycin pharmacodynamics appeared to be concentration-dependent, with
efficacy being best correlated with the ratio of C_ /MIC [104] or AUC/MIC [122,
124]. The concentration-dependent behavior was greatest during the initial expo-
sure to azithromycin which may be caused by an initial concentration-dependent
uptake into cells. In contrast, for clarithromycin, interdependence among the phar-
macodynamic parameters seems to exist, with time above MIC, C, . /MIC, and
AUC/MIC all being reported to closely correlate with the reduction in bacterial
density and survival [125].

Ketolides have consistently exhibited a concentration-dependent pharmacody-
namics. Both telithromycin and cethromycin achieved bactericidal activity against
macrolide-susceptible and -resistant S. pneumoniae in animal models with increased
survival rates and lower ED,, than macrolides. In a neutropenic mouse thigh model,
telithromycin demonstrated that both AUC/MIC and C_ /MIC ratios correlated
well with antibacterial activity against S. pneumoniae, regardless of the phenotypic-
resistant profile [126]. A bacteriostatic effect appeared to occur with a free drug
AUC/MIC ratio of approximately 200 or a free drug C_/MIC of 11, while bacteri-
cidal effects were observed when a free drug AUC/MIC ratio was >1,000 or a free
drug C__/MIC ratio was 90. Similarly, an approximate cethromycin free drug AUC/
MIC ratio of 50 or C, . /MIC ratio of 1 resulted in bacteriostatic effects, as shown in
a murine pneumococcal pneumonia model, where the maximal survival was
achieved with a free drug AUC/MIC ratio of 100 or C__/MIC ratio of 2 [127]. In an
immunocompetent murine pneumococcal pneumonia model, the cethromycin free
drug AUC/MIC ratio was upheld as the most predictive pharmacodynamic param-
eter; however, in the presence of neutrophils, lower drug exposure was required to
produce the same degree of bacterial killing. Compared with a neutropenic host, the
AUC /MIC ratio required to achieve a bacteriostatic effect was 2.5 times lower

free drug

and the ratio needed to achieve a bactericidal effect was 4 times lower in the immu-
nocompetent host [128].

Table 6.8 summarizes the targeted ratios of free drug AUC, /MIC required to
achieve a bacteriostatic effect for susceptible and resistant S. pneumoniae based on
the neutropenic mouse model [129, 130]. It should be noted that, based on the phar-
macodynamics of free drug concentrations, none of the macrolides and ketolides
should be adequate for treatment of H. influenzae, as the drug concentrations do not
reach the MIC, for this pathogen. However, they are all clinically effective in treating
and eradicating this pathogen.
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Another feature that contributes to the antibacterial activities of macrolides and
ketolides is their prolonged post-antibiotic effect (PAE). Generally speaking, the
persistent suppression of bacterial growth requires the organism to be exposed to
supra-inhibitory concentrations of the antibacterial agent. However, the suppression
of bacterial growth can persist after the short exposure of organisms to antimicrobial
agents. This is known as the PAE. The PAE is particularly important when the con-
centration of a drug declines below the MIC and may allow intermittent administra-
tion. Ketolides generally have PAEs equal to or greater than macrolides. Maximum
PAEs induced by 1 h of exposure to telithromycin at concentrations ranging from
0.5x MIC to 32x MIC were 3.7 h for S. aureus, 8.9 h for S. pyogenes, and 9.7 h for
S. pneumoniae [131]. At an exposure to 10x MIC of telithromycin, the reported
PAE against H. influenzae was 26.7 h and >1.3 h against M. catarrhalis at 4x MIC
[132]. At 10x MIC, cethromycin displayed a PAE of >1.7 h against macrolide-
susceptible and -resistant S. pneumoniae, 23.4 h against S. aureus, >3.8 h against
M. catarrhalis, and >4.9 h against H. influenzae [34, 67, 133, 134]. Cethromycin
also demonstrated a PAE of >2 h against L. pneumophila, 1.5-2.7 h against anaero-
bic P. anaerobius, and 2.1-3.3 h against anaerobic B. fragilis [135].

6.7 Clinical Use

Due to their range of antibacterial activity, the macrolide/ketolide agents (erythro-
mycin, clarithromycin, azithromycin, and telithromycin) have been utilized clini-
cally in a variety of indications. In addition, this class of antibiotic has demonstrated
immunomodulatory properties independent of their antibacterial effects. This pro-
vides additional opportunities for utility in a variety of both infectious and noninfec-
tious disease states. Considerable literature exists detailing the clinical effects of the
macrolides and a brief summary of their use in the treatment of a variety of relevant
medical conditions follows.

6.7.1 Upper Respiratory Tract Infections

Macrolides, due to their causative pathogen coverage, are efficacious in treating
common bacterial pharyngitis, sinusitis, and otitis media.

6.7.1.1 Bacterial Pharyngitis

While penicillin (intramuscular or oral) is generally considered to be the drug of
choice for the treatment of streptococcal infections and the prophylaxis of rheu-
matic fever, the macrolides azithromycin and clarithromycin are indicated in patients
who cannot use first-line penicillins [136, 137]. Both drugs have been demonstrated
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to be effective in the eradication of S. pyogenes from the nasopharynx; however,
their action on the subsequent prophylaxis of rheumatic fever has not been critically
established. Erythromycin is indicated for all mild to moderate respiratory tract
infections caused by S. pyogenes, but is additionally indicated for the prophylactic
prevention of both initial and recurrent attacks of rheumatic fever in penicillin-
allergic patients [138, 139].

6.7.1.2 Acute Maxillary Sinusitis

All of the macrolides are currently approved for the treatment of acute maxillary
sinusitis due to infection by M. catarrhalis, S. pneumoniae, or H. influenzae. When
using erythromycin in the treatment of a suspected H. influenzae infection, an ade-
quate dosage of a sulfonamide antibiotic, administered concomitantly, is indicated
[138, 139]. Both the immediate release and the extended-release formulations of
azithromycin and clarithromycin are indicated for the treatment of acute sinusitis
[136, 140, 147].

6.7.1.3 Acute Otitis Media

Both azithromycin and clarithromycin are available in a pediatric formulation and
are indicated for the treatment of acute otitis media due to infection by M. catarrha-
lis, S. pneumoniae, or H. influenzae in children [136, 137]. No macrolide products
are currently labeled for the treatment of otitis media in adults.

6.7.2 Lower-Respiratory Tract Infections

Macrolide/ketolide agents are efficacious in treating mild to moderate lower-respiratory
tract infections due to their causative pathogen coverage. While azithromycin,
clarithromycin, and telithromycin are labeled for their activity in specific clinical
conditions, erythromycin is instead suggested for use in all lower-respiratory tract
infections of mild to moderate severity caused by S. pyogenes or S. pneumoniae [138, 139].
The use of erythromycin is also indicated in the treatment of respiratory tract infections
due to M. pneumoniae and listeriosis caused by L. monocytogenes [138, 139].

6.7.2.1 Acute Bacterial Exacerbations of Chronic Obstructive
Pulmonary Disease

Azithromycin is indicated for adults with acute bacterial exacerbations of chronic
obstructive pulmonary disease due to H. influenzae, M. catarrhalis, or S. pneumo-
niae infection [136].
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6.7.2.2 Acute Bacterial Exacerbation of Chronic Bronchitis (ABECB)

Clarithromycin immediate and extended-release formulations are effective in the
treatment of acute bacterial exacerbations of chronic bronchitis caused by H. influ-
enzae, H. parainfluenzae, M. catarrhalis, or S. pneumoniae infection in adult
patients [137].

6.7.2.3 Community-Acquired Bacterial Pneumonia (CABP)

The use of oral formulations of azithromycin (immediate release, extended release,
and pediatric) is limited to adult and pediatric individuals with infection by C. pneu-
moniae, H. influenzae, M. pneumoniae, or S. pneumoniae. The use of the parenteral
formulation of azithromycin in the treatment of CABP should be limited to those
individuals requiring initial intravenous therapy for infection by C. pneumoniae, H.
influenzae, L. pneumophila, M. catarrhalis, M. pneumoniae, S. aureus, or S. pneu-
moniae [141].

The immediate release oral formulations of clarithromycin (adult and pediatric)
provide similar pathogen coverage to azithromycin as they are indicated for the
treatment of individuals with CABP due to infection by H. influenzae, M. pneumo-
niae, S. pneumoniae, or C. pneumoniae (note: the pediatric formulation label omits
infection by H. influenzae). The extended-release formulation of clarithromycin
provides additional coverage for the treatment of patients with CABP caused by
infection with H. parainfluenzae or M. catarrhalis [137].

Telithromycin represents the first agent in the ketolide class that has demonstrated
efficacy in the treatment of CABP patients infected with multidrug-resistant S. pneu-
moniae (MDRSP) [142]. MDRSP is defined as isolates resistant to two or more of
the following antibiotics: penicillin, second generation cephalosporins (such as
cefuroxime), macrolides, tetracyclines, and trimethoprim/sulfamethoxazole.
Telithromycin is indicated for the treatment of mild to moderate CABP due to infec-
tion with S. pneumoniae (both susceptible and MDRSP), H. influenzae, M. catarrh-
alis, C. pneumoniae, or M. pneumoniae in patients 18 years old or above.

Cethromycin is currently seeking FDA approval for the indication of CABP in
adult patients. Cethromycin administered at 300 mg QD for 7 days was reported to
have achieved noninferiority to clarithromycin in clinical cure rate. Similar results
were also observed in bacteriological cure rate, pathogen eradication rate, and
radiological success rate [143].

6.7.3 Skin and Soft Tissue Infections

Erythromycin, clarithromycin, and azithromycin are all indicated in the treatment of
uncomplicated skin and skin structure infections caused by S. aureus or S. pyogenes
(azithromycin provides additional coverage against infection by S. agalactiae)
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[136—-139]. Clarithromycin is the only macrolide indicated for infections of this
type in the pediatric population. In cases of abscess, surgical drainage is usually
required prior to the initiation of treatment with a macrolide agent. A warning sug-
gesting that resistant staphylococci may emerge during treatment is provided on the
erythromycin label.

A topical erythromycin gel is indicated for the treatment of acne vulgaris [144].

6.7.4 Genital Infections

Both azithromycin and erythromycin have demonstrated considerable efficacy in
the treatment of genital infections brought about by a number of pathogens.

The use of oral azithromycin in the treatment of urethritis and cervicitis due to
Chlamydia trachomatis or N. gonorrhoeae is well documented [136]. Pelvic inflam-
matory disease caused by infection with these pathogens as well as Mycoplasma
hominis can be treated with intravenous azithromycin; however, if an anaerobic
microorganism is believed to be contributing to the infection, additional agents with
anaerobic coverage should be administered simultaneously [141].

Alternatively, intravenously administered erythromycin followed by oral eryth-
romycin can be used to treat acute pelvic inflammatory disease caused by N. gonor-
rhoeae in subjects who have previously demonstrated penicillin sensitivity [138,
139]. In cases of tetracycline sensitivity or other cases in which tetracyclines are
contraindicated, erythromycin can be used to treat uncomplicated urethral, endocer-
vical, or rectal infections due to infection with C. trachomatis in adults. Erythromycin
can also be used to treat C. trachomatis urogenital infections during pregnancy
[138]. These infections may result in both newborn conjunctivitis and/or pneumonia
of infancy, both of which can be treated with erythromycin [139].

Azithromycin is not indicated for the treatment of syphilis [136]. Erythromycin,
however, can be used orally in the treatment of primary syphilis caused by Treponema
pallidum in patients allergic to penicillins [138, 139].

Additionally, erythromycin can be used in the treatment of nongonococcal urethritis
caused by U. urealyticum in patients in which tetracyclines are contraindicated.

Inmale patients, genital ulcer disease (chancroid) due to infection by Haemophilus
ducreyi can be successfully treated with azithromycin [136]. Insufficient data in
female subjects prohibits the recommendation of this treatment in this population.

6.7.5 Mycobacterial Infections in AIDS Patients

Clarithromycin is indicated for the treatment of disseminated mycobacterial infec-
tions due to Mycobacterium avium or Mycobacterium intracellulare in both adult
and pediatric patients [137]. In addition, treatment with clarithromycin is indicated
for the prevention of disseminated Mycobacterium avium complex (MAC) in both
adult and pediatric patients with advanced HIV infection [137].
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6.7.6 Other Pathogens

Oral erythromycin is indicated for the treatment of intestinal amebiasis caused by
infection with Entamoeba histolytica [138, 139]. Amebiasis occurring outside of
the intestinal tract is not susceptible to treatment with erythromycin.

6.7.7 Other Proposed Antibacterial Uses of Macrolides

One proposed use for macrolide antibiotics involves the eradication of persistent
pathogens believed to be responsible for a chronic inflammatory state. In these dis-
ease states, patients are chronically infected with bacterial pathogens whose pres-
ence results in the activation of pro-inflammatory pathways which contribute to the
pathogenesis of the condition. Three chronic diseases — atherosclerosis, asthma, and
Crohn’s disease — will be discussed here as potential conditions which may be effec-
tively treated with macrolide antibiotics. While no product has yet to receive regula-
tory approval for one of these indications, scientific evidence suggests that macrolides
may at least play a role in the amelioration of disease symptoms in affected
patients.

6.7.7.1 Atherosclerosis

The bacterium C. pneumoniae was originally associated with atherosclerosis and
coronary artery disease in 1986 [145]. At that time, several lines of evidence pointed
to a direct correlation between the presence of chronic C. pneumoniae infection
and the incidence of atherosclerotic events [146]. Studies examining plaques taken
from coronary artery walls demonstrated the presence of C. pneumoniae in the
plaque [147, 148]. Animal models of atherosclerosis were employed to examine the
effects of treatment with macrolide antibiotics and these results were positive [146].
As a result of these animal studies, several small-scale human clinical trials were
initiated to examine the preventative benefit of treatment with macrolide antibiotics
[149, 150]. Intriguing results in these studies resulted in the initiation of the
WIZARD and the ACES trials, which were statistically powered to detect a clini-
cally significant difference in the incidence of cardiac events in subjects receiving
azithromycin versus subjects not receiving macrolide treatment [151, 152].
Unfortunately, these large-scale clinical trials did not demonstrate any significant
effect of azithromycin treatment. Since these results were published, several reviews
of all of the macrolide/atherosclerosis evidence have been prepared [146, 153, 154].
The current consensus among experts seems to be that while chronic infection with
C. pneumoniae may play a role in the pro-inflammatory state seen in atherosclero-
sis, it is not sufficient to result in atherosclerosis or the clinical consequences of
atherosclerosis in and of itself, and therapeutic eradication alone does not result in
a clinically significant difference in outcome.
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6.7.7.2 Asthma

Association of infection with the atypical bacteria C. pneumoniae or M. pneumoniae
with asthma disease severity or exacerbation has been demonstrated [155, 156].
This would suggest a role for the macrolide agents with atypical pathogen coverage
in the treatment of acute asthma attacks. In trials examining the effect of macrolide
treatment in chronic asthma patients a generally positive correlation has been dem-
onstrated [157, 158]. One recent study, using telithromycin, demonstrated statisti-
cally significant and clinically meaningful benefits in subjects receiving telithromycin
treatment in addition to the standard of care therapy [159]. Challenges exist in teas-
ing out the mechanism of effect of macrolide intervention in asthma patients. Many
attribute the results demonstrated thus far to be simply the result of the general anti-
inflammatory properties of the macrolide class and not directly related to an antibac-
terial mechanism of action.

6.7.7.3 Crohn’s Disease

Several studies have demonstrated a larger number of Mycobacterium avium para-
tuberculosis bacteria in the intestines of patients with Crohn’s disease when
compared to ulcerative colitis patients or normal healthy control subjects [160—162].
Clinical trials examining the use of macrolide antibiotics combined with corticoster-
oids or sulfasalazine have yielded encouraging results [163, 164]. Several examples
of long-term remission of symptoms have been demonstrated suggesting that fur-
ther large-scale controlled trials are necessary to establish the role of antibacterial
agents such as the macrolides which retain coverage against Mycobacterium avium
paratuberculosis in the treatment of Crohn’s disease.

6.7.8 Proposed Anti-inflammatory Uses of Macrolides

In addition to their direct antibacterial effects, macrolide antibiotics appear to func-
tion in a general anti-inflammatory role. Several targets in the inflammatory path-
way have been identified as being affected by administration of macrolides. For
example, macrolides have been demonstrated to reduce neutrophil chemotaxis, lim-
iting the recruitment of neutrophils to the site of inflammation [165, 166]. Macrolides
also affect neutrophil function via the reduction of the oxidative burst [167]. This
results in a decreased production of several mediators including nitric oxide [168],
neutrophil elastase [169], TNF [170], and prostaglandin E, [171]. Macrolides also
suppress NF-kB activation in respiratory epithelial cells and monocytes [172].

6.7.8.1 Diffuse Panbronchiolitis/Cystic Fibrosis

Diffuse panbronchiolitis and cystic fibrosis are diseases characterized by persis-
tent inflammation of the bronchioles accompanied by continuous recruitment of
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inflammatory cells into the lungs [173]. Clinical trials of long-term and low-dose
macrolide therapy (especially using azithromycin) have demonstrated clinical
improvement in patients receiving therapy [174, 175]. As the doses of macrolides
given in these trials were considerably lower than that required for antibacterial
effects, the immunomodulatory activity of the macrolide is believed to be responsible
for the therapeutic effect. Superinfection with P. aeruginosa is a common complica-
tion of both diffuse panbronchiolitis and cystic fibrosis, suggesting that the antibacte-
rial effect of the macrolides may play a role in the therapeutic effect. In vitro activities
of the macrolides against P. aeruginosa, however, are quite low, leading investigators
to search for alternative mechanisms of action [176]. This interaction is generally
inhibited by the biofilm preventing phagocytosis by host immune cells.

6.7.8.2 Other Inflammatory Conditions

Macrolide therapy has been examined, albeit in small numbers of patients, in sev-
eral other conditions believed to have an inflammatory pathogenesis. Examples
include middle-lobe syndrome [177], prurigo pigmentosa [178], and confluent and
reticulated papillomatosis [179].

6.8 Safety Issues

The macrolides erythromycin, azithromycin, and clarithromycin are generally con-
sidered to be among the safest antibacterial agents available. The ketolide agent
telithromycin also demonstrated the benign safety profile seen with the earlier gen-
eration macrolides, but due to isolated incidences of severe hepatotoxicity, it has
been limited to the treatment of community-acquired pneumonia. Tolerability of all
of these agents is good with few discontinuations seen due to adverse events. Less
frequent adverse events such as cardiac toxicity (QT prolongation), hepatic effects,
and visual disturbances have been reported with the use of macrolides and ketolides.
Due to their interaction with the cytochrome P450 system, with the exception of
azithromycin, the potential for drug—drug interactions must be monitored. The clinical
safety profile of each agent is summarized below.

6.8.1 Erythromycin

Erythromycin has generally been shown to be a safe antibiotic with an adverse event
profile limited to non-life-threatening events [180-182]. The most frequently seen
adverse events are gastrointestinal in nature and include nausea, vomiting, abdomi-
nal pain, and diarrhea [138, 139]. These events, however, have been reported to
occur in 20-50% of all patients receiving erythromycin [183]. Due to reports of
hepatic dysfunction, including increased liver enzymes, and hepatocellular and/or
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cholestatic hepatitis, with or without jaundice, occurring in patients receiving oral
erythromycin, a warning is included in the erythromycin product monograph [138,
139]. Additionally, a warning is included pertaining to the possibility of patients
developing pseudomembranous colitis [138, 139]. This warning is identical in all of
the macrolides’ product information.

6.8.2 Clarithromycin

The newer macrolide agents clarithromycin and azithromycin were developed in an
attempt to minimize the incidence of gastrointestinal adverse events seen in patients
taking erythromycin. Clarithromycin has demonstrated excellent tolerability in sub-
jects receiving both the immediate and extended-release formulations of the drug.
In comparative studies, patients receiving clarithromycin were shown to have fewer
adverse experiences than patients receiving erythromycin [184]. The most common
adverse events experienced were gastrointestinal in nature and included nausea
(3.8%), diarrhea (3%), and abdominal pain (1.9%) [185]. Patients receiving the
extended-release formulation of clarithromycin, however, did appear to experience
less severe gastrointestinal side effects as well as experience fewer discontinuations
of the drug due to intolerability [186]. Less than 3% of all subjects receiving
clarithromycin in clinical trials withdrew participation due to an adverse event
[187]. Most common among laboratory abnormalities were elevated liver function
tests, decreased white blood cell counts, and elevated BUN [137]. Severe side effects
such as pancreatitis [188], myasthenic syndrome [189], cholestatic hepatitis [190],
and fulminant hepatic failure [191] have been seen in an isolated number of subjects
receiving clarithromycin. Treatment of mycobacterial infections in elderly subjects
with high-dose clarithromycin (1,000 mg BID) resulted in increased incidence and
severity of adverse events [192].

Clarithromycin is warned to not be used in pregnant women unless there is no
alternative therapy [137], due to adverse effects on the fetus seen in animal repro-
duction studies [193]. The pseudomembranous colitis warning is also present on
this package insert [137].

6.8.3 Azithromycin

Azithromycin has perhaps the most benign safety profile of the currently marketed
macrolide agents. Indeed, only 0.7% of subjects receiving azithromycin discontinued
therapy due to adverse events, compared with 2.6% of subjects receiving comparator
drugs [194]. A post hoc review of adverse events in over 6,600 patients reported that
gastrointestinal side effects were the most frequently reported by approximately 12%
of all patients examined, with diarrhea (3.6%), nausea (2.6%), and abdominal pain
(2.5%) most frequently reported [195]. Over 60% of these reported adverse events
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were considered mild. All other adverse events were reported in<2% of all patients
[195]. Liver function test elevations were seen in 1.5% of patients [195]. Both pain at
the injection site and local inflammation were reported for parenterally administered
azithromycin in fewer than 10% of subjects receiving the drug [196]. Labeled warn-
ings for azithromycin the pseudomembranous colitis warning found on all macrolide
antibiotic product information monographs [136, 140, 141].

6.8.4 Telithromycin

The safety profile of the ketolide telithromycin is considerably more complex than
that of the other previously discussed macrolides. Pre-approval clinical trial data sug-
gested that telithromycin was as safe as comparator agents used in those trials and
similar in adverse event severity and incidence to the marketed macrolide agent
clarithromycin [197]. In controlled studies of over 2,700 patients receiving
telithromycin, gastrointestinal side effects such as diarrhea (10.8%), nausea (7.9%),
and vomiting (2.9%) were seen as were CNS side effects such as headache (5.5%) and
dizziness (3.7%) [198]. These incidences were similar in both telithromycin and com-
parator-treated subjects as were the discontinuation rates due to adverse experiences
(telithromycin: 4.4%, comparators: 4.3%) [198]. Other less commonly seen but nota-
ble adverse events in the controlled trials included visual disturbance, which was
experienced in 1.1% of telithromycin subjects compared to 0.28% of patients receiv-
ing other antibiotics [198], a small increase in QT interval (~1.5 ms) in telithromycin-
treated subjects [ 198] and increased liver enzymes and hepatocellular and/or cholestatic
hepatitis (with or without jaundice) [142]. The incidence of ALT levels above three
times the upper limit of normal was 1.6% in telithromycin-treated subjects and 1.7%
in comparator-treated subjects [198]. Reversible hepatitis was experienced by 0.07%
of all subjects treated with telithromycin in the controlled Phase 3 program [142]. The
risk benefit profile of telithromycin was determined to be favorable and in April of
2004 telithromycin was approved by the FDA for the treatment of community-acquired
pneumonia, acute exacerbation of chronic bronchitis, and acute sinusitis.
Post-marketing surveillance studies, however, have resulted in the discovery of
several safety issues prompting worldwide regulatory agencies to issue serious
warnings concerning the use of telithromycin, as well as limit the approved indica-
tions for the drug. In 2006, Clay et al. reported on three cases of severe hepatotoxic-
ity in subjects who were taking or who had taken telithromycin [199]. One of these
subjects fully recovered, one required liver transplantation, and one died. In 2007,
the regulatory agencies, e.g., EMEA and FDA, and the sponsor agreed to limit the
indicated use of telithromycin to the treatment of mild to moderate community-
acquired pneumonia, considerably narrowing its use [200, 201]. Since that time,
post-marketing surveillance has resulted in an additional warning box added to the
telithromycin labeling. This warning concerns patients with myasthenia gravis and
states in part that telithromycin is “contraindicated in patients with myasthenia
gravis. There have been reports of fatal and life-threatening respiratory failure in
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patients with myasthenia gravis associated with the use of Ketek” [142]. Also
included are warnings related to hepatotoxicity, QTc prolongation, visual distur-
bances, loss of consciousness, and pseudomembranous colitis [142, 202].

6.8.5 Drug-Drug Interactions

Erythromycin, clarithromycin, and telithromycin are all primarily metabolized by the
CYP3A4 subclass of the cytochrome P450 hepatic enzyme system [203, 204].
Azithromycin is primarily eliminated unchanged, and does not interact with the cyto-
chrome P450 system [205]. All three drugs metabolized via CYP3A4 also act as
inhibitors of the enzyme adding to their drug—drug interaction potential [203, 204].

Administration of erythromycin has been reported to increase the plasma levels
of a variety of drugs including theophylline [206], warfarin [207], triazolam [208],
alfentanil [209], bromocriptine [210], carbamazepine [211], and cyclosporine [212].
Clarithromycin use may also increase the plasma levels of multiple medications
[203, 213-224]. Once again, caution must be taken when coadministering clarithro-
mycin with any other agent that interacts with the CYP3A4 enzyme [137].

Azithromycin does not interact with the cytochrome P450 system and thus its
potential for drug—drug interactions is greatly reduced [205]. Interestingly, there still
are anecdotal reports of toxicity seen when azithromycin is coadministered with
lovastatin [225], warfarin [226], cyclosporine [227], disopyramide [228], and theo-
phylline [229]. Telithromycin interacts with CYP3A4 as both a substrate and an
inhibitor of the enzyme [204]. Additionally, telithromycin also competitively inhibits
the CYP2D6 enzyme system [204]. These interactions result in the contraindication
of administration of telithromycin with a number of other agents [142, 197, 198, 204,
230, 231]. Due to the interaction of telithromycin with two separate cytochrome
P450 hepatic enzymes, additional opportunities for drug—drug interactions exist with
this drug. Caution is warranted when administering telithromycin to patients taking
concomitant medications [142]. Similarly, cethromycin has also been shown to be a
substrate and an inhibitor of CYP3A [232-235].

In summary, due to their interactions with the cytochrome P450 hepatic enzyme
system, macrolide/ketolide agents including erythromycin, clarithromycin, telithro-
mycin, and cethromycin may present challenges in patients taking medications
which also interact with this system. The lack of interaction with P450 enzymes
renders azithromycin less potential for drug—drug interaction although care is still
warranted with certain concomitantly administered medications.

6.9 Future Directions

The understanding of structure—activity relationships and the advancement in syn-
thetic methodology have led to the discovery of a variety of new macrolides and
ketolides [236].
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TE-802

Fig. 6.2 misses the chemical structures of TE-802

EDP-420 (EDP-013420, S-013420) is a 6,11-bridged bicyclic ketolide (Fig. 6.2).
The 6- and 11-hydroxy groups of the macrocyclic ring are linked by a three-carbon
bridge which is attached by a heteroaryl oxime at the center carbon. In addition, the
9-keto group is replaced by an acetylamino functional group. These modifications
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enhance the acid stability of the molecule. The in vitro spectrum of antibacterial activity
of EDP-420 is very similar to that of telithromycin and cethromycin [202]. This
molecule is in Phase II clinical development for community-acquired bacterial pneu-
monia (CABP). The reported clinical cure rates were 92.5% (37/40 cases) in CABP
patients who were administered 300 mg on the first day followed by a 4-day 150 mg
QD regimen and 85.0% (34/40 cases) in CABP patients who were given 400 mg on
the first day followed by a 4-day 200 mg QD regimen. The bacteriological eradication
rates were 81.8% and 88.2%, respectively, for the two dosing regimens [237].

EP-014887 is a 3,6-bridged tricyclic macrolide derived from an intensive medic-
inal chemistry investigation [238]. This compound showed activity against a broad
spectrum of bacteria including macrolide-resistant S. prneumoniae and macrolide-
resistant S. pyogenes. More interestingly, this agent exhibited activity against the
MLS,, phenotype of S. aureus and MRSA at MIC values of <0.06 and 4 ug/mL,
respectively. It is not known if the MLS , phenotype is inducible or constitutive. The
compound also displayed activity against vancomycin- and linezolid-resistant
E. faecalis and E. faecium with MIC, values of 1 and 2 pg/mL. In a mouse protec-
tion model against MRSA, EP-014887 demonstrated an ED, value of 2.7 mg/kg
after intravenous administration.

CEM-101 is a 2-fluoroketolide in early clinical development. Its MIC values
against respiratory tract pathogens including macrolide-resistant S. pneumoniae and
multidrug-resistant serotype 19A were two- to fourfold lower than telithromycin
[239]. BAL19403 is a macrolide with an 11,12-lactone ring. Even though it has
been optimized for antipropionibacterial and anti-inflammatory activities and is
being developed as a topical treatment for mild to moderate inflammatory acne
vulgaris, this macrolide demonstrated in vitro activity against S. aureus and S. pyo-
genes [240]. TE-802 is a tricyclic ketolide with an additional diazaheptene ring
linked between the 9-position and the carbamate. Due to its poor activity against
H. influenzae, it has not been further developed but has instead served as a lead
molecule for further structural optimization [236].

The structure-based rational design of macrolides and ketolides by integrating the
high-resolution structures of H. marismortui and D. radiodurans 50 S ribosomal
subunits and computational modeling will undoubtedly produce novel molecules not
only potent against wild-type bacteria but more specifically targeting drug-resistant
mutant species. Molecules that irreversibly bind to bacterial ribosomes may offer
additional advantages in overcoming resistance. In addition, the genes encoding the
polyketide synthases (PKSs) responsible for the biosynthesis of erythromycin by the
bacterium Saccharopolyspora erythraea have been elucidated, cloned, and sequenced;
genetic manipulation of the PKS-encoding genes can result in novel macrocyclic core
structures that are not easily achievable through conventional chemical synthesis
[241, 242]. These core structures can then be further chemically modified and deriva-
tized [243].

Macrolides and ketolides have shown the ability to inhibit the assembly of
the 50 S ribosomal subunit in a number of organisms including S. pneumoniae,
S. aureus, H. influenzae, and E. coli. However, preferential inhibition of ribosome
assembly in growing cells by translational inhibitors has not been fully exploited.
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This may represent a novel target for the development of important bactericidal
antimicrobial agents [72].

The global increase in macrolide-resistant S. pneumoniae is associated with the
wide clinical use of macrolides in the community, especially in the case of azithro-
mycin [244-246]. The coverage of pathogens and the convenience of oral and once-
daily administration render ketolides highly suitable for use in community-acquired
respiratory tract infections where macrolide-resistant S. pneumoniae is prevalent.
However, recent changes in the regulations have created a paradigm shift for the
development of antimicrobials. It appears that active-controlled noninferiority study
designs will no longer be adequate to support approval of drugs for the indications of
acute bacterial sinusitis, acute bacterial exacerbation of chronic bronchitis, and acute
bacterial otitis media; placebo-controlled or superiority designs are recommended
[247-250]. For community-acquired bacterial pneumonia, even though placebo-
controlled clinical trials are deemed to be inappropriate and active-controlled nonin-
feriority study designs acceptable, as stated in the draft guidance document, it is
recommended that at least 50% of the study population in pivotal trials should
have pneumonia severity PORT scores of III or greater for an oral formulation and a
minimum of 25% of the study population have PORT scores of IV or above for an
intravenous formulation. The microbiological Intend-to-Treat (MITT) population
will be the primary analysis and a 10% noninferiority margin should be met to
demonstrate efficacy. Also, at least 30-40% of the enrolled patients should have
confirmed bacteriological etiology, with atypical bacterial pathogens such as
L. pneumophila, M. pneumoniae, and C. pneumoniae excluded from the trials [251].
These changes will inevitably pose challenges in developing antimicrobial drugs in
general and macrolides/ketolides in particular for community use. These challenges
include difficulties in patient enrollment and the requirement for larger trials —
approximately 1,000 patients (500 patients per study arm) in the ITT population per
trial may be needed, thus prolonging the development time and increasing the cost of
antimicrobial drug development. The pharmaceutical industry will need to devise
more innovative clinical approaches to meet these challenges.

On the other hand, “bad bugs” continue to evolve and confer resistance to cur-
rently available antibacterial treatments. Resistance to the so-called ESKAPE
pathogens (E. faecium, S. aureus, Klebsiella pneumoniae, Actinetobacter baumanii,
Pseudomonas aeruginosa, and Enterobacter spp.) are considered by the Infectious
Diseases Society of America (IDSA) to be clinical super-challenges in the twenty-
first century [252, 253]. More people now die of MRSA infection in US hospitals
than of HIV/AIDS and tuberculosis combined [252]. Inactivity against S. aureus
with a constitutive MLS_ phenotype and intrinsic resistance by Gram-negative
bacilli such as Enterobacteriaceae, Pseudomonas spp., and Actinetobacter spp. are
among the drawbacks of the currently available macrolides and ketolides. Future
generations of macrolides and ketolides able to fight the multidrug-resistant
“ESKAPE” pathogens will certainly provide an enhanced armamentarium for
twenty-first century physicians to defend public health.

Furthermore, the effect of macrolide/ketolide agents on long-term infections
resulting in a chronic inflammatory state is promising, as is their low-dose effect as
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immunomodulatory molecules. Continued investigation into these additional effects
should prove fruitful in establishing this antibacterial class as a viable alternative in
the treatment of a variety of troublesome medical conditions.
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Chapter 7
Aminoglycosides

Eliana S. Armstrong, Corwin F. Kostrub, Robert T. Cass,
Heinz E. Moser, Alisa W. Serio, and George H. Miller

7.1 Introduction

Aminoglycosides are used by clinicians for many gram-negative infections in the
hospital setting, particularly for complicated urinary tract infections (cUTI). For
other serious infections such as hospital acquired pneumonia (HAP), complicated
intra-abdominal infections (cIAl), and blood stream infections, they are frequently
used in combination with other antibiotics to provide additional coverage of both
gram-negative and selected gram-positive pathogens or for the promise of preventing
the development of resistance. Guidelines from the American Thoracic Society and
the Infectious Disease Society of America recommend inclusion of an aminoglyco-
side in combination treatment regimens for HAP and ventilator-acquired pneumonia
(VAP), particularly in cases where the pathogen is presumed to be multidrug resistant
[1]. Both intravenous (IV) and inhaled formulations of aminoglycosides, primarily
tobramycin, are used in the management of cystic fibrosis patients who are colonized
with Pseudomonas aeruginosa, and aminoglycosides remain an important second-
line treatment for drug-resistant tuberculosis.

Aminoglycoside use has declined as older members of the class confront increas-
ing levels of resistance. New aminoglycosides have not been developed recently, due
to challenging synthetic chemistry, concerns about potential toxicity, and competi-
tion from other broad-spectrum antibiotics, including the later generation cepha-
losporins, carbapenems, and fluoroquinolones. As increasing resistance renders these
agents ineffective, new aminoglycosides that overcome existing resistance mecha-
nisms may be an attractive option for the treatment of serious infections due to gram-
negative pathogens and/or methicillin-resistant Staphylococcus aureus (MRSA) in
hospitalized patients.
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Our understanding of both the safety and efficacy of aminoglycosides has
advanced considerably since they were first approved for human use over 50 years
ago. Pharmacodynamic principles show that once-daily dosing reduces nephrotoxic-
ity and ototoxicity, while maintaining and possibly improving efficacy [125].
Nonclinical and clinical studies have affirmed the hypothesis that less frequent amin-
oglycoside administration results in less aminoglycoside uptake in proximal renal
tubule epithelial cells, and ultimately, a lower rate of nephrotoxicity during adminis-
tration of reasonably short courses (<10 days) of therapy. Administering an amino-
glycoside infrequently and briefly does not completely eliminate the risk of
drug-induced nephrotoxicity but provides a window for safe treatment of patients
administered these agents. Because aminoglycosides are concentration-dependent
bactericidal drugs, relatively short courses (<7 days) should provide near-maximal
effect and near-minimal toxicity.

In this chapter, we describe the discovery and applications of the aminoglycoside
antibiotics and also discuss a next-generation aminoglycoside, or neoglycoside,
ACHN-490. ACHN-490 has potent activity against gram-negative and gram-posi-
tive bacterial species, including those that produce aminoglycoside-modifying
enzymes, which inactivate earlier aminoglycosides. ACHN-490 is also active
against Enterobacteriaceae resistant to other classes of antibiotics and against S.
aureus, including MRSA. The first phase 1 clinical trial was successfully completed
in June 2009 [2] and a phase 2 study in cUTT has been initiated as of this writing.

7.2  Aminoglycoside Mechanism of Action

Aminoglycosides kill bacteria by binding to the bacterial ribosome and inhibiting
normal protein synthesis. Specifically, they bind tightly to the highly conserved
A-site (the transfer RNA acceptor site) of bacterial 16 S ribosomal RNA of the 30 S
ribosomal subunit [3]. Structural elucidation of multiple aminoglycosides bound to
RNA oligomers mimicking this site [4] and to the 30 S subunit itself [5] has defined
the molecular interactions and shown that aminoglycosides bind in a defined major
groove pocket at this site (Fig. 7.1). The tight molecular interaction is driven primar-
ily by multiple hydrogen bonds. In addition, electrostatic and hydrophobic interac-
tions contribute to stability. In each structure known, the central 2-deoxystreptamine
ring of the non-streptomycin aminoglycosides (see Fig. 7.4) adopts a highly con-
served conformation and maintains the same interactions with the target RNA.

The molecular target of aminoglycosides is the 16 S ribosome, which is highly
conserved across bacteria. As such, aminoglycoside antibiotics exhibit in vitro activ-
ity against a wide variety of clinically important gram-negative bacteria, including all
Enterobacteriaceae (e.g., Escherichia coli, Klebsiella spp., Enterobacter spp.,
Yersinia spp., Salmonella spp., Shigella spp.), Acinetobacter spp., Pseudomonas
spp., Franciscella spp., and Brucella spp., as well as gram-positive Bacillus spp.,
Staphylococcus spp., and some streptococci. However, they lack predictable in vitro
activity against Bacteroides spp. and other anaerobic microorganisms, Streptococcus
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Fig. 7.1 Paromomycin analog with 2-deoxystreptamine circled and shown bound to its target
A-site RNA

pneumoniae, Burkholderia spp., and Stenotrophomonas maltophilia. Their activity
against enterococci is adequate only when they are used synergistically with a cell
wall-active antibiotic, such as vancomycin or a penicillin. These holes in the other-
wise broad spectrum of aminoglycosides occur not because of changes in the target
but due to decreased uptake into and/or increased efflux out of the bacterial cell.

Aminoglycosides have been used to treat serious infections, both for empirical
treatment and otherwise. The broad-spectrum activity and high level of bacterial
cidality are important contributing factors to their clinical success. While the specific
mechanism responsible for this bactericidal activity is not well defined, it has been
suggested that the mode of aminoglycoside binding to the ribosome plays a key role
by stabilizing both cognate and non-cognate transfer RNA, resulting in the insertion
of random amino acids during protein synthesis [6]. It is believed that the bacterial
lethality of aminoglycosides is correlated with the production of these mistranslated
proteins. Similarly, the persistent activity of aminoglycosides after removal of the
drug may be due to lingering effects of sublethal levels of these proteins, or the time
required for the drug to dissociate from the ribosomal target [7]. This pronounced
post-antibiotic effect permits once-daily dosing to minimize toxicity while not sacri-
ficing efficacy [8]. Aminoglycosides also exhibit a post-adaptive response [9]. This
effect is characterized by a period of time after a first exposure to an aminoglycoside
in which a second exposure to an aminoglycoside has no effect on the organism. This
usually lasts 4-6 h, after which the response to a second exposure is similar to the first
exposure. In Pseudomonas, the effect has been shown to be due to a transient upregu-
lation of the efflux pump, MexXY-OprM [10]. The post-adaptive response further
supports once-daily dosing regimens for the aminoglycosides.
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7.3 Mechanisms of Aminoglycoside Resistance

With over 50 years of widespread use, it may be expected that widespread resistance
would have followed. However, although new aminoglycoside-modifying enzymes
(AMEs) have emerged as each new compound has been introduced, resistance rates
have not increased at the rapid pace observed for other classes such as the fluoroqui-
nolones. It should be noted that despite continued worldwide aminoglycoside use,
there have not been any newly described AMEs in over 20 years [11] and no descrip-
tions of new mutations of known AMEs leading to new aminoglycoside substrate
profiles. However, there has been a single mutation in a 6" acetylating AME that now
confers resistance to ciprofloxacin and other fluoroquinolones without altering the
aminoglycoside substrate profile [12]. This has important implications for the devel-
opment of new members of the aminoglycoside class. If chemical structures can be
engineered to overcome all the current clinically important AMESs, then these com-
pounds have the potential for a long life expectancy without cross-resistance from
other classes.

AME:s are the most prevalent cause of aminoglycoside resistance in the clinic
[13]. With the exception of Pseudomonas, Acinetobacter, and Burkholderia pseudo-
mallei, the regulation of intracellular concentration by overexpression of efflux
pumps plays a less important role as an aminoglycoside resistance mechanism
(AGRM) [14]. Ribosomal target modifying enzymes have recently emerged, gener-
ating very high levels of resistance to all known 4,6-linked aminoglycosides, but they
are currently of low prevalence [15]. AME:s are often plasmid mediated, frequently
occurring on transposons in combination with resistance genes for other antibiotic
classes, making them a considerable threat to the utility of aminoglycosides. AMEs
inactivate aminoglycosides by N-acetylation (AAC), O-adenylation (ANT), or
O-phosphorylation (APH). Figure 7.2 shows the AMEs and the affected functional
groups on the kanamycin B scaffold. The aminoglycosides whose activity is altered
are listed next to each enzyme. The position of the aminoglycoside that is modified
is indicated by the number in parentheses. When an enzyme carries out the same
transformation but on a different set of substrates, it is assigned a separate Roman
numeral. AMEs are found in a broad range of both gram-positive and gram-negative
organisms. Multiple different genes have been discovered encoding the enzymes that
carry out the chemical transformation of the aminoglycoside. The different genes
encoding the same enzyme type are indicated by the alphabetical designation in
Fig. 7.2, e.g., the AAC(6’)-Ia is encoded by a different gene than AAC(6’)-Ib but
both have the same spectrum of enzymatic activity.

Crystallographic structures have been determined for several AMEs. Interestingly,
despite the lack of similarity at the amino acid sequence level, these structures show
remarkable similarity to portions of various eukaryotic enzymes. Structural simi-
larities exist between ANT(4’,4”)-Ia and cytochrome C [16]; APH(3’)-IIla and
protein kinases [17]; AAC(3)-Ia [18] and AAC(6’)-li; and the GCN5-related
N-acetyltransferase superfamily. Detailed kinetic studies of the mechanisms of sev-
eral AMEs have also been published, most suggest an ordered binding of cofactors
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Fig. 7.2 AMEs shown with target functional groups of kanamycin B. Affected aminoglycosides
are listed next to each enzyme. AMK amikacin, ARB arbekacin, FOR fortimicin, GEN gentamicin,
ISEisepamicin, KANkanamycin, NET netilmicin, NEOneomycin, TOBtobramycin. AMEs not
shown in this figure, e.g., APH(3’)-IV/-V are found in aminoglycoside-producing organisms but
are not known in clinical isolates

and substrates indicative of Theorell-Chance Kkinetics. These include AAC(6’)-Ib
[19],ANT(2”)-I[20],AAC(6°)-1i[21], APH(3")-IITIa[22],and APH(2”)-Ia+ AAC(6’)
Ie [23]. Thermodynamic studies of aminoglycoside binding interactions with
APH(3’)-II1a [24], ANT(2”)-1a [25], and AAC(3)-IIIb [26] have also been pub-
lished. These studies showed that there is often no difference between the binding
affinities of 4,6-disubstituted 2-deoxystreptamine aminoglycosides and 4,5-disub-
stituted 2-deoxystreptamine aminoglycosides even if only the former are substrates
for the enzyme (e.g., with ANT(2”)-1a). Similarly, kanamycin B and 3’deoxy-kana-
mycin B (tobramycin) have similar affinities for APH(3’)-Illa even though only
kanamycin B is inactivated by the enzyme. Generally, amino groups at positions 2’
and 6’ result in higher affinity binding than seen with aminoglycosides having
hydroxyls at these positions [27].

Other than the APH(3’)-I/Il enzymes, which were very common worldwide,
aminoglycoside resistance in the USA in the mid-1970s was mainly caused by the
gentamicin-modifying enzymes, AAC(3) and ANT(2”), with little or no AAC(6’)-1.
However, in Japan, kanamycin resistance in the form of ANT(2”) and AAC(6’)-1
predominated [33]. In limited surveys, AMEs in Europe [28] and Chile [33] were
found to be similar to those in the USA. In the late 1970s and early 1980s, tobramy-
cin, netilmicin, and amikacin were introduced into clinical practice in the USA,
Europe, and Latin America. All three of these aminoglycosides are substrates for
AAC(6’)-1 and as a result, the distribution of AMEs began to change in these coun-
tries. Surveys of aminoglycoside resistance between 1984 and 1988 in the USA
[29, 301, Europe [31], and Belgium [32] showed an increase in AAC(6”)-1 alone and
frequently in combination with the previously prevalent gentamicin-modifying
enzymes, AAC(3)-1I and ANT(2”)-L.
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A large multinational study confirmed the multiple independent observations that
enzymes that modify gentamicin are frequently found in combination with AAC(6’)-1
enzymes that inactivate the newer aminoglycoside amikacin [33]. An extensive col-
lection of clinical isolates collected worldwide between 1988 and 1993 was exam-
ined for the presence of AMEs. Detection of an AME was conducted through
susceptibility testing with aminoglycosides to generate an antibiogram that serves as
a unique enzymatic “signature” [34]. When more than one enzyme was present, the
interpretation of the antibiogram became complex, necessitating molecular tech-
niques such as DNA hybridization to confirm the initial findings.

Recently a similar surveillance effort was conducted on a smaller scale to investi-
gate whether the types of enzymes and the most frequent combinations had changed
in the intervening 15 years. The results are summarized in Fig. 7.3 [35]. The survey
demonstrated that the prevalence of the most common resistance mechanisms has
remained constant. The enzymes ANT(2”)-I, AAC(3)-II and AAC(6’)-I (either alone
or in combination) are the key resistance determinants among the Enterobacteriaceae.
Ribosomal methyltransferases (RMT) were not detected in the earlier survey and the
current incidence remains minimal worldwide [15]. Two enzymes dominate P. aerug-
inosa isolates, ANT(2”)-I and AAC(6’)-1. In Pseudomonas, one of the most common
aminoglycoside resistance mechanisms is the upregulation of the MexXY efflux
pump [36]. This is difficult to identify through susceptibility testing as it tends to alter
the susceptibility to all aminoglycosides equally. Efflux also plays a leading role in
Acinetobacter, in addition to the combination of multiple different AMEs [37].

7.4 Aminoglycoside Natural Products

The first successful use of natural product screening was the discovery of streptomy-
cin by Schatz and Waksman [38]. As a consequence, there have been many natural
product screening programs designed to find new aminoglycosides and these have
been extensively reviewed [39, 40]. In his quest for antibiotics active against
Mycobacterium tuberculosis, Waksman had previously identified compounds such
as actinomycin in fermentation broths from Actinomycetes [40] but none had the
desired M. tuberculosis activity. The discovery of streptomycin quickly led to the
isolation, purification, and use of streptomycin for the treatment of tuberculosis in
clinical trials in collaboration with Merck [41]. While streptomycin was remarkably
successful in these initial trials, resistance developed quickly and vestibular and audi-
tory toxicities were observed. Resistance in these trials was caused by target site
mutations in a ribosomal protein closely associated with the binding site of strepto-
mycin. While unfortunate, this rapid development of resistance led to the successful
use of combination chemotherapy as other new antitubercular drugs were discovered
[42]. Streptomycin has broad-spectrum activity against most gram-negative bacteria
and several gram-positive bacteria but lacks clinically relevant activity against
Pseudomonas [43].
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each has remained largely unchanged. (b) P. aeruginosa resistance is commonly due to changes in
permeability/efflux in addition to two predominant AMEs. (¢) Resistance among Acinetobacter
spp. is often caused by combinations of AMEs
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Table 7.1 Aminoglycoside natural products

Date of Activity spectrum?®
discovery/ (in the absence
Aminoglycoside family publication Producing organism of AGRM)

Streptidine containing aminoglycosides
Streptomycins 1943 Streptomyces griseus Mpycobacterium
tuberculosis

2-Deoxystreptamine containing aminoglycosides

Neomycins 1949 Streptomyces fradiae -
Paromomycins 1956 Streptomyces rimosus Protozoa
Kanamycins 1957 Streptomyces kanamyceticus ~ —
Gentamicins 1963 Micromonospora purpurea Pseudomonas
Tobramycin 1968 Streptomyces tenebrarius Pseudomonas
Sisomicin 1970 Micromonospora inyoensis Pseudomonas
Ribostamycins 1970 Streptomyces ribosidifcus -
Lividomycins 1971 Streptomyces lividus -

Butirosins 1972 Bacillus circulans Pseudomonas
Verdamicin 1975 Micromonospora grisea Pseudomonas

Novel Aminoglycosides

Hygromycins 1953 Streptomyces hygroscopicus Protozoa
Spectinomycin 1961 Streptomyces spectabilis -
Apramycin 1968 Streptomyces tenebrarius -
Fortimicins 1977 Micromonospora -

olivoasterospora

In addition to Enterobacteriaceae and staphylococci (see Sect. 7.2)

The discovery of streptomycin led to the widespread screening of natural products
for antibiotic activity, and many new aminoglycoside families were discovered over
the next 30 years. Several of these are listed in Table 7.1, with structures shown in
Fig. 7.4. Most, if not all, of the aminoglycosides were found in mixtures of closely
related secondary metabolites. The first of these, also from the Waksman laboratory,
consisted of three principal components (neomycin A, B, and C), referred to here as
the neomycin family [44]. Discovered in 1949, neomycin had a spectrum of activity
against gram-positive and gram-negative bacteria similar to streptomycin but was
approximately two-fold more potent [42]. Table 7.2 shows minimum inhibitory con-
centrations before (MICs) of aminoglycoside natural products in cation-adjusted
Mueller-Hinton broth with susceptible recent clinical isolates. The MICs are very
similar to the early MIC data [42] determined on agar. However, it should be noted
that it was necessary to screen a large number of gram-negative bacteria in order to
find recent isolates susceptible to both streptomycin and neomycin as resistance to
these agents is now endemic. Clinical resistance to neomycin was first observed in
1959. In 1967, the molecular basis of this resistance was shown to be neomycin phos-
photransferase (then called NPT, now APH(3’)-I) [45]. Shortly thereafter, a second
enzyme with a very similar resistance profile, APH(3’)-1I, was reported [46].

The discovery of the neomycin family was quickly followed by the paromomycin
and kanamycin families [47, 48]. The early MIC data [42] showed that these
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compounds had similar activity to neomycin except they were less active against
Pseudomonas. The 16-fold differential in antipseudomonal activity between neomy-
cin and paromomycin highlighted the important role of the 6’-amino group present
in neomycin over the 6’-hydroxyl group of paromomycin. Conversely, the greater
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Table 7.2 Aminoglycoside natural product MICs against susceptible®® gram-negative bacteria
(Miller 2009, Achaogen, Inc.)

Geometric mean MIC (png/mL)

Organism n STR KAN NEO PAR GEN SIS TOB APR FOR
E. colit 16 59 5 1.8 7.7 1 1.1 1.2 9.6 4.9
K. pneumoniae* 29 1.8 2.5 1.0¢ 2.9 0.3 04 0.6 3.8 34
Pseudomonas® 14 ND ND ND ND 1.9 1.4 1 13.2 50

APR apramycin, PAR paromomycin, SIS sisomicin, STR streptomycin, ND no data
*Selected isolates with STR and KAN MICs <16 pg/mL

"Selected isolates with GEN and TOB MICs <8 pg/mL

‘n=6

‘n=16

activity of paromomycin against Protozoa suggested a different structure—activity
relationship for these organisms. The discovery of the kanamycins in Japan in 1956
[48] was followed by the emergence of a kanamycin acetyltransferase (then called
KAT, now known to be AAC(6’)-]) that subsequently limited the clinical utility of
kanamycin [49].

The 1963 discovery of the gentamicin [50-52] family ushered in another burst of
aminoglycosides including tobramycin [53], sisomicin [51, 52, 54], and later ver-
damicin [55]. These aminoglycosides were more potent against Enterobacteriaceae
and also had clinically useful activity (at the time) against Pseudomonas. The prin-
cipal difference between these aminoglycosides (as well as the ribostamycins [56]
and lividomycins [57] (which were discovered about 10 years later) and the older
neomycins/kanamycins is that the newer compounds lacked a hydroxyl group at the
3’-position. The lack of the 3’-hydroxyl group was understood to correlate with
antipseudomonal activity. Once again, enzymatic resistance emerged to these new
agents; gentamicin adenylyltransferase, ANT(2”) [58] was discovered in 1970, and
gentamicin acetyltransferases, AAC(3)-1 [59], AAC(3)-1I, and AAC(2’)-1 [60] all
emerged between 1972 and 1973.

The butirosins expanded on the idea of 3’-hydroxyl removal to enable Pseudomonas
activity by incorporating “steric” protection of the 3’-hydroxyl (Table 7.1) [61, 62].
This family of aminoglycosides is closely related to the ribostamycins except for the
acyl linkage of an (2 §)-2-hydroxy-4-aminobutyric acid substituent (HABA) on the
C-1 amino group. The HABA group of the butirosins unexpectedly broadened activ-
ity against those Enterobacteriaceae able to phosphorylate the distal 3’-hydroxyl of
ribostamycin (see APH(3’), Fig. 7.2) and also increased antipseudomonal activity
dramatically. The molecular basis for this increased activity was explained in 1996
[63] when it was shown that the protein that phosphorylates the 3’-hydroxyl of the
neomycin-kanamycin families of aminoglycosides (APH(3’)-1ID) is chromosomally
encoded in P, aeruginosa. Kawaguchi et al. [91] utilized this information to synthe-
size an analog of kanamycin A (amikacin) also with a HABA modification at the C-1
amino group. As with the butirosins, amikacin is active against Pseudomonas and
Enterobacteriaceae with the APH(3’) enzyme. Subsequently, derivatization of the
1-N-amino with acyl or alkyl groups was utilized by other investigators to make
several clinically useful aminoglycosides (see Sect. 7.5).
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Several families of aminoglycosides with novel structural features were
discovered during the era of natural products screening, among which are the
hygromycins [64], spectinomycins [65], apramycins [53], and fortimicins [66]
(Table 7.1). Hygromycins like paromomycin and the subsequently discovered
G-418 [67] have a 6’-hydroxyl group rather than a 6’-amino group. They are active
against Protozoa and Saccharomyces but susceptible to phosphorylation by APH(3’)
and thus are now most commonly used as resistance markers in eukaryotes.

Spectinomycin, although active against a broad spectrum of susceptible gram-
positive and gram-negative bacteria, has found its primary clinical use in the treat-
ment of Neisseria gonorrhoeae infections. It shares a common binding site on the
30 S ribosomal subunit with streptomycin and is similarly affected by ribosomal
protein mutations conferring streptomycin resistance. One of the AMEs that causes
resistance to streptomycin, ANT(3”)-1, also modifies spectinomycin. Interestingly,
the phosphorylating enzyme, APH(3”)-I, which modifies the same 3”-hydroxyl of
streptomycin does not cause spectinomycin resistance. Conversely, the modifying
enzyme ANT(9)-I modifies spectinomycin but not streptomycin. None of these
resistance mechanisms confer resistance on the more broadly used neomycin, kana-
mycin, or gentamicin families of aminoglycosides and therefore are not discussed
in Sect. 7.3.

The fermentation of Streptomyces tenebrarius to produce tobramycin also pro-
duces apramycin, which has been used in veterinary medicine. A unique modifying
enzyme, AAC(3)-IV, which confers apramycin resistance was originally found only
in veterinary isolates [68] but is now found in 2-5% of aminoglycoside-resistant
Enterobacteriaceae from human clinical isolates [35]. The fortimicins are another
structurally distinct group of pseudo-disaccharides that have broad-spectrum activ-
ity and are not modified by many of the AMEs found in gram-negative bacteria.
However, their MICs against Pseudomonas are relatively high (Table 7.2).

7.5 History, the Semisynthetic Era

Natural sources provided a wealth of new aminoglycosides that have served both as
clinical therapies and as tools to understand the mechanisms by which bacteria
develop resistance. This knowledge was critical to the further expansion of the
aminoglycoside class through chemical modification of natural products, termed
semi-synthesis. The first semisynthetic compound, dihydrostreptomycin, was pre-
pared in 1946 by a simple chemical reduction of the aldehyde group present in
streptomycin. However, irreversible ototoxicity caused by this compound eventu-
ally led to a stop of its clinical use [69, 70].

The main semisynthetic era of aminoglycoside antibiotics was fueled by an
increasing understanding of AMEs, still the predominant bacterial resistance mecha-
nisms against aminoglycosides (see Sect. 7.3). Moreover, the observed nephro- and
ototoxicity of existing aminoglycosides were of concern (see Sect. 7.9). The major
challenge in developing semisynthetic aminoglycosides was to design a compound
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with improved activity against AMEs while retaining activity against susceptible
organisms and providing a similar (or preferably improved) safety profile. The dif-
ferent resistance profiles of naturally occurring aminoglycosides such as tobramycin
(3’-deoxy) and sisomicin (3’-4’-dideoxy) helped to define the precise targets of the
APH(3’) and ANT(4’) enzymes. Butirosin incorporates a HABA, which highlighted
the importance of N-1 acyl substituents in providing protection against ANT(2”),
APH(2”), AAC(3), and APH(3’) enzymes. Consequently, most of the synthetic
efforts were focused on these critical functional groups.

Aminoglycosides are highly functionalized molecules that necessitate extensive
protecting group strategies to isolate particular amino or hydroxyl groups for specific
transformations. Some of these reactions are quite selective due to different levels of
reactivity of functional groups driven by nucleophilicity and steric accessibility. The
chemistry has been previously summarized in numerous reviews [71-80] and this
chapter only summarizes key transformations that are considered cornerstones to
access semisynthetic aminoglycosides of value to the antibacterial field.

» Ketal protection of vicinal hydroxyl groups.

* Oxazolidinone formation of 1,2-aminoalcohols by either basic ring closure of
carbamoyl derivatives or reaction with carbonyl diimidazole.

» Selective protection of amino group(s) utilizing in situ protection by chelating
metals such as zinc, copper, cobalt, and nickel.

* Deoxygenation or transformation of hydroxyl groups by activation, substitution,
and — in case of deoxygenation — reduction.

* Acylation or alkylation of isolated functional groups.

Extensive modification of the pseudodisaccharide neamine, easily accessible by
acidic hydrolysis of neomycin B, provided valuable insight into the importance of
functional groups on antibacterial activity and resistance patterns. Simple methyla-
tion of either the 3’- or 4’-hydroxyl group either completely abolished or greatly
reduced the antibacterial activity of the corresponding analogs [81]. A number of
deoxygenated versions on both ring systems demonstrated that the removal of 3’-
and 4’-hydroxyl groups led to compounds with comparable antibacterial activity
and helped to subvert some of the resistance mechanisms [82]. Removal of the
5-hydroxyl group from neamine slightly enhanced the potency while the 5,6-dide-
oxy derivative had comparable activity to neamine [83]. A notable finding was the
fact that 3’-epineamine was not a substrate for 3’-phosphotransferases and conse-
quently retained activity against isolates with this resistance mechanism. However,
the antibacterial activity against susceptible strains was reduced [84]. Replacement
of any of the hydroxyl groups by amines reduced the intrinsic antibacterial activity
of compounds [85, 86]. A marked enhancement of neamine’s intrinsic activity was
observed upon combination of 3’-, 4’-dideoxygenation, and N-1-acylation with
HABA, the side chain identified in the natural product butirosin [87]. The combina-
tion of these derivatizations also added protection against most aminoglycoside-
modifying enzymes with the exception of AAC(2’)-I and AAC(6’)-1.

Application of the 3’-, 4’-dideoxygenation to kanamycin B yielded dibekacin
(Fig. 7.5), which has remarkable activity against resistant organisms, and against
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P. aeruginosa [88]. Dibekacin was the first semisynthetic aminoglycoside approved
for clinical use. It was introduced in the 1970s in Japan and Korea and limited
European countries but eventually was replaced by arbekacin due to the latter’s
improved activity against isolates with AMEs.

The realization that butirosin (N-1-HABA ribostamycin) not only retained the
intrinsic antibacterial activity of aminoglycoside derivatives but also was protected
from different classes of aminoglycoside-modifying enzymes led to structural
exploration at N-1 using ribostamycin as a scaffold [89, 90]. Overall, derivatives
with 2-hydroxy-m-aminoacyl moieties with three or four (as in HABA) carbon
atoms displayed the best activity. The stereochemistry of the 2-position influenced
activity, with the S-configuration preferred. Small alkyl groups were also tolerated
at the N-1 position, not requiring an additional amino group for activity but provid-
ing less protection than HABA against the AAC(3) modifying enzymes.

N-Acylation with HABA was eventually applied to a large variety of aminogly-
cosides. The use of kanamycin A as a scaffold yielded amikacin (Fig. 7.5), which
was demonstrated to have improved activity against kanamycin-resistant bacteria
and had lower acute toxicity than its parent compound [91]. Amikacin was launched
in 1976 by Bristol-Myers Squibb as an injection formulation for the treatment of
serious infections due to amikacin-sensitive gram-negative organisms as well as
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known or suspected staphylococcal infections. Modification of dibekacin with
HABA yielded arbekacin (Fig. 7.5), which was launched in 1990 by Meiji-Seika in
Japan for the treatment of staphylococcal infections. Unlike dibekacin, arbekacin is
resistant to inactivation by the amikacin-modifying enzymes, APH(3’)-IIL, - VI, and
ANT(4’,4”)-1.

Another effort to find a safer semisynthetic aminoglycoside with improved activ-
ity against bacteria containing AMEs resulted in netilmicin (N-1-ethyl sisomicin,
Fig. 7.5) [73]. The compound had activity against organisms containing
2”-0-modifying and many 3-N-acetylating enzymes, and was shown to be mark-
edly less nephro- and ototoxic than gentamicin in all species of laboratory animals
tested [92]. Netilmicin was launched by Menarini in Italy in 1982 and later in other
countries; however evaluation in humans has not borne out the promise of a safer
aminoglycoside that was suggested by the preclinical data [93]. More recently,
isepamicin (Sch 21420, Fig. 7.5) was prepared from gentamicin B by installing
the acyl substituent ((S)-3-amino-2-hydroxypropyl or HAPA, one carbon
atom shorter than HABA) at the C-1 amino group. Isepamicin was launched by
Schering in Japan in 1989, in Italy in 1996, and is still in clinical use in some coun-
tries today.

Substantial efforts also explored the 2-deoxy-5-epi-streptamines as the core
scaffold [73]. This compound was made by activation and inversion [94]. It was
originally produced using a mutated version of Micromonaspora inyoensis, the
organism that produces sisomicin, with a blocked 2-deoxystreptamine biosynthesis.
Five-epi-sisomicin was produced by feeding 2-deoxy-5-epi-streptamine to the fer-
mentation process. The resulting compound displayed two- to four-fold elevated
activity in vitro and in vivo compared to gentamicin with comparable nephro- and
ototoxicity potential based on experiments in rats and cats. This was the first and
possibly only time a modification was shown to substantially improve the intrinsic
activity of an aminoglycoside against gram-negative organisms. The epimerization
of the 5-hydroxyl group also provided protection from ANT(2”), AAC(2’), and
some AAC(3) enzymes. A HABA analog was prepared to further enhance the resis-
tance profile; it displayed excellent microbiological activity but also increased
toxicity. A similar pattern was described for the N-1-HABA-5-epi-gentamicin
B (5-epi-isepamicin), indicating tolerability issues with 5-epi derivatives. The
golden area that produced all the semisynthetic compounds currently in clinical use
came to an end. The activity of these compounds against susceptible strains is
shown in Table 7.3, which demonstrates how the overall potency was generally
maintained relative to the natural products while activity against AMEs was
incorporated.

Subsequently, synthetic efforts focused on refinements of antibacterial activity
and the design of molecules to disrupt biologically important protein—-RNA interac-
tions [77, 79, 80]. While this work expanded the knowledge of this compound class,
it has not produced additional clinical candidates until very recently. The clinical
need for novel antibiotics with potency against multidrug-resistant gram-negative
bacteria led in 2006 to the initiation of a new project at Achaogen. Our goal was
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Table 7.3 Geometric mean MICs (ng/mL) of semisynthetic aminoglycosides AMK, ARB, ISE,
and NET compared to natural products (Miller 2009, Achaogen, Inc.)

Geometric mean MIC (ug/mL)

Organism Sensitive to n GEN TOB NET AMK ISE ARB KAN NEO
E. coli GEN, TOB,NEO 14 09 13 13 43 1.0 1.5 59 19
Klebsiella spp. GEN, TOB,NEO 15 04 05 04 17 08 06 19 09
Pseudomonas spp. GEN,TOB,AMK 15 1.6 09 4.0 4.1 2819 >64 59
Staphylococcus spp. GEN, NEO 16 0.5 025" <0.5° 1.5 1.7 05 32" 04

212 isolates
4 isolates

to identify novel aminoglycoside analogs with improved safety compared to the
legacy aminoglycosides, and with activity against multidrug-resistant gram-negative
bacteria including those with aminoglycoside-inactivating enzymes. Structural
information about aminoglycoside-ribosomal RNA interaction, novel synthetic
transformations, and greatly enhanced analytical and purification technologies
allowed us to evaluate this problem afresh.

Sisomicin was chosen as our starting point due to its intrinsically high potency
against gram-negative bacteria and the lack of 3’- and 4’-hydroxyl groups and we
focused on the discovery of additional modifications or alterations required to
achieve our goal. After examination of a large number of derivatives at the 6’ and/or
2’ positions of sisomicin, we identified ACHN-490 as the compound with the opti-
mal combination of broad antibacterial spectrum against aminoglycoside-resistant
strains and safety profile [95].

7.6 The “Neoglycoside’” ACHN-490 is Active Against
Bacteria with AMEs

Although the means of generating resistance to aminoglycosides have remained
largely unchanged for the past decades, the proportion of clinical isolates with those
resistance mechanisms has increased. In the last 10 years, the percentage of isolates
resistant to at least one aminoglycoside has surpassed 10% in North America and
Europe, while in South America and Asia the numbers are even higher [96]. The
extant need for new gram-negative agents has led scientists at several institutions to
conduct a search for a new aminoglycoside that would retain the potency and spec-
trum of its predecessors but evade the growing threat of AMEs. ACHN-490 is the
first of these next-generation aminoglycosides, or neoglycosides. ACHN-490 is now
called Plazomicin. Multiple studies describing ACHN-490 were presented at the 49th
ICAAC and are reviewed here.

ACHN-490 is a semisynthetic molecule derived from sisomicin. The modifica-
tions introduced are designed to provide protection from the plethora of AMEs
described in Sect. 7.3. The structure of ACHN-490 is shown in Fig. 7.5. The elimi-
nation or shielding of key functional groups in ACHN-490 blocks all but one of the
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AMESs shown in Fig. 7.2. The one known enzyme that does decrease the activity of
ACHN-490 is AAC(2’)-1. This enzyme is found chromosomally in Providencia stu-
artii and has not been transferred to other species [97]. As a result its current clinical
significance is quite limited.

Sisomicin naturally lacks the 3’- and 4’-OH groups that protect it and ACHN-
490 from the APH(3’)-III, - VI, and -VII and ANT(4’) enzymes that generate resis-
tance to amikacin. The introduction of the HABA substituent at the C-1 amino
group provides protection from the AAC(3), ANT(2”), and APH(2”’) AMEs. The
hydroxyethyl substituent at the 6’ position blocks the multitude of AAC(6’) AMEs
without the reduced potency that has been found with other efforts to shield this
position [75].

The structural modifications introduced in ACHN-490 provide protection
against the AMESs and thus its activity is maintained in isolates that are resistant to
amikacin and/or gentamicin. Table 7.4 shows the activity of ACHN-490 compared
to amikacin and gentamicin against multiple isolates with defined AMEs. In
Enterobacteriaceae, the baseline potency may be defined by the geometric mean
MIC against the E. coli strain ATCC 25922. In the absence of AMEs, this strain has
equivalent susceptibility to gentamicin and ACHN-490 while amikacin appears to
be three-fold less potent. The presence of an AME does not alter the ACHN-490
MIC but the three most common AME:s (Fig. 7.2) cause a 30-fold or greater decrease
in the activity of the comparators.

The Proteae are intrinsically less susceptible to aminoglycosides, even in the
absence of AMEs due to lower permeability compared to other Enterobacteriaceae
[98]. The activity of ACHN-490 was comparable to amikacin against these organ-
isms (Table 7.4). Target modification is the least common route to resistance toward
the 2-deoxystreptamine aminoglycosides and has only recently surfaced in
Enterobacteriaceae in the form of ribosomal methyltransferases [15]. These enzymes
methylate the ribosomal binding site and uniformly generate high MICs to all
4,6-linked aminoglycosides including ACHN-490.

The staphylococci have a limited repertoire of AMESs but the three that are known
are widespread. ACHN-490 activity is not altered by any of the AMEs found in
staphylococci (Table 7.4). The Enterobacteriaceae possess a more diverse array of
AMEs, none of which alter the activity of ACHN-490, while amikacin, gentamicin,
and other aminoglycosides are modified such that their MICs are typically above
established breakpoints. Similarly, AMEs in P. aeruginosa and A. baumannii do not
change the activity of ACHN-490. The number of isolates available for testing with
individual AGRM is lower within these two species as the majority of clinical iso-
lates possess more than one AGRM (Fig. 7.2); however combinations of these
enzymes leave the MIC of ACHN-490 similarly unaffected. Efflux of aminoglyco-
sides is a common resistance mechanism in P. aeruginosa and A. baumannii and
one to which all aminoglycosides are susceptible. Overall, ACHN-490 is broadly
active against aminoglycoside-susceptible and -resistant Enterobacteriaceae and
staphylococci. The activity is improved relative to other aminoglycosides against
non-fermenters with AMEs alone and comparable to other aminoglycosides in the
presence of upregulated efflux pumps.
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7.6.1 ACHN-490 is Active Against Bacteria Resistant
to Key Antibiotics

While the expansion of aminoglycoside resistance is cause for concern, many recent
reports have sounded the alarm regarding the appearance and spread of extended-
spectrum B-lactamases (ESBLs) and plasmidic AmpC enzymes [99, 100]. Many of
these isolates are also resistant to the currently available aminoglycosides. The
specter of widespread resistance to third-generation cephalosporins and fluoroqui-
nolones has led to increased use of carbapenems, which in turn increases the selec-
tion pressure for metallo-3-lactamases and Klebsiella pneumoniae carbapenemases
(KPCs) [101, 102]. The carbapenemase enzymes first reported in K. pneumoniae
have rapidly spread to other Enterobacteriaceae [103], to P. aeruginosa [104], and
to Acinetobacter [105]. The activity of ACHN-490 was examined against 235
organisms with ESBLs, chromosomal or plasmidic AmpC cephalosporinases, ser-
ine carbapenemases, and metallo-f-lactamases and none of these had an effect on
observed MIC values [106]. The fact that ACHN-490 is not susceptible to these
resistance mechanisms demonstrates its potential as a suitable alternative to the
extensive use of carbapenems. In a separate study, the activity of ACHN-490 was
determined against clinical isolates of K. pneumoniae with (n=25) and without
(n=77) KPCs. The activity of ACHN-490 was the same against both groups of
strains while the susceptibility to imipenem and other front-line agents was decreased
in the KPC group [107].

Several areas of the world are known to have increased levels of antibiotic resis-
tance, generally these are locations where large numbers of people and large num-
bers of resistant bacteria coincide. In North America, New York City is one such
area [101]. Surveillance studies in these areas are valuable tools for the prediction
of resistance trends and also to gather organisms for testing new agents against iso-
lates that will likely represent the clinical flora in the future. ACHN-490 was tested
against a subset of the isolates from the 2006 surveillance in Brooklyn, NY [108].
The isolates were selected in an effort to reflect the resistance patterns present in the
broader 2006 collection. ACHN-490 was more active than aminoglycoside com-
parators against Enterobacteriaceae and A. baumannii. Only 55% of the P. aerugi-
nosa group was susceptible to imipenem and 36% to ciprofloxacin while the activity
of ACHN-490 was similar to the legacy aminoglycosides, which retained higher
levels of susceptibility.

7.6.2 ACHN-490 is Rapidly Bactericidal

Bactericidality is an important feature of aminoglycosides, enhancing their utility in
the treatment of serious infections. ACHN-490 was found to be bactericidal in a
concentration-dependent manner against isolates with and without AMEs [109].
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In time-kill assays, ACHN-490 demonstrated rapid bactericidal activity, achieving
a 3-log decease in CFU/mL within the first 2 h of exposure against all eight of the
organisms tested. At 24 h there was sporadic evidence of regrowth at concentrations
two- and four-fold above the MIC with either ACHN-490 or the aminoglycoside
comparator. Follow-up MIC determinations for representative ACHN-490 regrowth
colonies from exposures of four-fold MIC or greater demonstrated a four- to eight-
fold increase for all aminoglycosides tested, characteristic of changes in membrane
permeability [9] rather than an ACHN-490-specific mechanism.

7.6.3 ACHN-490 is Synergistic with Other Agents Against MRSA

Aminoglycosides are often employed in combination with other agents to treat seri-
ous infections empirically and ensure broad-spectrum coverage, and also to exploit
the potential for synergy with the second antibiotic. The activity of ACHN-490
alone and in combination against 47 MRSA isolates was confirmed by in vitro syn-
ergy time-kill experiments. The most striking synergy occurred in combination with
daptomycin, where 91% of the isolates showed >2 log  decrease in CFU/mL
between the combination and its most active constituent after 24 h [110]. All of the
clinical isolates tested had ACHN-490 MICs <4 pg/mL, including those with
decreased susceptibility to vancomycin. The potent activity of ACHN-490 alone
and in combination is currently being examined against other species.

7.7 Aminoglycoside Pharmacokinetics

This section describes the absorption, distribution, metabolism, excretion (ADME)
[111, 112], and pharmacokinetics (PK) of aminoglycosides. All of the aminoglyco-
sides achieve peak plasma concentrations at the completion of an IV infusion.
Bioavailability (as measured by plasma concentration) after intramuscular (IM)
injection is nearly 100%, and peak concentrations occur in plasma 30-90 min after
administration. Aminoglycosides are highly polar cations and thus are very poorly
absorbed from the gastrointestinal tract; less than 1% of a dose is absorbed follow-
ing either oral or rectal administration. Systemic absorption of aminoglycosides
has been reported after topical use on denuded skin and burns and following instil-
lation into and irrigation of wounds, body cavities, and joints, but not the urinary
bladder.

Except for streptomycin, there is negligible binding of aminoglycosides to
plasma albumin. The apparent volume of distribution of these drugs is 25% of lean
body weight, which approximates the volume of extracellular fluid. Aminoglycosides
do not undergo metabolism and are excreted almost exclusively by glomerular fil-
tration, achieving high urinary concentrations. Thus, the bulk of a parenterally
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administered dose is excreted unchanged during the first 24 h, with most of this
appearing in the urine in the first 12 h. The half-lives of the aminoglycosides in
plasma are similar throughout the class, ranging between 2 and 3 h in patients with
normal renal function. The rate of elimination of drug from tissue sites, primarily
the kidney, is considerably longer than that of plasma; the half-life for tissue-bound
aminoglycosides has been estimated to range from 30 to 700 h. A two-compartment
model best describes the plasma PK of aminoglycosides [113].

Renal clearance of aminoglycosides is approximately two-thirds of the simulta-
neous creatinine clearance, suggesting some tubular reabsorption of these drugs.
After a single dose of an aminoglycoside, disappearance from the plasma exceeds
renal excretion by 10-20%; however, after 1-2 days of therapy, nearly 100% of
subsequent doses are eventually recovered in the urine. Concentrations in the renal
cortex approach 10% of the administered dose, but the uptake is saturable, and the
renal accumulation depends on the rate of infusion, dosing frequency, and duration
of therapy [114, 170, 172, 178].

High urinary concentrations of aminoglycosides contribute to the eradication of
pathogens in the urine, just as high concentrations in the renal cortex are important
in treating infections in renal tissue. Serum or plasma concentrations may be useful
surrogate markers for renal tissue concentrations [115]. For example, renal concen-
trations of gentamicin were shown to be an important factor in treating E. coli in an
experimental model of pyelonephritis and renal abscess [116]. A short (3-day)
course of gentamicin, during which drug was shown to accumulate in the renal cor-
tex, was used for the treatment of experimental pyelonephritis in rats. The short
course of gentamicin was more effective than a 14-day course of cephalothin or
trimethoprim and equivalent to ampicillin [116].

Small concentrations of aminoglycosides can be found in bile; however, the liver
is a very minor excretory route for aminoglycosides. Inflammation increases the
penetration of aminoglycosides into peritoneal and pericardial cavities. Because of
their polar nature, aminoglycosides are excluded from the central nervous system
and the eye. Concentrations of aminoglycosides in cerebrospinal fluid that are
achievable with parenteral administration are usually subtherapeutic. Administration
of aminoglycosides to women late in pregnancy may result in accumulation of drug
in fetal plasma and amniotic fluid; only small amounts have been reported in breast
milk. Diffusion into synovial and pleural fluid is relatively slow, but concentrations
that approximate those in the plasma may be achieved after repeated administration.
Aminoglycosides readily penetrate into pulmonary secretions at concentrations suf-
ficient for treatment of HAP and VAP [117-119]. After a 3.5 mg/kg dose of gen-
tamicin, the maximal alveolar lining fluid (ALF) concentration in patients with VAP
was 4.24+0.42 ng/mL [117]. There was a statistically positive correlation between
serum and ALF concentrations in these patients, suggesting that higher doses could
achieve higher ALF concentrations. In a dual pneumonia and thigh infection model
in neutropenic mice, gentamicin was more rapidly bactericidal and had a signifi-
cantly greater maximum efficacy (p<0.01) in lung infections than in thigh infec-
tions. In addition, gentamicin has a greater maximum bactericidal effect in the lungs
than that of imipenem and ceftazidime [120].
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Table 7.5 PK parameter estimates for a single bolus IV injection of ACHN-490 administered at
10 mg/kg in mice, rats, and dogs

AUC
0-0
No./Sex C, (ug/mL) (hr*ug/mL) ¢, (h)* CL (mL/h/kg)  V_ (mL/kg)
Mouse ®  15/M 88 19 1.4 541 340
Rat 3/M 38+8 16+3 0.9+0 648 +96 437+35
Dog 3/M 120+14 8312 1.2+0 123+19 164+16

AUC, , area under the concentration-time curve from time 0 to infinity, C, initial drug concentration,
CL clearance, tY2half-life, V_volume of distribution at steady state

*tVa(beta) estimated using noncompartmental analysis

"Single values based on sparse sampling across multiple animals

7.7.1 Pharmacokinetics of ACHN-490

ACHN-490 maintains the favorable ADME properties and PK profile seen for the
aminoglycosides. Noncompartmental analysis of the ACHN-490 concentration-
time data in plasma allows for PK parameter comparisons across nonclinical animal
species. As shown in Table 7.5, the PK profile of ACHN-490 after IV administration
is similar in mice, rats, and dogs [121].

Initial plasma ACHN-490 concentrations and exposure (AUC) increased in pro-
portion to dose after administration of single IV doses up to 75 mg/kg in rats.
Elimination of ACHN-490 is fairly rapid in both rats and dogs (apparent half-life is
approximately 1 h). The volume of distribution in mice, rats, and dogs is moderate
and close to extracellular fluid volumes. Plasma protein binding of ACHN-490 is
independent of total concentration and does not differ among species, with less than
20% of the drug bound in mouse, rat, rabbit, dog, cynomolgus monkey, and human
plasma.

ACHN-490 does not show evidence of in vitro metabolism using mouse, rat,
dog, cynomolgus monkey, and human liver microsomes and hepatocytes. ACHN-
490 does not inhibit the human CYP isoforms 1A2, 2 C9, 2 C19, 2D6, or 3A4
in vitro. ACHN-490 is stable in plasma from mouse, rat, rabbit, dog, cynomolgus
monkey, and human. Similarities between rats and dogs are observed in the urinary
excretion of ACHN-490, with high excretion of ACHN-490 within the first 24 h
after a single dose.

7.8 Aminoglycoside Pharmacodynamics

When aminoglycosides were first introduced into clinical practice several decades
ago, detailed knowledge of their PK/PD did not exist. Consequently, the original
strategy for dosing was to maintain the aminoglycoside serum concentration above
the (MIC) of the infecting organism for as long as possible throughout the dosing
interval. This approach resulted in dosing frequencies of every 8 h, long infusion
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times, and occasional attempts at dosing patients by continuous infusion [122].
Unfortunately, this has resulted in suboptimal efficacy and increased toxicity.
Despite nearly two decades of mounting scientific evidence in favor of once-daily
dosing of aminoglycosides, in the year 2000 as many as 25% of 500 randomly
selected acute-care hospitals in the USA had not adopted new dosing recommenda-
tions, and a large proportion had no written guidelines [123]. New knowledge and
understanding of the PK/PD of the aminoglycoside class allows the design of opti-
mal dosing regimens that notably improve the efficacy and safety of this class of
drugs, and thus may optimize the clinical utility of neoglycosides such as ACHN-
490.

Both peak serum concentration (C__ ) and the area under the time-concentration
curve (AUC) in relation to the MIC of the target pathogen are important indicators
of the efficacy of aminoglycosides. In vitro and in vivo models have demonstrated
that aminoglycoside bactericidal activity is concentration-dependent, i.e., higher
concentrations of drug cause faster killing of exposed bacteria.

PK/PD investigations suggest that AUC is probably the best parameter in pre-
dicting efficacy for aminoglycosides in both animal experiments and clinical studies
[124-127]. Dose fractionation studies in mice have been used to demonstrate that
the AUC/MIC ratio predicts efficacy for aminoglycosides [124] and this ratio has
also been shown to be a predictor of clinical efficacy [125, 133], but it should be
noted that C _and AUC are highly correlated in patients receiving once-daily regi-
mens. In a study of patients with P. aeruginosa bacteremia secondary to pneumonia,
infected vascular catheter, UTI, and other infected sites, a clinical cure was associ-
ated with an AUC/MIC ratio of 64 or greater, and clinical failure was associated
with a ratio of 39 or less (p=0.002) [133]. Optimal dosing has been described as
producing at least a 90% chance of clinical cure [125]. For gentamicin, Monte Carlo
simulations have shown that a dose of 5 mg/kg/day for 7 days should achieve an
AUC of 60-75 and should be sufficient for the treatment of organisms with MICs of
<1.0 pg/mL [125].

While AUC is an important determinant of efficacy, several investigators have
also shown a relationship between C__ and clinical outcome, including mortality
and clinical cure in patients with pneumonia and bacteremia [128-133]. AC__/MIC
ratio of at least 10 in the first 24 h of treatment is considered important [4]. AC_
for gentamicin or tobramycin of at least 7 pg/mL was also shown to be an indepen-
dent predictor of clinical success (p<0.006) in treating patients with pneumonia
caused by gram-negative bacteria including P. aeruginosa, although the study did
not examine C__/MIC ratios [130]. In a subsequent study of over 200 patients with
gram-negative infections including pneumonia, cIAl, and bacteremia, the same
investigators showed that the C__/MIC ratio of 8.5+5.0 pg/mL had high statistical
significance and was more predictive of clinical response (p=0.00001) as compared
toa C__alone of 8.2+2.8 pg/mL (p=0.013) [129]. A statistically significant rela-
tionship between the C__/MIC ratio and clinical response has also been demon-
strated for patients with nosocomial pneumonia [131, 132]. In patients with
pneumonia due to gram-negative pathogens, a 90% probability of temperature and
leukocyte resolution by Day 7 of therapy was associated with a C__/MIC ratio
of>10 (p<0.00001) [131, 132]. Similarly, clinical cure, defined as a complete
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resolution of signs and symptoms of serious infections including P. aeruginosa
bacteremia, was associated with a C__MIC ratio of 5.3 or greater, and a clinical
failure was associated with a ratio of 3 2 or less (p=0.001) [133].

A highC_ provides an independent and additive effect above the effect contrib-
uted by AUC alone [134]. It is possible to achieve a higher C__ for a given AUC by
delivering the total daily dose in a single administration (i.e., once-daily dosing) and
shortening the infusion time of the administration (i.e., 10-min infusion vs. 30-min
infusion). For example, a dose of 80 mg of gentamicin delivered to human subjects
as a 1-min or a 30-min infusion achieved a C__of 15.6 or 6.2 pg/mL, respectively.
When this rate of infusion and corresponding PK profile were generated in vitro
with the AUC held constant, time-kill results demonstrated more rapid and deeper
killing with the higher C__delivered by the shorter infusion [134]. Additionally, a
high C_has been correlated with better tissue penetration [135]. Thus, it is likely
that both AUC and C_ are important for efficacy.

7.9 Toxicity and Safety of Aminoglycosides

While aminoglycosides are excellent bactericidal agents against susceptible patho-
gens, a major challenge facing the older members of the class is diminishing effi-
cacy resulting from the emergence of resistance. In addition, the use of
aminoglycosides continues to raise concerns about safety, particularly when these
compounds are dosed according to current labeling recommendations. The primary
adverse reaction associated with the class is nephrotoxicity; however, ototoxicity
and neuromuscular blockade have also been observed, albeit less frequently. Fifty
years of clinical experience with aminoglycosides and increased knowledge of
molecular and cellular mechanisms of toxicity have led to a better understanding of
the class. This experience and knowledge supports the implementation of dosing
strategies to minimize the incidence of these adverse reactions.

7.9.1 Aminoglycoside-Associated Neuromuscular Blockade

Neuromuscular blockade is a rare clinical event reported in conjunction with very
high doses or overdoses of aminoglycoside therapy. This blockade at the neuromus-
cular junction is believed to be the result of disrupting acetylcholine neurotransmis-
sion. The decreased release and response of acetylcholine may result from a
blockage of calcium channels by high serum concentrations of the drug [136].
Paralysis of the phrenic nerves of the diaphragm in rats and rabbits has been dem-
onstrated [137, 138]. In animal models, the blockade leads to respiratory paralysis
and death and is the dose-limiting readout in acute toxicity studies. It has been
shown that blockade is correlated with peak serum concentration and is independent
of either rate of clearance, route of administration, and duration of infusion [139].
In acute toxicity studies in mice, the serum concentration of dibekacin at the time of
death exceeded 800 pg/mL [139]. This dose level is more than 20-fold higher than
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the C_ (3040 pg/mL) recorded for gentamicin at clinically relevant doses. In
human cases, this transient and fully reversible condition is related to high serum
levels of the drug, typically brought on by accidental overdose [136]. Because of the
effect on neuromuscular junctions, patients receiving concomitant aminoglycoside
therapy with general anesthesia may experience a minimal delay in recovery from
general anesthesia.

7.9.2 Nephrotoxicity

Nephrotoxicity is the main use-limiting toxicity reported with aminoglycosides.
Where it occurs, the resulting renal impairment typically appears several days
(7-10 days) after the initiation of treatment [127]. Impairment is usually mild and
reversible after drug withdrawal [140], although it may be more severe, especially
in patients with underlying renal disease. It is non-oliguric in nature, and associated
with a gradual rise in serum creatinine (Cr) and blood urea nitrogen (BUN) [141].
Several factors increase the risk of aminoglycoside-associated nephrotoxicity,
including age of the patient, gender, aminoglycoside trough concentration, duration
of therapy, concurrent nephrotoxic drugs (i.e., vancomycin, amphotericin B), liver
disease, neutropenia, and peritonitis [142, 143]. Incidence rates for nephrotoxicity
in patients have ranged from 3% to 28% [144—149, 160], but most studies appear to
cluster around a rate of approximately 10% [145]. Unfortunately, most studies and
meta-analyses do not clearly take into account other associated risk factors that may
be contributing to or causing the nephrotoxicity.

Aminoglycosides vary in their intrinsic ability to cause nephrotoxicity in ani-
mals, and numerous models (e.g., mouse, rat, dog, and primate) have demonstrated
the nephrotoxic potential of aminoglycosides. In rat models comparing azotemia
and histopathology, there are measurable differences in nephrotoxicity among mem-
bers of the class, with neomycin being the most nephrotoxic, gentamicin and
tobramycin being intermediate, and amikacin the least nephrotoxic [150-152].
Other studies have shown that tobramycin is at least three-fold less nephrotoxic than
gentamicin in rats [153, 154] as it does not increase serum creatinine even at three
times the gentamicin dose. While tobramycin appears to be less nephrotoxic than
gentamicin, the mechanisms are the same as confirmed by histology [154], and dif-
ferences in toxicity may be due to differences in uptake and accumulation described
in more detail below. Dibekacin showed similar animal nephrotoxicity [155] to
gentamicin and tobramycin. Studies on sisomicin suggest that it is slightly more
nephrotoxic than gentamicin in animals. While different aminoglycosides show dif-
ferent potencies of nephrotoxicity in animals, any comparison of safety profiles
must also consider their relative antibacterial potencies. For example, amikacin
appears the least nephrotoxic in animal models, but its lower antibacterial potency
results in a similar therapeutic index to the other aminoglycosides.

It is important to note that relative nephrotoxicity of different aminoglycosides
does not always correlate with relative renal tissue concentrations of the different
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aminoglycosides [153, 156, 157], suggesting differences in cellular toxicity among
aminoglycosides. Netilmicin was originally chosen for clinical development
because of its lower toxicity in animals in comparison to other aminoglycosides
[158]. However, in a well-designed study in rats, it was shown that netilmicin was
more nephrotoxic than tobramycin and gentamicin and that the toxicity did not cor-
relate with renal tissue levels [156]. Netilmicin concentrations were two- to three-
fold higher in rat kidney than those of tobramycin [156]. The authors hypothesized
that these differences were based on net cationic charge, which led to differences in
uptake into proximal tubule cells as well as differences in their ability to bind phos-
pholipids [156].

Most animal models exploring nephrotoxicity have used evaluations of serum
creatinine, BUN, and histology as measures of toxicity. Serum creatinine and BUN
are not sensitive measures of renal damage, and additional metrics of renal toxicity,
thought to be more sensitive, have been proposed, including the urinary enzymes
B-glucuronidase, muramidase, and N-acetyl--glucosaminidase [158]. There is
considerable variability with these markers, however, and their clinical utility has
not been widely accepted. More recent genomics approaches have identified addi-
tional biomarkers of kidney damage such as Kim-1 that may warrant additional
study [159].

In patients, all known aminoglycosides appear to have the potential to cause
some degree of nephrotoxicity. However, as in animals, there are likely differences
between members of the class in uptake, accumulation, and intrinsic cellular toxic-
ity in humans. In humans, neomycin is reported as the most nephrotoxic aminogly-
coside and streptomycin the least, with the others on a gradient between these two
compounds.

Accurate estimates of rates of nephrotoxicity in humans are difficult to deter-
mine due to the lack of well-controlled trials, differences in patient populations
being studied (i.e., intensive care unit [ICU] vs. non-ICU patients, comorbid condi-
tions, and concomitant medication use), differences in the definition of nephrotoxic-
ity, differences in length of treatment, and differences in dose regimens used in
these trials. Most of the randomized, prospective studies date back to the 1970s and
1980s. Three such comparative trials reported on the rates of nephrotoxicity in these
patients receiving various aminoglycosides (Table 7.6) [160-162]. Nephrotoxicity
data from a meta-analysis of clinical studies published between 1975 and 1982
[163] are summarized in Table 7.7. Comparative rates of nephrotoxicity in a pro-
spective trial of 87 patients suffering from mycobacterial infections (tuberculous
and nontuberculous) treated with streptomycin, amikacin, or kanamycin for long
periods of time (median duration, 15 weeks) have been compared to more typical
indications for aminoglycosides [164]. In trials comparing netilmicin with tobramy-
cin, gentamicin, and amikacin, a wide range of nephrotoxicity rates were observed
(0-29% for netilmicin, 1-29% for gentamicin, 0—5% for tobramycin, and 0-11%
for amikacin) [165].

To date there have been two prospective randomized trials specifically designed
with a primary objective of assessing nephrotoxicity (and ototoxicity) in patients
with serious infections treated with either once-daily or multiple-daily doses of
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Table 7.6 Nephrotoxicity reported in comparative clinical trials

Study type n SIS (%) TOB (%) GEN (%) AMK (%)
Retrospective, sepsis * 405 35 6 6.5 5.5
Prospective, randomized, 107 17 25

serious infections ®
Prospective, double-blind, 87 7 15.5

randomized, sepsis ¢

AMK amikacin, GEN gentamicin, SIS sisomicin, TOB tobramycin

*Gram-negative sepsis; most patients were postsurgical [160]

"Bacteremia, pneumonia, intra-abdominal infections, “soft-tissue sepsis,” and osteomyelitis [161]
‘Intra-abdominal infections, soft-tissue infections, many with bacteremia [162]

Table 7.7 Nephrotoxicity from literature review of clinical trials 1975-1982 [163]

Drug Dose (mg/kg/day) Nephrotoxicity (%)
Gentamicin 3.9 14

Tobramycin 3.8 12.9

Netilmicin 52 8.7

Amikacin 154 94

gentamicin, tobramycin, or amikacin [127, 192]. Although not large, the first study
showed a statistically significant difference in nephrotoxicity between the twice-
daily group (15.4%) and the once-daily group (0%) (p=0.026). The mean onset of
nephrotoxicity in the twice-daily group was 8.8 (+ 3.4) days [127]. In the second
and largest study investigating the issue, a single-center, open-label trial evaluated
gentamicin administered once daily in over 2,100 adult medical-surgical patients.
The patients dosed once daily demonstrated a 1.2% rate of nephrotoxicity compared
with the study institution’s historical rate of 3-5% [192].

7.9.3 Renal Uptake of Aminoglycosides

Aminoglycosides are filtered by the renal glomerulus into the proximal tubule of the
kidney, where they are taken into proximal tubule cells. Uptake is thought to involve
binding to the brush border and transport into the cell through an active process
involving the megalin receptor. Megalin, a low-density lipoprotein receptor-related
protein-2 (LRP-2), is expressed on the brush border of the proximal tubule epithe-
lium of the kidney [166] and binds to aminoglycosides as they pass through the
proximal tubule, facilitating transport by pinocytosis into endosomes [145, 167,
168]. Megalin-deficient knockout mice show a 20-fold lower uptake and accumula-
tion than mice with normal megalin expression [169].

The rate of megalin-receptor-mediated uptake is relatively fast, but this uptake
appears to be a saturable process [170, 171], in that the uptake of aminoglycosides
by the proximal tubule epithelial cells plateaus even as the concentration in the
proximal tubule continues to increase [170-172]. This saturable process can be
modeled using Michaelis-Menten kinetics with a binding constant (K ) associated
with the saturation level. In the rat, the saturation K of gentamicin corresponds to
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approximately 15 pg/mL in the serum [170]. For amikacin, tobramycin, and ise-
pamicin, the binding to the brush border is also saturable at concentrations of
approximately 40, 40, and 20 uM, respectively [173]. This variability in nonlinear
saturation may partially explain the relative differences in renal accumulation and
nephrotoxicity described for members of the class [170]. A saturation K for amika-
cin has been described for humans using mathematical modeling of nephrotoxicity
[174]. At concentrations below the K _, the uptake appears to be linear and more
“efficient,” with different rates for each member of the class [170, 174].

Because of the properties of the uptake process, dosing strategies should affect
cortical accumulation, and hence nephrotoxicity, of aminoglycosides. Simulated
models using saturable uptake demonstrate that a single-daily dose should lead to
less kidney accumulation than multiple-daily doses of the same total amount of drug
[172]. Less frequent dosing leads to higher peak proximal tubule lumen concentra-
tions, but because these peak concentrations are above the saturation limit for
uptake, this actually leads to a lower kidney cell accumulation of drug compared to
an equal total dose given more frequently. Less frequent dosing may also allow
more time below threshold trough level in the proximal tubule, again decreasing
overall uptake and allowing for intracellular clearance between doses. Consistent
with this model, animal studies have shown that there is no correlation between C_
and the development of nephrotoxicity [150]. In fact, once-daily dosing of gentami-
cin or tobramycin caused significantly less nephrotoxicity in rats and rabbits than
twice-daily dosing, thrice-times daily dosing [150, 175], or continuous infusion
[176]. This is consistent with the model of a saturable uptake with a prolonged
clearance T, , from proximal tubular epithelial cells [170].

Available data suggest this model also applies to humans. Continuous infusions
of low doses of gentamicin and amikacin resulted in higher cortical levels [177,
178]. These principles may not hold for tobramycin within the recommended dos-
ing range. Tobramycin cortical concentrations were similar regardless of the dosing
strategy, which may reflect its higher K and the fact that it does not reach a satura-
tion of uptake. While the human K for gentamicin has not been derived directly
from primary data, based on the K_ of gentamicin in rats [170] and allometric scal-
ing from the human accumulation data [178], the human K _ for gentamicin can be
estimated at approximately 50-60 pg/mL. This may have important implications for
dosing strategies. Specifically, our recent studies have demonstrated that the time
above the uptake threshold should be minimized to minimize renal cell uptake and
nephrotoxic potential. It follows that high-dose, once-daily therapy, in short infu-
sions, is an optimal dosing profile for neoglycosides.

7.9.4 Mechanisms of Cellular Toxicity

In the kidneys, aminoglycosides preferentially accumulate in the proximal tubule,
causing cellular damage and ultimately a reduction in the glomerular filtration
rate (GFR) [179]. The molecular mechanism whereby aminoglycosides lead to
damage of kidney tubule endothelium is a topic of ongoing study. Once inside the
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proximal tubule cells, aminoglycosides are concentrated in intracellular lyso-
somes [180]. One proposed sequence of events leading to tubule endothelial cell
damage after aminoglycoside exposure is lysosomal phospholipidosis followed
by lysosomal rupture [177, 181, 182], leading to release of aminoglycoside into
the cytoplasm of the cell and impairment of mitochondrial respiration [141, 183].
Other observed effects are alteration of normal protein tubular reabsorption, alter-
ation of protein synthesis by endoplasmic reticulum, and depression of Na*/K*
pumps. Aminoglycoside-induced damage may be due to free-radical generation
[184, 185]. Aminoglycosides have also been shown to bind to phospholipid mem-
branes in vitro, and it has been postulated that they thereby interfere with phos-
pholipid metabolism [141, 168, 183, 186, 187].

Whatever the specific cause, the consequent cellular damage appears to result in
death of the kidney cells through apoptosis, and direct cellular injury seems to be
the primary cause of acute renal toxicity associated with aminoglycosides. The pre-
sentation of non-oliguric kidney function impairment is postulated to be due to
subsequent shutdown of individual nephrons in response to local damage, inflam-
mation, and tubular-glomerular feedback.

7.9.5 Aminoglycoside Ototoxicity

While rare, aminoglycoside-induced ototoxicity is often irreversible, and this makes
it a serious clinical concern. Aminoglycoside-induced ototoxicity occurs in a dose-
cumulative and idiosyncratic fashion, the latter presumably due to genetic factors.
While there are some similarities in the pathophysiology of aminoglycoside-induced
nephrotoxicity and ototoxicity, they are not well correlated in clinical studies in
humans [188]. High total cumulative dose [189] and long durations of therapy [127,
164] appear to increase the risk of ototoxicity. There have been reports of familial
patterns of increased risk of aminoglycoside-induced ototoxicity, particularly in
some Asian countries [190]. Some have proposed that the increased susceptibility to
ototoxic effects of aminoglycosides and other ototoxic agents may be increased
through a mutation on mitochondrial RNA [190].

Aminoglycoside-induced ototoxicity is due to destruction of hair cells in the
cochlea and vestibula. Hair cell damage appears to be selective, beginning with the
outer hair cells of the lower portion of the cochlea and working inward [191]. This
process results in hearing loss primarily in the high-frequency range and subse-
quently affects lower-frequency ranges [191]. There is some evidence that ototoxic-
ity, both cochlear and vestibular, is reversible in a proportion of affected patients
[192, 193]. However, it tends to be irreversible once loss of the auditory and ves-
tibular sensorineural cells in the cochlea and vestibule of the inner ear has occurred.
In contrast to proximal tubule cells of the kidney, these cells have no potential for
regeneration once lost.

While data in humans are sparse due to both the low occurrence and paucity of
well-controlled trials (see Sect. 7.9.6), aminoglycosides seem to be differentiated in
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their ability to cause either cochlear toxicity or vestibular toxicity. In a comparison
of several different aminoglycosides, sisomicin caused the most cochlear and ves-
tibular toxicity followed by gentamicin [194]. In animal studies, gentamicin and
sisomicin were relatively more ototoxic than tobramycin and amikacin [195].
Studies in guinea pigs have shown that netilmicin is less ototoxic, including cochlear
and vestibular toxicity, than gentamicin, tobramycin, and amikacin [196, 197].
Dibekacin is similar to amikacin, and half as ototoxic as gentamicin in animals.
Sisomicin is reported to be slightly more ototoxic than gentamicin in animals.
Arbekacin has been shown to be less ototoxic in rats than dibekacin and amikacin.

7.9.6 Ototoxicity in Humans

There is some discrepancy between rates of ototoxicity in animal studies and rates
reported in human clinical trials [198, 199]. Factors complicating the assessment of
aminoglycoside ototoxicity in the clinic include inconsistent patient reporting of
high-frequency hearing loss (beyond the frequencies needed for daily functions like
speech), unstandardized criteria for audiometric measurements, and the lack of
patient baseline function data in many studies. The low incidence of ototoxicity
results in few trials that are sufficiently powered to determine the rate of ototoxicity;
many other trials do not have a suitable comparator arm to act as a control. Many of
the reports of ototoxicity in the clinical literature use audiometric thresholds that are
actually normal variations found in healthy individuals [198]. Background rates of
cochlear and vestibular dysfunction are quite high even in healthy individuals,
which complicates the measurement of drug-induced ototoxicity, particularly in the
absence of appropriate baseline data and definition of thresholds for drug-induced
ototoxicity. A recent National Health and Nutrition Examination Survey (NHANES)
showed that 32% of healthy participants in the USA had 25-dB or greater hearing
loss [200], and 35% of US adults aged 40 years and older showed evidence of ves-
tibular abnormality [201]. Thus, many of the clinical studies may result in overesti-
mates of drug-induced ototoxicity.

In general, ototoxicity has been reported to occur in between 2% and 5% of
patients receiving an aminoglycoside, and is higher in some studies of patients who
receive long durations of aminoglycoside therapy. Ototoxicity data from a meta-
analysis of clinical studies published between 1975 and 1982 [163] are summarized
in Table 7.8. In a more recent review of over 2,100 patients who received once-daily
aminoglycoside therapy, only two patients were reported to have ototoxicity, of which
only one patient, who received 5 weeks of therapy, had long-term deficits [192].

In another prospectively designed randomized trial specifically designed to
assess the incidence of ototoxicity, patients with serious infections were treated with
either once-daily or multiple-daily doses of gentamicin, tobramycin, or amikacin
[127]. In patients who received two or more audiometric evaluations, one patient in
the twice-daily group and none in the once-daily group developed ototoxicity. The
mean duration of therapy in these groups was 10.6+9.7 days and 8.2+6.2 days,
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Table 7.8 Reported toxicity from literature review of clinical trials from 1975 to 1982 [163]

Drug Average dose (mg/kg/day) Cochlear toxicity (%) Vestibular toxicity (%)
Gentamicin 39 8.3 32
Tobramycin 3.8 6.1 35
Netilmicin 5.2 2.4 1.4
Amikacin 15.4 13.9 2.8

respectively. Although a small sample, it does suggest that once-daily dosing has an
advantage in preventing ototoxicity.

A prospectively designed trial compared rates of ototoxicity in patients with
mycobacterial disease (including tuberculosis) who received streptomycin, amika-
cin, or kanamycin for long durations (median 15 weeks) [164]. Results of this study,
although in an atypical patient population treated with aminoglycosides, give a bet-
ter understanding of the development, time course, and correlates of ototoxicity.
This study defined ototoxicity as a hearing loss of at least 20 dB. Applying this
widely used metric, ototoxicity occurred in 32 of 87 patients (37%) given this long-
term aminoglycoside therapy.

7.9.7 Uptake into Inner Ear Cells

There are some similarities in the mechanisms of toxicity for aminoglycoside-
induced nephrotoxicity and ototoxicity. As in renal proximal tubular epithelium,
megalin is expressed in the labyrinth epithelium of the ear [166, 167, 190, 202] and
thus megalin may also mediate uptake into the inner ear hair cells [167]. It appears
that transmembrane transport into the cell is through endocytosis in the inner ear as
it is in the kidney [170]. Alternative routes for aminoglycosides to enter inner
ear (and renal) cells have been proposed, such as transmembrane cation channels
like the Transient Receptor Potential Ca** channel subtype V1 (TRP-V1) [203].
These channels may be able to mediate gentamicin uptake directly into the
cytoplasm of the inner ear hair cells and proximal tubule epithelial cells. However,
the bulk of intracellular aminoglycoside appears to be in the lysosomes in the inner
ear cells [204-206]. While there are some similarities with the mechanism of neph-
rotoxicity, aminoglycoside-induced ototoxicity cannot be explained solely by high
concentrations in the inner ear fluid or by high rates of uptake that lead to accumula-
tion of drug within inner ear tissues [207]. Some have proposed that it is related to
the slow clearance of aminoglycosides from hair cells (aminoglycosides have a
clearance half-life of months in the inner ears of guinea pigs) [208, 209].

In animal models, frequency of administration appears to have less effect on
ototoxicity than on nephrotoxicity, perhaps because of differences in tissue distribu-
tion kinetics involved in the inner ear as compared to uptake in the renal proximal
tubule. High peak serum levels achieved after rapid IV injections did not result in
either an increase in perilymph levels or inner ear damage in rabbits [210], when
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compared to IM injections of the same dose. However, less drug accumulation has
been observed in animal models with less frequent dosing [176, 211]. Some studies
in guinea pigs have shown no difference in ototoxicity of aminoglycosides with dif-
ferent frequencies of dosing [212, 213] while others have shown less ototoxicity
with once-daily dosing [214]. Ultimately, single high daily doses of aminoglyco-
sides are not more ototoxic in animal models than smaller divided doses, supporting
the concept of once-daily dosing.

7.10 Conclusion

Aminoglycosides continue to be critical therapeutics for the treatment of life-threat-
ening infections, with many desirable characteristics including spectrum of activity,
rapid bactericidal activity, predictable PK, excellent solubility and stability, and a
lack of metabolism in humans and animals. The emergence and spread of plasmid-
mediated enzymatic resistance mechanisms, however, has reduced the clinical util-
ity of the legacy aminoglycosides. Fortunately, decades of experience with
aminoglycosides have resulted in a wealth of knowledge surrounding the synthetic
approaches to these scaffolds and a clear map of where resistance and other pitfalls
lie. As we enter an era where multidrug-resistant pathogens are rapidly spreading
around the globe, and where increased deployment of other drug classes (e.g., fluo-
roquinolones, cephalosporins and carbapenems) further elevate the likelihood of
pan-antibiotic resistance, we must continue to capitalize on our understanding of
the aminoglycosides to maximize options available to clinicians. The advent of the
neoglycosides, of which ACHN-490 is the first, brings with it the prospect of broad-
spectrum activity against pan-resistant organisms. Enhancing once-daily aminogly-
coside therapy with a high dose, short course approach provides an additional
opportunity to rejuvenate the promise of the aminoglycoside class.
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Chapter 8
Oxazolidinone Antibacterial Agents

Michael R. Barbachyn

8.1 Introduction

The “golden age” of antibacterial agent discovery commenced with the identifica-
tion of the sulfa drugs in the mid 1930s and concluded with the emergence of the
quinolones in the early 1960s (Fig. 8.1). It is interesting to note that the vast major-
ity of these early antibiotics were derived from natural products. Somewhat surpris-
ingly, at least through the beginning of the year 2000, all subsequent marketed
antibiotics have been largely semi-synthetic or synthetic variations of pre-existing
antibacterial scaffolds. While many of these next-generation agents have provided
considerable clinical utility in treating infections caused by pathogenic bacteria, the
fact remains that they do not represent truly novel mechanistic classes. Clearly, this
“innovation time gap” suggests that the discovery and development of new antibac-
terial agent classes is a non-trivial endeavor and successes in the area have indeed
been relatively rare.

The emergence of a plethora of clinically useful antibacterial agents in the twen-
tieth century has sometimes been thought to mark an end to the need for additional
new antibiotics, as the mortality burden associated with microbial disease has defi-
nitely been alleviated to a considerable extent [1]. However, the resiliency of bacte-
ria to environmental pressures, including xenobiotics such as antibacterial agents,
suggests that the situation is more dynamic than it appears on the surface. Indeed,
the continued development of bacterial resistance to available antibacterial agents
strongly suggests that there will be an ongoing need for the discovery and develop-
ment of new antibiotics [2, 3]. For example, a recent retrospective study of the
incidence, distribution and burden of invasive methicillin-resistant Staphylococcus
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Fig. 8.1 Timeline depicting approximate dates for the first clinical use of agents from each respec-
tive antibacterial class and the >35 year innovation time gap that ended with the introduction of the
oxazolidinones in 2000

aureus (MRSA) infections in the United States in 2005 revealed that approximately
1 out of every 5 such infections resulted in death, despite aggressive antibacterial
therapy [4]. Overall, there were more deaths arising from invasive MRSA infections
than from AIDS. Other multidrug-resistant (MDR) Gram-positive bacteria of par-
ticular concern include glycopeptide-intermediate S. aureus (GISA), vancomycin-
resistant S. aureus (VRSA), vancomycin-resistant enterococci (VRE), and
penicillin- and macrolide-resistant Streptococcus pneumoniae [5]. In addition,
Gram-negative bacilli resistant to extended spectrum beta-lactam antibiotics, fluo-
roquinolones, aminoglycosides, and other antibacterial agents have become increas-
ingly prevalent in the healthcare setting. Particularly problematic Gram-negative
organisms include extended spectrum [-lactamase-expressing strains of Klebsiella
pneumoniae as well as the non-fermenters Pseudomonas aeruginosa, Acinetobacter
baumannii, and Stenotrophomonas maltophilia [6-8]. Management of nosocomial
infections associated with all of the above organisms presents a difficult therapeutic
challenge for critical care physicians. Indeed, infections caused by these bacteria
are often associated with considerable morbidity and mortality. Because of this,
there is an urgent need to identify new therapeutic agents with the ability to cover
these MDR bacterial strains.

A number of potential solutions have been advanced for overcoming the bacte-
rial resistance problem [9]. Certainly, the structural modification of existing anti-
bacterial agents is a well proven approach but one that generally provides only
transient relief. Combination drug therapy has a proven record of success in this
area. A variation on this theme wherein a single agent employs two or more mecha-
nisms of action has also been suggested as another potential solution [10]. Narrow
spectrum agents with a companion diagnostic tool may have merit. Novel approaches
involving immune system modulators and agents targeting bacterial virulence
factors are also under active investigation. However, the best solution to the bacte-
rial resistance dilemma remains the identification of novel antibacterial agents
employing a unique mechanism of action.



8 Oxazolidinone Antibacterial Agents 273

This chapter will briefly chronicle the discovery of the oxazolidinone antibacterial
agents, a relatively new class of totally synthetic compounds with potent activity
primarily against clinically relevant Gram-positive pathogens. Considerable empha-
sis will be given to the prototypical oxazolidinone antibacterial agent linezolid, the
first clinically useful member of this class, and the only marketed representative
(Zyvox™). Linezolid serves as a useful vehicle to share the various properties and
characteristics associated with the oxazolidinones class. An update and opinion on
promising second-generation oxazolidinone prospects will also be provided. Finally,
some thoughts will be shared on what the future may hold for this important class of
antibacterial agents.

8.2 Discovery of the Oxazolidinones

8.2.1 Emergence of Antibacterial Oxazolidinones at DuPont

It is important to note that the first bioactive members of the oxazolidinone antibac-
terial agent class were identified at the E. I. du Pont de Nemours, Company (DuPont)
and reported in 1978 [11]. The lead compounds emerged from a screening exercise
aimed at identifying novel agents for treating selected plant diseases of fungal and
bacterial origin. A representative compound from this early series, racemic
5-(chloromethyl)-3-(4-methylsulfonylphenyl)-2-oxazolidinone (1), is shown in
Fig. 8.2. A subsequent patent reported additional 5-halomethyl and 5-hydroxym-
ethyl variants (e.g., chiral, non-racemic 2) that were claimed to have primarily
Gram-positive antibacterial activity and utility in treating infections in mammals
[12]. For example, orally administered oxazolidinone 2 was reported to be effica-
cious (ED, =9 mg/kg) against S. aureus in a murine lethal systemic infection model.
It is important to note that 2 represents the first disclosure of the importance of the
(5R)- absolute configuration for antibacterial activity. That is, the corresponding
(55)- enantiomer of 2 is totally inactive. Structure-activity relationships (SAR)
within the 5-(hydroxymethyl) oxazolidinone series were further explored by
Gregory [13]. This effort culminated in the identification of S-6123 (3). S-6123
exhibited modest in vitro activity (mean minimum inhibitory concentration or
MIC=22.3 and 7.7 pg/mL against S. aureus and S. pneumoniae, respectively).
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3: R = NH, (S-6123)

Fig. 8.2 Early DuPont oxazolidinones
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Fig. 8.3 Structures of DuPont lead oxazolidinones DuP 105 and DuP 721

Nevertheless, S-6123 demonstrated good oral efficacy (ED,,=17.1 mg/kg) against
S. aureus in a murine lethal infection model.

The first description of oxazolidinones bearing a C-5 acetamidomethyl side chain
appeared in the patent literature in the mid-1980s [14]. Subsequently, at the 1987
Interscience Conference on Antimicrobial Agents and Chemotherapy (ICAAC) in
New York City, workers from the E.I. du Pont de Nemours, Company (DuPont)
formally reported the structure and antibacterial activity profiles of two new, appar-
ently optimized oxazolidinones, Dup 105 (4) and DuP 721 (5), as shown in Fig. 8.3
[15]. Dup 721 and DuP 105 showed significantly improved characteristics relative
to their progenitor compounds. Especially attractive characteristics of these novel,
totally synthetic compounds included the following: (1) a unique mechanism of
action involving inhibition of protein synthesis, (2) promising coverage of multi-
drug-resistant Gram-positive pathogens, (3) an inability to generate resistant mutants
in vitro, employing traditional, serial twofold dilution methods, (4) the availability
of both oral (PO) and intravenous (IV) administration routes, and (5) favorable
pharmacokinetic performance profiles that translated into PO/IV efficacy in relevant
animal infection models.

Further oxazolidinone analog work was conducted at DuPont, which helped
identify some of the fundamental structure-activity-relationships (SAR) in this area
[16-18]. A comprehensive overview of the DuPont work is beyond the scope of this
narrative, but the following generalizations can be gleaned: (1) the requirement for
an N-aryl group, (2) the essentiality of the (55)-absolute configuration for antibacte-
rial activity, (3) the preference for a C-5 acetamidomethyl side chain, (4) the finding
that unsaturated (e.g., an alkenyl group or a second aromatic or heteroaromatic ring)
or electron-withdrawing groups (e.g., acetyl or methanesulfinyl) in the para position
of the N-aryl ring generally potentiate activity, and (5) additional substitutions on
the proximal aromatic ring or at C-4 or C-5 of the oxazolidinone ring usually have a
detrimental, or at best, indifferent effect on the antibacterial activity. As subsequent
events will illustrate, some of these dogmas are subject to revision (vide infra).

DuP 105 and DuP 721 were apparently briefly entered into human clinical trials
but development of these agents was quickly terminated, as emerging safety data for
the two compounds was deemed unsatisfactory [19]. A consequence of the Dup 105
and DuP 721 experience was the demise of the DuPont oxazolidinone research
program.
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8.3 The First Clinically Useful Oxazolidinone, Linezolid

8.3.1 Identification of Oxazolidinones with Improved Safety
Profiles at the Upjohn Company

Immediately following the public disclosure of DuP 105 and DuP 721 by DuPont in
1987, Steven J. Brickner started a part-time, lead-finding oxazolidinone project in
his chemistry laboratory at The Upjohn Company in Kalamazoo, Michigan. Taking
advantage of Upjohn’s rather remarkable policy of encouraging original exploratory
research in an area outside of assigned project work, and engaging Upjohn col-
leagues in other relevant scientific disciplines, Brickner and co-workers were able
to identify three distinct oxazolidinone scaffolds (6-8) within a period of just
18 months (see Fig. 8.4) [20, 21]. These early analogs were all prepared in racemic
form, which represented an acceptable compromise at this early stage of the pro-
gram, as the objective was to rapidly probe fundamental SAR for the oxazolidinone
pharmacophore. It should be noted that all three compounds shown in Fig. 8.4 have
antibacterial activity and oral efficacy comparable to or somewhat less than that of
racemic DuP 721.

The indanone analog PNU-82965 (6) eventually assumed a pivotal role for the
Kalamazoo oxazolidinone program. By 1989, fragmentary reports were obtained
that DuPont had removed an oxazolidinone from clinical trials, due to observed
toxicity in several animal models [19]. In order to probe this notion, a comparative
in-house safety evaluation of racemic DuP 721 and PNU-82965 was conducted in
the laboratory of Richard Piper [22]. In the study design, racemic DuP 721 and
PNU-82965 were administered orally at a dose level of 100 mg/kg body weight
twice a day for 30 days to three male and three female Sprague-Dawley rats. Rats
treated with racemic DuP 721 fared poorly in the study. One death was noted and
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Fig. 8.4 Early Upjohn oxazolidinone lead compounds
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Fig. 8.5 The Manninen Reaction: a practical solution for the preparation of enantiomerically
enriched 5-(hydroxymethyl)oxazolidinones

two rats were sacrificed in a moribund state. Additional findings for the racemic DuP
721 treated animals included severe progressive weight loss and evidence of bone
marrow atrophy. In contrast, the PNU-82965 treated rats exhibited only a few adverse
findings and they were judged to be very mild in nature. There were no clinical
signs, serum, or urine chemistries or histopathological manifestations of drug-related
toxicity. The major outcome of this comparative safety study was the finding that
structure-toxicity relationships are operative within the oxazolidinone class.

Following up on the favorable safety findings with PNU-82965, and speculating
that alternative fused bicyclic inserts might confer favorable properties to the oxazo-
lidinone pharmacophore, the racemic indoline congener PNU-85112 (7) was also
examined [23]. Like its indanone relative, PNU-82965, this PNU-85112 was found
to exhibit an excellent safety profile when tested in an essentially identical chronic
rat toxicity study.

8.3.2 Upjohn Studies Leading to the Identification
of PNU-100480, Eperezolid and Linezolid

With the identification of structure-toxicity relationships putting the oxazolidinone
class in a more favorable position, the research program at Upjohn underwent a
significant expansion in late 1990/early 1991 [22].

One priority for the fledgling program was to develop a reliable, general method
for the preparation of enantiomerically enriched oxazolidinone analogs. Previously
described synthetic methods involving aryl isocyanates were effective, but not gen-
eral [16, 24]. During extensive investigational studies at Upjohn, it was found that
N-lithiated carbamate derivatives of anilines can be reacted with commercially
available (R)-glycidyl butyrate under appropriate conditions to directly generate
(R)-3-aryl-5-(hydroxymethyl)oxazolidinones (9), as shown in Fig. 8.5 [25, 26]. This
step has become affectionately known as the Manninen Reaction, and it represents
a general, scalable solution for the rapid construction of enantiomerically enriched
oxazolidinone intermediates. These hydroxymethyl intermediates can be readily
elaborated to the desired final oxazolidinone antibacterial agents.

By late 1992, the Upjohn discovery research effort encompassed primarily just
three different subclasses of oxazolidinone analogs (see Fig. 8.6): (1) piperazinyl
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Fig. 8.6 Representatives of lead oxazolidinone series under consideration in 1992

phenyl oxazolidinones, represented by 10 (PNU-97665), (2) indolinyl oxazolidinones,
exemplified by 11 (PNU-97456), and (3) the troponyl phenyl oxazolidinones, for
example 12 (PNU-97786) [22, 23, 27, 28]. The indolines generally exhibited an excel-
lent safety profile but demonstrated somewhat lower levels of antibacterial activity
than desired. The tropone analogs were generally the most interesting compounds
from an antibacterial activity standpoint but they displayed poor water solubility, they
were somewhat challenging to synthesize, they sometimes had a negative safety
signal, and they exhibited variable pharmacokinetic properties in the rat. In contrast,
selected piperazine derivatives exhibited excellent in vitro and in vivo activity while
also maintaining an acceptable safety profile, good water solubility, and excellent
pharmacokinetic parameters. As a bonus, the piperazine analogs were also the easiest
compounds to synthesize. Because of these and other characteristics, the piperazine
series became the principal focus of the chemistry effort at Upjohn going forward.

An examination of the structural features of oxazolidinones 10-12 and the even-
tual clinical candidates (vide infra), suggests that the Upjohn group’s principal con-
tributions to advancing an understanding of SAR in the oxazolidinone area include
the following: (1) the finding that one or two fluorine atoms flanking the substituent
in the para position on the phenyl ring (e.g., 10 and 12) usually exerts a significant
potentiating effect on antibacterial activity and/or efficacy, [28] and (2) an electron-
donating amino substituent in the para position on the phenyl ring (e.g., 10 and 11)
often confers a good safety profile while maintaining excellent antibacterial activity
[29-32].

A complete accounting of the piperazinyl phenyl oxazolidinone SAR optimiza-
tion story is beyond the scope of this narrative and, surprisingly, it has never been
published in a comprehensive format. Nevertheless, in brief, it was found that a
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wide range of alkyl, carbonyl, and sulfonyl substituents were tolerated on the distal
piperazine nitrogen atom [29-31]. Fluorinated derivatives again provided improved
antibacterial activity, although the monofluoro congeners were generally found to
have better water solubility profiles than their difluoro counterparts, an important
consideration for the targeted intravenous route of administration. Many of the syn-
thesized piperazine analogs exhibited interesting levels of in vitro activity and
in vivo oral efficacy against problematic Gram-positive pathogens [29-31].
Following a number of iterative synthetic cycles, it was found that the hydroxy-
acetyl moiety was apparently the optimal nitrogen appendage. Ultimately, the
monofluoro analog 13 (PNU-100592, formerly U-100592), which was subsequently
named eperezolid, emerged as the analog with the best balance of antibacterial
activity and efficacy, pharmacokinetics, water solubility, and other pertinent proper-
ties (see Fig. 8.7) [22, 32].

An awareness of available bioisosteric replacements for the piperazine ring
system led to a concerted effort to prepare and examine some of these analogs
[33, 34]. Again, the scope of the Upjohn analog effort was too broad to discuss in its
entirety here. Focusing on key deliverables, this exercise led to the identification of
the interesting antimycobacterial thiomorpholine derivative 14 (PNU-100480, for-
merly U-100480), [35] and also the morpholine analog 15 (PNU-100766, formerly
U-100766), which subsequently became known as linezolid (see Fig. 8.8) [22, 32].



8 Oxazolidinone Antibacterial Agents 279

8.3.3 Linezolid Emerges as the Oxazolidinone
with the Best Overall Profile

Eperezolid and linezolid were quite unusual in that they were almost identical
in their overall preclinical profiles. Their equilibrium solubility in pH 7 phosphate
buffer (4.2 vs. 3.7 mg/mL, respectively), their minimum inhibitory concentrations
(MICs) against relevant Gram-positive organisms, their overall antibacterial spec-
trum, their efficacy in predictive murine infection models, their pharmacokinetic
(PK) behavior in the dog, and their overall safety profile in 30-day rat and dog mul-
tiple dose toxicity studies were quite similar [22, 32]. Linezolid did exhibit a supe-
rior PK profile in the rat. When dosed orally in the rat at 25 mg/kg, linezolid
exhibited improved clearance (10.5 vs. 24.9 mL/min’kg/) and oral bioavailability
(109% vs. 56%) compared to eperezolid [36]. In contrast, differences between the
two compounds were more equivocal in the corresponding dog studies, with clear-
ance (1.99 vs. 6.3 mL/min/kg respectively) and oral bioavailability (97% vs. 100%,
respectively) in a favorable range for both compounds [36]. Since eperezolid and
linezolid were members of a novel class, with no previous clinical experience, it
was not known which preclinical species would be more predictive of the eventual
human PK experience. Therefore, the Upjohn team undertook the unusual strategy
of taking both eperezolid and linezolid through a Phase 1 clinical trial in order to
determine if there might be a significant difference between the two compounds
with respect to their PK behavior in humans. Of course, another important advan-
tage of the envisioned parallel clinical development plan was that single ascending
dose (SAD) and multiple ascending dose (MAD) safety profiles would be obtained
for both drug candidates [37]. It should be mentioned that the thiomorpholine deriv-
ative PNU-100480, despite its comparable activity and good oral efficacy against
Gram-positive organisms, was removed from further consideration as a drug candi-
date at the time because of its relatively poor water solubililty (0.2 mg/mL in pH 7
phosphate buffer), precluding it from IV administration, and a complex oxidative
metabolism profile in rodents [35].

Eperezolid entered human clinical trials in October of 1994, with linezolid
following just 6 months later in April of 1995. Ultimately, linezolid was selected
over eperezolid for advancement into Phase 2 clinical trials in patients based on its
superior pharmacokinetic profile (vide infra), which suggested twice daily dosing
would be achievable [37]. Phase 3 trials began in January, 1998 and the NDA was
filed in October, 1999. The FDA granted fast-track status to linezolid and the com-
pound was approved on April 18, 2000 and is now marketed as Zyvox™.
Interestingly, PNU-100480 (PF-02341272) was recently resurrected by Pfizer and
entered into human clinical trials in 2009 as a novel agent for the treatment of infec-
tions caused by susceptible and multidrug-resistant strains of Mycobacterium
tuberculosis.






