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Abstract

Natural products have served as powerful therapeutics against pathogenic bacteria since the golden
age of antibiotics of the mid-20th century. However, the increasing frequency of antibiotic-
resistant infections clearly demonstrates that new antibiotics are critical for modern medicine.
Because combinatorial approaches have not yielded effective drugs, we propose that the
development of new antibiotics around proven natural scaffolds is the best short-term solution to
the rising crisis of antibiotic resistance. We analyze herein synthetic approaches aiming to
reengineer natural products into potent antibiotics. Furthermore, we discuss approaches in
modulating quorum sensing and biofilm formation as a nonlethal method, as well as
narrowspectrum pathogen-specific antibiotics, which are of interest given new insights into the
implications of disrupting the microbiome.
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1. INTRODUCTION

Among the greatest achievements of humankind in recent history stands the discovery and
production of penicillin as a life-saving antibiotic. However, nearly a century of unchecked
usage has rendered the world’s supply of antibiotics severely weakened; Sir Alexander
Fleming noted in his Nobel lecture that underdosage can apply the selective pressure that
induces bacteria to evolve resistance to these drugs. In this review, we contrast the traditional
method of semisynthetic modifications to natural products with modern synthetic
approaches to develop new antibiotics around the privileged scaffolds that informed drug
discovery for decades in order to overcome contemporary antibiotic resistance.

In the 90 years since the discovery of penicillin (1), natural products have provided a major
foundation for the development of antibiotic drugs. The reliance on natural products to
provide new molecular entities for virtually every disease is also well established.! Of the
nine antibiotic classes in Figure 1, six represent naturally occurring compounds, with only
three (the sulfonamides, fluoroguinolones, and oxazolidinones) conceived entirely through
synthetic chemistry. We note the impressive structural diversity and complexity within the
natural product antibiotics especially when compared to the synthetic classes.

Scientists have warned for decades that bacteria are rapidly evolving resistance to
antibiotics.2™ Resistance has proliferated due to a confluence of two key factors: the
frequent prescription against infections of a nonbacterial nature, such as viral infections, and
unregulated usage, which can lead to sublethal doses, permitting resistance to spread rapidly.
5 We also observe that prescribing habits vary drastically from country to country; the
United States is particularly likely to use recently developed antibiotics rapidly, possibly
shortening their lifetime of efficacy.6 Analysis of the IMS Health Midas database indicated
that between 2010 and 2014 consumption of antibiotics worldwide increased by 36%:;’ the
carbapenems and polymyxins, two “last-resort” drugs, have increased in usage by 45% and
13%, respectively. This resistance is extensively observed in hospitals where
immunocompromised patients are particularly vulnerable.® Hospital-acquired resistant
infections have spread rapidly since the initial discovery of sulfonamide- and penicillin-
resistant strains shortly after the introduction of these drugs in the 1930s and 1940s.%:10 In
the U.S. and U.K. this problem has not abated, as nearly 40-60% of hospital-acquired S.
aureus strains are methicillin-resistant.1! These public health threats will continue to rise
without new antibiotics and meaningful changes in treating infections. Beyond prescription
in humans, antibiotics find extensive use as prophylactic agricultural supplements to
promote livestock growth and prevent diseases. It is estimated that the US livestock industry
consumes a staggering 80% of antibiotics produced.® Antibiotic-resistant strains of
Salmonella have been identified in ground meat,12 and antibiotic use in livestock has been
strongly linked to fluoroquinolone-resistant Sa/monella.}3 The need for new antibiotics is
increasingly widely appreciated as a pressing concern by governments, scientists, and the
general public.1415 These factors, in tandem with the reduced research and development
toward discovering new antibiotics, have worsened the recent eruption of antibiotic resistant
bacterial populations across the globe. As the golden age of antibiotics has clearly ended, the
most pessimistic view of the current state of affairs is that a postantibiotic era may be
approaching.

Chem Rev. Author manuscript; available in PMC 2018 October 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rossiter et al.

Page 3

As of 2013, the CDC identified that antibiotic resistance had contributed to at least two
million illnesses and 23,000 deaths in the United States.!! Antibiotic resistance is also a
global problem, with nearly 450,000 cases of drug-resistant tuberculosis and an estimated
170,000 deaths occurring in 2012 alone.16 Previously treatable infections are now serious
concerns due to a lack of effective antibiotics, which is evident given the figures above.
Furthermore, increased rates of world travel threaten to allow antibiotic resistance to spread
rapidly.1” An overview of the estimated cases of antibiotic resistant infection and mortality
in recent years demonstrates this frightening reality (Figure 2). Notably, antibiotic resistance
correlates with high mortality; methicillin-resistant S. aureus (MRSA) and vancomycin-
resistant S. aureus (VRSA) have estimated rates of 14% and 6.5%, respectively.1

1.1. Mechanisms of Action of Established Classes of Antibiotics

Antibiotics act on three primary targets within bacteria cells, with each class of drugs
favoring one specific mode of action. These targets include the inhibition of (1) cell wall
(peptidoglycan) synthesis; (2) protein synthesis (ribosome); or (3) DNA or RNA synthesis
(DNA topoisomerase or RNA polymerase) (Figure 3). An excellent comprehensive summary
of mechanisms of both action and resistance has been provided by Walsh and Wencewicz;
however, we will also provide a brief overview.18:19

1.1.1. Inhibition of Cell Wall Biosynthesis—The g-lactams, including penicillin (1)
and the cephalosporins, inhibit the transpeptidation cross-linking step of peptidoglycan, the
cell wall precursor. The strained four-membered g-lactam rings in these molecules are
attacked by a serine hydroxyl group, acting as a suicide inhibitor against these critical
enzymes. This acyl intermediate is slow to hydrolyze, which halts cell wall synthesis and
weakens the reproducing cells.18 Vancomycin (4) also targets peptidoglycan synthesis by
blocking transpeptidase from cross-linking the terminal D-Ala-D-Ala peptidy! tail. Instead
of targeting an enzyme, vancomycin and other glycopeptides (refer to section 5) bind to this
tail through a strong hydrogen-bonding network, preventing cell wall construction from
proceeding. Uniquely, tunicamycin and other uridyl-peptide inhibitors act internally to block
N-glycosylation in the lipid carrier cycle.

1.1.2. Inhibition of Protein Synthesis—Several classes of antibiotics target protein
synthesis in the bacterial ribosome. The natural product-derived family of macrolides
including erythromycin (3) targets the larger 50S subunit, binding in the polypeptide exit
tunnel. Synthetically derived antibiotics such as the oxazolidinones, including linezolid (8),
also bind to the 50S subunit. The tetracyclines, another class of natural product-derived
antibiotics, bind to the smaller 30S subunit in its A-site (acceptor) for aminoacyl-tRNA,
which contains the building blocks for translation.

1.1.3. Inhibition of DNA Replication—A third major target of antibiotics is nucleic acid
replication and repair mechanisms. The synthetic antibiotic class of quinolones, including
ciprofloxacin (9), targets DNA gyrase (DNA topoisomerase 1), which assists in unwinding
replicated DNA. These gyrases make cuts in both strands of DNA to relieve torsional stress
in the replicating supercoil. Quinolones bind at these cleavage sites, stabilizing the DNA,
and thus preventing further repair to the system.
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1.1.4. Inhibition of Folate Biosynthesis—We also note the sulfonamide (sulfa) drugs,
including sulfamethizole (9), which target folic acid pathways in bacteria. These drugs are
structural mimics of p-aminobenzoic acid, a key precursor in the biosynthesis of folic acid.20
These drugs were among the first useful antibiotics, finding widespread use until the late
1940s when alternatives (such as penicillin) became available.2! Notably, a batch of elixir
sulfanilamide-Massengill tainted with ethylene glycol led to the deaths of more than 100
people across the American South in 1937.22 This incident was a major impetus for the
passage of the Federal Food, Drug, and Cosmetics Act in 1938, which established greater
regulatory power of the US Food and Drug Administration (FDA).23 We note throughout
this review that issues regarding safety are a major obstacle in antibiotic drug discovery and
lead to the demise of many promising candidates.

1.2. Common Mechanisms of Antibiotic Resistance

Despite targeting many critical pathways, antibiotics have lost efficacy due to the evolution
of resistance mechanisms in bacteria.18:24.25 |t is hypothesized that antibiotics evolved as
weapons for biological warfare between bacteria, which means that resistance has been
developing for millennia. Because the “fittest” survive, these methods to resist antibiotic-
induced death are passed on to the next generation through cell division, ensuring
proliferation of the evolutionary advantages. Additionally, mechanisms of resistance are also
shared among bacteria through horizontal gene transfer.26 While these systems are quite
diverse across bacterial species, resistance mechanisms can be grouped according to some
general similarities.27-28 In particular, bacteria have evolved three distinct mechanisms to
resist antibiotics, including the reduced penetration of the drug via limited permeability and
efflux pumps, mutation or modification of the binding target, and degradation of the drug
itself (Figure 4).29-31 As the targeted processes are especially critical to bacterial life, there
is considerable selection pressure, which drives the spread of resistance. Specific
mechanisms of resistance relevant to each class of antibiotics we discuss will be addressed
within the following sections; however, we provide a brief overview here.

1.2.1. Drug Efflux—Efflux pumps actively transport small molecules out of the bacterial
cell. Found in both Gram-positive and Gram-negative bacteria, these pumps exhibit varying
substrate scope and specificity. A tetracycline efflux system was among the first to be
identified, which remains a critical factor in tetracycline resistance.32 Some pumps are
known to remove various substrates, making these factors key contributors to multidrug
resistance.33 These are classified into five major families which differ in structure, energy
source, substrate specificity, and species distribution.34-36

1.2.2. Modification of the Target—Mutations or modifications of the binding sites of
antibiotic targets are another common defense mechanism employed in resistance.2? Well-
studied examples are the methylation of ribosomes to inhibit macrolide binding (section 3.2)
and the mutation of the rifampin target RNA polymerase. In the first case, the methylation
provides steric congestion, which clashes with the highly substituted macrolide backbone.2
In the second case, single point mutations are able to decrease the binding affinity of
rifampin while maintaining the activity of the polymerase, allowing the bacteria to function
normally.3’
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1.2.3. Drug Metabolism—The final key mechanism of resistance is the degradation or
inactivation of the antibiotics themselves. This method relies on chemical transformations to
destroy the inherent bioactivity of the compounds.2?:33 The g-lactam antibiotics are
particularly sensitive to inactivation, as bacteria have evolved S-lactamase enzymes to cleave
the critical lactam ring. In addition, the aminoglycosides are also easily rendered inactive, as
the amino and hydroxyl groups can be acetylated or phosphorylated leading to a reduction in
binding affinity to ribosomal targets.38

1.3. Antibiotic Terminology

1.4. Scope

In line with calls, old and new, for standardized terminology across the broad field of
antibiotics,3%40 we shall abide herein by the nomenclature described below. Susceptible
bacteria are those which lack observable resistance to an antibiotic, which are often well-
known drugs of the golden age of antibiotics, such as tetracycline, erythromycin, or
penicillin. Strains of susceptible bacteria are commonly known as quality control (QC)
strains. To discuss the efficacy of antibiotics /n vivo, we frequently refer to minimum
inhibitory concentrations (MIC), which is the lowest concentration of drug at which no
bacterial growth is observed. When discussing efficacy of antibiotics against a particular
biological target assayed in vitro, the 1Cxgq is typically reported, which refers to the
concentration at which a reduction by half of some measurable is observed. Given the
inevitable clinical and epidemiological concerns that accompany any discussion of the need
for antibiotics, we also intend to abide by Mendelson’s recent proposal.?® Accordingly,
stewardship shall generally refer to the pressing need to use antibiotics responsibly at all
levels of care, from the physician at the clinical level to policy decisions made at the
regulatory level. We will avoid the use of the nonspecific term “antimicrobial” and discuss
antibiotic resistance. Finally, Mendelson encourages a departure from the overused theme of
a militaristic campaign against bacteria, especially given recent discoveries concerning
symbiotic relationships with commensal bacteria (which greatly outnumber pathogens!).

Considering the multiple resistance mechanisms against natural product-derived antibiotics
that have been observed, humankind must organize a multifaceted response to maintain a
catalog of effective treatments. Two possible approaches of addressing this issue of
resistance are (1) developing entirely new scaffolds or (2) modifying existing natural product
scaffolds to extend their life. The second approach will be the major focus of this review. We
analyze synthetic approaches to rejuvenate three key scaffolds, the macrolides, the
tetracyclines, and the glycopeptides, all of which hail from the golden age of antibiotics.
Furthermore, we outline approaches in developing small molecules derived from species
involved in quorum sensing as a nonlethal approach. Finally, we discuss early stage
investigations of other natural product antibiotics, especially those which demonstrate
narrow-spectrum activity. We avoid discussions of biosynthetic tailoring of natural products;
we note that van der Donk has recently cataloged biosynthetic studies of the lantibiotic
peptides.*!
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2. STRATEGIES TOWARD ANALOG DEVELOPMENT

Due to a general lack of new antibacterial compounds in the drug discovery pipeline,
extensive efforts are underway to fill this gap. There are three chemical approaches to
generating new lead molecules (aside from efforts in new natural product isolation): (1)
combinatorial chemistry generally resulting in primarily sp2-hybridized molecules,*243 (2)
methods which develop diverse libraries of complex scaffolds, and (3) modifications to
previously identified antibiotic compounds (Figure 5). The first approach has been
extensively employed by industry to provide lead compounds; however, it has been largely
unsuccessful in generating new antibiotic scaffolds. In a recent review, Wright and co-
workers note that “despite new genomic tools, the ability to identify high-priority targets
using, for example, essential gene screens, and innovation in high-throughput screening
[(HTS)] technologies that enables millions of compounds to be probed in a short period of
time, no new antibiotic drugs have emerged.”4 Furthermore, in Lipinski’s landmark paper
which set the rules for combinatorial chemistry, which so frequently generates the large
libraries tested by HTS, it is stated plainly that antibiotics do not fit the paradigm of the
medicinal chemistry approaches which might be more successfully employed to identify
anticancer drugs.*® The second approach has seen extensive application in developing
compounds with structurally complex and highly functionalized scaffolds. Methods such as
diversity-oriented synthesis (DOS) and complexity-to-diversity (CtD) have been shown to
furnish large numbers of compounds through relatively few chemical transformations in a
highly divergent manner.46-50 |n contrast to the traditional means of natural product
development for antibiotics, these approaches are used to generate compounds which expand
beyond the known antibacterial motifs, while avoiding the planar nature of molecules
typically yielded via combinatorial chemistry.

2.1. Diverted Total Synthesis

In the 1990s, an intriguing family of natural products, the epothilones, was identified to have
potent antitumor activity. While the epothilones shared a tubulin interference mechanism
with the familiar taxol, scientists observed a much-improved potency against drug resistant
cell lines. Given the lucrative prospects surrounding the epothilones, a number of synthetic
laboratories began to pursue this scaffold, including the Danishefsky, Nicolaou, and
Schinzer groups. A detailed summary of the historical context and synthetic efforts has been
compiled nicely in Harran’s recent review.>!

Following their synthetic work toward the natural products, the Danishefksy laboratory
began to apply a medicinal chemistry approach, seeking to establish a structure—activity
relationship (SAR) with the hope of ultimately arriving at an optimized clinical candidate.52
Comparison of epithilones B (10) and D (11), which differ only by the presence of the
epoxide in 10, led to the insight that the removal of this molecular feature might reduce
toxicity. To develop a thorough SAR, Danishefsky established an approach he terms
“molecular editing”. In short, late-stage intermediates in a synthetic route en route to the
natural product of interest can be diverted to access analogs which possess molecular
features not possible through either semisynthetic or biosynthetic methods (Figure 6).53:54
This approach, known as diverted total synthesis (DTS), established that further unsaturation
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in the macrocycle enhanced potency and stability (Figure 7). Given the sensitivity of the
allylic methyl group, installation of a trifluoromethyl group in its place also widened the
therapeutic window, and the Danishefsky group arrived at the preclinical candidates
fludelone (13) and iso-fludelone (14), compounds which would not exist absent the
ingenuity of synthetic chemists.

We also note a highly analogous strategy, function-oriented synthesis (FOS), which aims to
generate simplified analogs of natural products which retain or improve upon biological
activity.%® Several highly successful drugs have been developed using this strategy, including
Lipitor, which was designed from a naturally occurring statin.>8

2.2. Diversity-Oriented Synthesis

The DOS strategy was originally introduced by Schreiber, who conceived the notion in the
early 21st century that simple chiral building blocks could be taken through a few divergent
transformations to generate a large degree of complexity (Figure 8).4” This could then be
applied to similar starting materials to generate a library of substituted scaffolds.
Additionally, because these intermediates would contain reactive functionalities, the libraries
could be further diversified by following divergent pathways. Both Schreiber and others
have acknowledged the utility of such a synthetic design, and DOS has been successfully
employed to discover complex bioactive scaffolds.>’

Utilizing DOS, Spring has discovered three compounds with inhibition activity against S.
aureus, including two UK epidemic methicillin-resistant strains (EMRSA 15 and EMRSA
16).%8 Starting from simple chiral building blocks, the authors performed up to four
divergent transformations to generate a diverse series of scaffolds with varying substitution
(Figure 8). After screening their library of 242 compounds, they identified three which
demonstrated some antibacterial activity. The most potent compound, ()-gemmacin (15),
was weakly active against resistant strains including vancomycin-resistant enterococci
(VRE) (Figure 8). It also showed low antifungal activity, indicating a degree of selectivity.
Their brief study demonstrates the potential of accessing compounds with natural product-
like complexity. While these compounds are not sufficiently potent for clinical applications,
compounds identified through DOS may be useful starting points in drug discovery
campaigns.

Unlike Spring’s DOS campaign, Sello developed a DOS strategy around previously
identified antibiotic compounds.>® The enopeptin family (18, 19) was shown to have
excellent antibacterial activity /n vitrobut limited activity /n7 vivo due to its poor solubility
(Figure 9). Extensive SAR studies by Bayer Pharmaceutical Research identified key
hydrogen bonding interactions that constrained the peptidolactone core and identified a lead
compound called acyldepsipeptide 4 (ADEP 4, 20). Sello’s group expanded on this work,
developing a convergent strategy to illuminate the optimal tripeptide fragment for the
macrocyclic core (Figure 9). By designing a retrosynthesis to provide each fragment
separately, the authors synthesized eight compounds which varied in their bioactivity.
Compounds 21 and 23 were the most potent against both MRSA and VRE strains. This
study clearly demonstrates the potential for DOS studies to yield potent antibacterial
compounds.
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2.3. Complexity to Diversity

While there are few examples of the CtD approach being directly applied to generate
antibacterial compounds, this strategy is capable of creating diverse collections of
compounds for screening libraries.*8-50 Starting with an abundant and highly functionalized
natural product, complexity is generated by ring distortion through cleavage, rearrangement,
or ring fusion. Huigens recently used this approach to create a series of compounds from the
indole alkaloid yohimbine (29).59 In four steps or fewer, yohimbine is transformed to a
diverse array of scaffolds (Figure 10). While yohimbine has no antibacterial activity, the
authors identified two compounds, 30 and 33, which offered slight inhibitory activity against
S. aureus. This ring-distortion method demonstrates the ability to introduce antibacterial
activity by introducing drastic structural modifications, and it certainly provides proof-of-
concept for the method.

2.4. Summary

These strategies offer an alternative to the classic means of antibiotic discovery, including
new compound isolation and semisynthetic modifications of natural products. They allow
access to unexplored chemical space which in turn provides the potential for new antibiotic
targets to be discovered. One primary benefit of these strategies is that these diverse libraries
can be accessed in rapid fashion as transformations can be performed on a diverse series of
substrates introducing further chemical complexity. While these have not yet been
successfully employed to develop an approved antibiotic, these strategies have certainly
inspired chemists to move beyond the once popular combinatorial chemistry and provide
more robust structures for probing biological activity.

3. MACROLIDES AND KETOLIDES-FROM FERMENTATION TO SYNTHESIS

The term “macrolide” was coined by Woodward to describe macrolactone glycosides.
Erythromycin (3), the first clinically useful macrolide antibiotic, was isolated at the midpoint
of the 20th century during the golden age of antibiotics from the actinomycete
Saccharopolyspora erythrea8 Early reports in medical journals were quick to indicate
erythromycin’s excellent spectrum of activity against Gram-positive pathogens.52:63 The
structure of erythromycin was first deduced by chemical testing,54 and X-ray studies defined
the stereochemistry of this formidable skeleton.5® Despite its promising antibacterial
potency, erythromycin was limited by its poor pharmacological profile, which spurred
semisynthetic innovation beginning in the late 20th century and, more recently, totally
synthetic approaches to both test hypotheses regarding resistance and binding as well as
broadly explore unknown chemical space.

3.1. Mechanism of Action

The macrolide antibiotics target the 50S subunit of bacterial ribosome to inhibit protein
synthesis. This portion of the ribosome contains the catalytic peptidyl transferase center,
where translation is carried out. As the peptide is lengthened, the just-assembled end of the
nascent peptide is extruded though an exit tunnel. Erythromycin and related compounds bind
to the interior of this channel, which sterically blocks the growing peptide from continuing
down the tunnel (Figure 11). The precise details of this inhibition were previously debated; it
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has been determined that erythromycin cannot bind to a ribosome in which protein synthesis
is already underway.®7.68 After binding to an empty ribosome, erythromycin then clogs the
exit tunnel. When the bacterial machinery becomes jammed, it then ejects the incomplete
peptidyl-tRNA complex. A crystal structure of erythromycin bound to the 50S ribosome
clearly demonstrates the obstruction of the peptide exit tunnel (Figure 11).59

3.2. Resistance to Macrolides and Ketolides

Macrolide resistance is very well characterized and can be classified into three general
approaches: active efflux, ribosomal modification, and drug modification. These are
significant obstacles and are in large part the impetus for the semisynthetic innovations
described briefly herein.

3.2.1. Efflux Pumps—A common method of avoiding the inhibitory effect of antibiotics
is to actively remove them from the cell. An enzyme specific to the macrolides is encoded
by mef (macrolide efflux) genes.”® These efflux pumps were first identified in Gram-positive
species but have also been observed in various Gram-negative pathogens. These are capable
of effluxing macrolides, as well as lincosamides and streptogramin B (this phenotype of
resistance is generally known as MLSg or MLKSg, if ketolides are included). The Mef
family of efflux pumps are generally not regarded as a major contributor to resistance (which
can be measured by comparing the change in MIC between strains carrying this gene and
those that do not); Mef is, however, a significant cause of the rise in macrolide-resistant
streptococci, particularly S. pneumoniae.’t "2 Also known are ATP-binding cassette (ABC)
transporters, a superfamily of efflux pumps, which are known across the phylogenetic tree
but have been identified to contribute to resistance against many antibiotics, including the
macrolides, in bacteria.” A macrolide-specific ABC-type pump, macAB, has been
identified in £, coli,* while the Msr family of macrolide pumps is known to have spread
from Staphylococcusto other genera such as Streptococcus and Pseudomonas.”™ Among
Gram-negative bacteria, the RND family is a major class of multidrug efflux pumps, which
partially account for the persistence of these pathogens in clinical settings.’877 Recent
studies have identified amino acid residues specifically responsible for macrolide resistance
via the RND transporter complex AcrAB-TolC in £. coli’8

3.2.2. Ribosomal Mutation—Another observed method of resistance is to alter the
erythromycin-binding site through mutation. The replacement of adenine 2058 (based on £.
coli numbering) with guanine, which disrupts the key hydrogen-bonding interaction (Figure
11), is well-known to cause resistance to erythromycin and other macrolides with a >2,000-
fold decrease in potency.”® Mutations at nearby nucleo-sides, like C2611G, have also been
observed, though these make a relatively minor contribution to resistance; the increase in
MIC is generally within 1 order of magnitude.”® A critical series of adenine residues (749-
752) is also known; a deletion within this range reduces macrolide potency by a factor of
500. This effect is also observed in telithromycin (37), a ketolide. In addition to the nucleic
acid backbone, the ribosome also incorporates proteins that assist in various functions; a
mutation in the L22 ribosomal protein (G95D) also contributes to resistance.
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3.2.3. Ribosomal Modification (Methylation)—Active efflux has a critical drawback
—mnamely in the fitness cost. There is a considerable fitness cost to expressing these enzymes
and maintaining active efflux, which is energy-dependent. Though these genes can be shared
easily via horizontal gene transfer, constitutively expressed resistance can be a significant
drain on various cellular processes. A murine model demonstrated that bacteria susceptible
to antibiotics are more viable than a resistant variant.8 An ideal solution would be a system
that can “turn on” in the presence of antibiotic to affect resistance without requiring
considerable upkeep when not threatened.

Such an inducible mechanism of resistance has been observed which utilizes erythromycin’s
binding to the ribosome to trigger expression of resistance, specifically dimethylation of the
critical A2058.81-83 These Erm-type genes follow a short sequence, an open reading frame
(ORF), which encodes a leader peptide.8* This leader peptide is constantly translated, which
acts as a sensor. The genetic material that follows (which encodes Erm) is not accessible by
the ribosome thanks to a conformation which shields the ribosomal binding site (RBS).
When erythromycin is present, the blocked ribosome essentially becomes stuck on the ORF
sequence. This induces a thermodynamically driven conformational change which frees the
RBS and allows translation of Erm. Conveniently, this process is triggered at low
concentrations of macrolide (0.1-10% of MIC), which ensures that there is sufficient
unimpeded ribosome to translate the ribosomal methyltransferase from Erm.8° The S-
adenosyl methionine-dependent methylase then acts upon A2058. This process yields a
similar outcome compared to the A2058G mutation, though it is likely to spread via plasmid
horizontal gene transfer.

3.2.4. Drug Degradation—A final mechanism of macrolide resistance features esterases
which hydrolyze the C1-014 ester in erythromycin. These erythromycin esterases (EreA,6
EreB,87 and the more recently identified EreC88) have been identified to provide high levels
of resistance when encountered. Though not commonly observed, these enzymes have the
potential to proliferate given that they have been found in integrons and transposons, which
potentially allows these resistance traits to be shared rapidly via horizontal gene transfer.
The Wright Laboratory at McMaster University recently performed a thorough
characterization of EreA and EreB, finding that both enzymes act upon erythromycin (3) and
clarithromycin (35), while EreB also acts on azithromycin.8% No activity toward
telithromycin was observed, providing hope that the ketolides will retain activity should this
mechanism of resistance become widespread.

3.3. History of Macrolide Development—Semisynthetic Innovations

For more than a half-century, semisynthetic innovation drove the macrolide family forward.
Despite erythromycin’s antibacterial potency, unpleasant side effects were observed,
including gastrointestinal disturbances and poor bioavailability. These were attributed to the
compound’s instability in acid, as the C6 and C12 hydroxyl groups can form spiroketal 34 at
the C9 ketone (Figure 12).91 To solve this problem, scientists at Taisho Pharmaceuticals in
Tokyo developed a method to block this chemistry while retaining an active antibiotic. The
solution was to methylate the C6 hydroxyl group, which is ordinarily straightforward
chemistry. However, a brief inspection of erythromycin reveals numerous vulnerable
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alcohols. Ingeniously, Omura and co-workers converted the ketone to a substituted, bulky
oxime. This alteration forced a conformational change rendering only the C6-alcohol
accessible, permitting methylation to yield a more stable antibiotic, clarithromycin (35),
which was approved for use in 1980.92 Contemporaneously, scientists at Pliva in Zagreb,
Croatia, took erythromycin in a different direction, generating an oxime and forcing a
Beckmann ring expansion, ultimately yielding a 15-membered azamacrolide from the 14-
membered macrolide.?3 This drug, azithromycin (36), found widespread clinical use and
was the seventh-most prescribed drug in 2010. However, such frequent use can only
accelerate the evolution of bacterial resistance; a recent report indicates that 76% of MRSA
isolates are resistant to azithromycin.?* These reports of rising resistance drove scientists to
two key innovations that would inform the next generation of macrolide antibiotics. First,
the cladinose sugar bonded to the oxygen at C3 was found to be unnecessary, corroborated
by the lack of contacts in the crystal structure (Figure 11). Removal of this group and
oxidation to a C3-ketone was found to be optimal, giving rise to the ketolides. Furthermore,
scientists at Abbott Laboratories introduced a cyclic carbamate at C11 and C12, with the
included nitrogen serving as a functional handle.% It was quickly discovered that
incorporating a biaryl group tethered by a short alkyl chain could provide additional binding
to the ribosome via r-stacking with C2644 (Figure 11), which explains the increased
potency. These two key innovations allowed scientists at Aventis Pharmaceuticals to develop
telithromycin (37), approved for use in 2004. Despite its antibiotic capabilities, the use of
telithromycin has been recently discouraged because of severe side effects. The pyridyl-
imidazole functionality, which bears considerable molecular resemblance to nicotine, was
hypothesized to block nicotinic acetyl-choline receptors (hAChR) in the neuromuscular
junction, optic nerve, and liver, which explains reports of myasthenia gravis (a
neuromuscular disease), visual disturbances, and hepatotoxicity, respectively.% In
collaboration with the Sharpless group, scientists at Optimer Pharmaceuticals sought to
replace the imidazole with the similar 1,2,3-triazole, easily introduced using azide—alkyne
“Cu-click” chemistry. These triazoles were reasonably expected to withstand metabolism,
given that these are often used as bioorthogonal linkages in chemical biology. Furthermore,
the pyridine was replaced with an aniline ring, and with the installation of fluorine at C2, the
next-generation candidate solithromycin (39) was born, which made it through the pipeline
to Phase 111 trials. Despite their efforts, solithromycin, in a recent FDA report,%’ was
identified as inferior to the existing treatment of moxifloxacin against community-acquired
bacterial pneumoniae (CABP). Furthermore, there are remaining concerns with hepatoxicity,
indicating that the pyridyl-imidazole moiety may not be culpable as hypothesized
previously. These issues led the FDA to reject solithromycin, and some industry scientists
speculate that overcoming these concerns via further trials may be cost-prohibitive.98
Cempra has recently withdrawn the European equivalent of a new drug application; it is
unclear whether or not this effort will continue.

3.4. Macrolides and Ketolides via Total Synthesis

3.4.1. Woodward’s Posthumous Synthesis of Eryth-romycin A—While numerous
routes to the erythronolides (the erythromycin aglycone) are reported, including work by
Corey,99.100 we briefly discuss only total syntheses of complete, glycosylated macrolides to
establish the state of the prior art. Naturally, the first total synthesis of erythromycin A was
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achieved by Woodward’s laboratory at Harvard. Their reports, published after the great
chemist’s death, describe these efforts.101-103 Dithiohemiacetal 40 was elaborated in 9 steps
to dithiodecalin 41, a point of divergence to access intermediates 42 and 43 (Scheme 1). The
two were united by aldol chemistry with an additional 24 steps to complete seco-acid
derivative 45 from 44. Macrocyclization was achieved using the Corey—Nicolaou protocol, a
thermally driven addition of the alcohol to an activated thioester. Ten steps followed, which
include two innovative glycosylation steps featuring modified Kénigs—Knorr glycosyl
donors (47 and 48). This general method has informed nearly every synthetic effort toward
macrolides and ketolides. The late Woodward and co-workers achieved the first and only
total synthesis of erythromycin A in a longest linear sequence of 48 steps.

3.4.2. Martin’s Synthesis of Erythromycin B—In the following decade, the Martin
Group at the University of Texas, Austin, reported a total synthesis of the closely related
erythromycin B (53), which lacks oxidation at C12 (Scheme 2).194 Using chemistry
developed previously, 2-ethylfuran (49) was converted to polyketide precursor 50, which
undergoes relatively straightforward aldol chemistry to yield seco-acid 51. Lactonization
using Yamaguchi’s method was particularly efficient with an impressive 93% yield. With the
main scaffold in hand, only glycosylation and protecting group manipulations remained,
ultimately furnishing erythromycin B in 30 steps from 49, or 23 from known material.
Following this report, the Martin Laboratory published other work toward a more
streamlined synthesis featuring changes in the order of operations in the endgame, notably
the sequence in which macrolactonization and glycosylation are carried out.105.106

3.4.3. Kang'’s Synthesis of Azithromycin—Due to their pharmaceutical applications,
semisynthetic macrolides have also been popular targets for synthetic campaigns. Kang in
Daejong, South Korea, recently reported a convergent synthesis of azithromycin (Scheme 3).
107 To construct the western half, vinylic triol 54 is desymmetrized and, using epoxide
chemistry, was elaborated into amine precursor 55 in 11 total steps. The eastern half was
prepared from chiral building block 56; further epoxide manipulation and crotylation
chemistry followed to furnish 57. Notably, Kang and co-workers installed the desosamine
relatively early in the synthesis in a distinctly abiotic fashion; the prior attempts constructed
the macrocycle and then installed both the desosamine and cladinose functionalities in a
biomimetic manner. Here, the authors found it advantageous to incorporate the desosamine
sugar into the eastern fragment; this allowed for minimal use of protecting groups for a
streamlined synthesis. The eastern fragment was elaborated into aldehyde 58, which was
united with the amine precursor via reductive amination. Yamaguchi esterification, the
second glycosylation, and a final deprotection completed azithromycin (36) in 8 steps in the
longest linear sequence.

3.4.4. Summary—While these works have been great undertakings in the field of total
synthesis, they have been carried out solely for the sake of making the molecule; these are
not efficient routes to generate these macrolides. For example, there is no imaginable reason
to synthesize erythromycin for pharmaceutical application when it is readily available from
Nature via fermentation. Synthesis of the semisynthetic azithromycin is also not useful to
medicine, as it is also readily prepared from natural material in just four steps. Furthermore,
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these works are not particularly amenable to analog development; these syntheses are target-
oriented and are designed with the sole objective of reaching this target. Alteration of the
target, like a desired analog to establish a structure—activity relationship, may require drastic
changes to the synthetic strategy. This said, there has been immense evolution in synthetic
methodology over the decades since Woodward’s work which enables elegant syntheses
targeting novel macrolides and ketolides to overcome the issues of resistance and
hepatotoxicity.

3.5. Efforts in Analog Development

Here we discuss three approaches to developing new macrolide and ketolide antibiotics, one
very broadly focused at generating unprecedented structures and two aiming to engineer
existing scaffolds to overcome the topological barrier introduced by ribosomal mutation as a
mechanism of resistance and another which seeks to extend the range of the aryl side chains
found in the ketolides to enhance ribosomal binding.

3.6. Myers’ Synthetic Campaign toward Unprecedented Ketolide Antibiotics

In 2016, the Myers laboratory at Harvard published an innovative route to designing and
constructing more than 300 potential ketolide antibiotics, which, like their tetracycline
cousins, possess molecular features which are not possible to introduce through
semisynthesis.108 They utilize a highly modular approach in which each designed ketolide is
constructed from eight simple and diversifiable starting materials. This approach
incorporates strategies from diverted total synthesis (using late-stage intermediates as points
of divergence), diversity-oriented synthesis (accessing a large region of chemical space in an
efficient manner), and combinatorial chemistry (union of simple precursors to generate a
library of drug candidates). Unlike in their tetracycline work (vide infra), there has been
sufficient innovation in the field of macrolide total synthesis to develop this approach
without radically reinventing a synthetic route. That said, the Myers group successfully
draws inspiration from established work while using the latest in asymmetric methodology
(some of which they developed) to streamline their route. Without delving into the syntheses
of three-hundred-odd ketolides, we discuss here the syntheses of two novel azaketolides,
which bear resemblance to azithromycin and diverge from a common Western precursor 65
(Scheme 4).

The Western precursor (Scheme 4a) began with the aldol reaction of ketone 59, the
preparation of which has been optimized by the Myers group,19° with the acylated
pseudoephenamine 60.110 Phosgene was then added to construct the cyclic carbamate early
in the synthesis; this is notable as this carbamate is normally generated late in semisynthetic
methods. Methyl Grignard generated /7 situ from methyllithium and isopropyl Grignard
displaced the chiral auxiliary. The nitrogen in the carbamate was then alkylated to ultimately
provide butyl azide 63 whose unique functionality would be accessed later. The ketone then
underwent asymmetric reductive amination, and desilylation provided the key intermediate
65 in just 7 steps.

To construct 15-membered azaketolide 86, an analog of the well-known azithromycin (36),
the eastern precursor (Scheme 4b) began with the addition of lithium reagent derived from
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56 to ketone 66. The resultant alcohol 67 was then methylated in a straightforward manner
—to point out another advantage of this totally synthetic route, recall that the methylation of
erythromycin to clarithromycin required 6 steps to do so selectively. Oxidative cleavage of
the acetonide yielded aldehyde 68. To install the functional handle for macrolactonization,
dioxinone 69111 was added through a vinylogous Mukaiyama aldol reaction. The resulting
alcohol was then glycosylated using a desosamine donor closely related to the one pioneered
by Woodward. Finally, deprotection and oxidation with the Dess—Martin reagent completed
eastern precursor 72.

Myers notes that a key advantage of this modular synthetic approach is that ketolides with
unprecedented structural features can be constructed efficiently. When azithromycin is
produced from erythromycin, the 14-membered macrolide undergoes ring expansion to the
15-membered semisynthetic drug. It would, therefore, be difficult to examine the
pharmaceutical potential of a 14-membered azithromycin analog using semisynthetic
techniques. Myers’ approach, unbeholden to Nature’s design, facilitates this exploration.
The Eastern precursor en route to the 14-membered azaketolide (Scheme 4c) was
constructed quite similarly to the 15-membered macrocycle, beginning with the addition of
silyl enol ether 73 to ethyl pyruvate (74), guided by the chiral Pd-SegPhos. Following
protection as the ketal, methylation of the alcohol and reduction of the ester furnished
aldehyde 76. Similar steps followed, with the installation of the dioxolinone, glycosylation,
and finally, deprotection of the ketal.

Thanks to the elegance of this synthesis, the final steps in the construction of these ketolides
ran in parallel (Scheme 5), beginning with the union of the western and eastern fragments
through reductive amination. The thermal macrolactonization followed using a method
pioneered by Boeckman in the 1980s, which is an excellent general method to construct
these formidable structures.112 Mechanistically, thermolysis of the dioxolinone yields the
fragments acetone and an acyl ketene, which is a powerful acylating agent. Addition of the
alcohol with proton-transfer steps then completes the S-keto lactone, and stereochemistry is
controlled at C2 inductively to avoid a syn-pentane interaction with the methyl group at C4.
With the macrocycle complete, all that remained was to “click” on the alkynyl aniline to
furnish the 1,2,3-triazole, inspired by the work done on the semisynthetic solithromycin,
yielding the 14- and 15-membered azaketolides both with a remarkable ten steps in the
longest linear sequence.

The modular nature of this synthesis provides the means to introduce nearly any imaginable
structural feature onto a variety of macrocyclic scaffolds (Figure 13). Some of these
function-alities are well-precedented in the prior art; others are rather unexpected. Broadly,
the structures encompass 14-, 15-, and 16-membered azaketolides, 14-membered ketolides,
and several novel structures that do not classify particularly well. Some structural features
include heterocyclic modification, removal of skeletal methyl groups, desosamine alteration,
inversion of various stereocenters, and unsaturation of the alkyl chain tethering the triazole.
The triazole-aniline from solithromycin is reserved as the default functionality; introduction
of other heterocycles or substituents is possible and straightforward. The Myers group also
recently developed a method to construct a variety of desosamine variants, which provides
an additional route of diversification.113
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Each macrolide was screened against a panel of Gram-positive and Gram-negative bacteria,
some of which are characterized by particular resistance phenotypes, including those
discussed in Section 3.2. In the interest of brevity, we summarize in Table 1 biological
assays of selected compounds to highlight a preliminary structure—activity relationship.
Ketolides bearing an unsaturated side chain outperformed solithromycin in nearly all strains
tested, showing promising activity against bacteria expressing cErmA, MsrA, ErmB, and
MefA, common resistance genes expressing ribosomal methylases and efflux pumps. The
novel azaketolides, including an azacethromycin analog (94), generally do not provide an
improvement in potency over solithromycin against any of these resistance phenotypes.
These compounds were also assayed against Gram-negative pathogens; modest
improvements were observed, though no compound exhibited an MIC below 2 pg/mL.

Given the potential of this technology, Prof. Myers founded a startup, Macrolide
Pharmaceuticals, to expand drug discovery efforts and explore the possibility of clinical
applications of fully synthetic macrolides. Furthermore, Macrolide has reached an
agreement with Cempra Pharmaceuticals to develop a totally synthetic manufacturing
approach of solithromycin, hoping to reach a more efficient route than the current
semisynthetic method, though this arrangement is likely inconsequential given the issues
faced by solithromycin.

3.7. Andrade’s Synthesis of the 4-Desmethyl Telithromycins

The availability of high-quality crystal structures has been highly beneficial to medicinal
chemists; the ability to inspect and examine the interactions between a drug and its target is
invaluable. In 2005, the Steitz laboratory at Yale published compelling evidence that the
critical A2058G (using £. col/i numbering) mutation in the 50S ribosome disfavors macrolide
binding due to a steric clash between the guanine N2 and the macrolide C4 methyl group.114
While Steitz noted that reversal of this mutation would restore normal binding, the Andrade
group at Temple University then sought to leverage the power of total synthesis to effectively
“mutate” telithromycin to remove the C4 methyl group,15 planning the first synthetic effort
to radically alter the carbon skeleton of the macrolides. Furthermore, the Andrade group
designed syntheses to explore the effect of removing the methyl groups at C8 and C10, both
of which flank the ketone at C9.116-118 | the interest of brevity, we outline the culmination
of their campaign with the synthesis of 4-desmethy! telithromycin (110) (Scheme 6).119

The synthesis began with the PMB-protection of lactone 95, followed by the lithium
diisopropylamide-mediated methylation of 96. Interestingly, the Andrade group reported
further treatment with LDA to regenerate an enolate followed by quenching with
triphenylacetic acid to yield methylated lactone 97 in 45% over 2 steps. Conceivably, this
allowed for isomerization to the desired stereochemical configuration. At this point, the
lactone was opened by lithium aluminum hydride; sequential treatment with fert
butyldimethylsilyl chloride followed by methyl triflate protected key functionalities.
Hydrogenolysis with Raney nickel cleaved the benzyl ether. Swern oxidation set up the
Evans aldol addition of propionamide to extend the carbon chain en route to the seco acid.
Following another protection/deprotection sequence, oxidation with the Dess—Martin
periodinane furnished an intermediate aldehyde. In their prior work on their di- and tri-
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desmethyl analogs, Andrade and co-workers established the use of the Nozaki—-Hiyama—
Kishi reaction to forge the connection between carbons 9 and 10, which is exemplified here
with the addition of vinyl iodide 102. Oxidation with the Dess—Martin reagent and oxidative
removal of the Evans auxiliary yielded seco acid precursor 104. As is typically the case in
macrolide formation, Yamaguchi’s macrolactonization was preferred. To affect efficient
glycosylation, the Andrade group found it necessary to reduce the ketone at C9 using
sodium borohydride with cerium(111) chloride and protect the resultant alcohol as a silyl
ether. Removal of the PMB group at C5 with DDQ exposed the alcohol to glycosylation via
Woodward’s thiopyrimidyl desosamine donor. Upon successful glycosylation, desilylation
and reoxidation restored the ketone functionality at C9. Treatment with carbonyl diimidazole
acylated the alcohol at C12; addition of the pyridyl imidazole butylamine furnished cyclic
carbamate following Michael addition to C11. Cleavage of the silyl ether at C3 with TAS-F
followed by Corey—Kim oxidation installs the ketolide, and gentle removal of the methyl
carbonate group on the desosamine yields 4-desmethyl telithromycin (110) in 27 steps from
lactone 95.

To verify their hypothesis, the Andrade group tested their desmethyl telithromycin analogs
against both Gram-positive and Gram-negative bacteria with varying phenotypes of
resistance, including A2058 mutations.11® The results of these assays are summarized in
Table 2. Against the Gram-positive S. aureus, all compounds, including telithromycin, were
ineffective. In £. coli, however, the 4-desmethyl analog is just as potent as telithromycin, a
promising result. When tested against the A2058G mutation these analogs were designed to
overcome, all compounds lost potency. While the 4-desmethyl was the most active out of all
analogs, it had just one-fourth the efficacy of telithromycin. While not an ideal result in
terms of overcoming this resistance, Andrade observes that the addition of methyl groups
around the macrocycle appears to enhance activity, perhaps by forcing the ketolide into the
conformation preferred for binding.

3.8. Oyelere’s Engineered Azithromycin Analogs

In order to understand the process and mechanism of protein expression more clearly,
biochemists have studied the ribosome, a critical piece of bacterial machinery, with great
interest. These investigations uncovered a regulatory peptide encoded by SecM. During its
expression, the growing peptide binds somewhat tightly to nucleotides in the exit tunnel,
inhibiting protein synthesis, which in turn up-regulates the expression of SecA, a protein
translocase. The mechanism of SecM binding has been examined via cryo-electron
microscopy (cryo-EM), due to the difficulty in cocrystallizing the necessary elements.120
The Oyelere group at Georgia Tech were recently inspired by these findings and sought to
leverage native bacterial machinery to develop direly needed antibiotics.12!

The focal point of this effort is to mimic the binding of SecM to the ribosomal exit tunnel—
in particular, a key n-stacking interaction between W155 of SecM and A751 of the
ribosome. Designing antibiotics to make additional contacts to the ribosome is a proven
strategy; such molecular engineering gave rise to telithromycin and candidates such as
cethromycin and solithromycin. To test this hypothesis, the Oyelere group developed a series
of rationally designed semisynthetic analogs of azithromycin, consisting of a variable linker,
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a triazole moiety to facilitate late-stage combination by Cu-click chemistry, and various
functionalized indole rings to mimic tryptophan 155 of SecM (Scheme 7).

Beginning from the available azathramycin (114), which lacks the A-methyl group of
azithromycin (36) at N9a, one of either of two alkynyl linkages (115 or 116) were
introduced via reductive amination. The key variable here was the rigidity of the carbon
chain, which might influence whether the indole functionality can adopt the correct
conformation for r-stacking. The extended azithromycin analogs were completed upon
addition of the indole bearing an alkyl azide tether, which can vary in placement around the
indole. Substitution at C6 permitted modulation of the ring’s electronics, while methylation
of nitrogen and saturation of the five-membered ring provided additional variables to
establish a potential SAR.

To test these extended-range azithromycin analogs, researchers in the Oyelere group
subjected these to both /n vitro and in vivo experiments. To bypass the issue of cell
permeability, these analogs were tested directly against the £. co/i ribosome in a cell-free
context using a luciferase-based reporter to measure protein synthesis. Furthermore, these
compounds were tested against S. aureus 29213, a susceptible strain. Only the analogs
which maintained or improved upon azithromycin’s /n vivo or in vitro activities are
discussed in Table 3. Notably, the results do not correlate well. While several analogs
outperformed azithromycin in the in vitro assay, those same molecules had considerably
higher MICgq values (121, 122, 124, 125, and 126). No analog was able to inhibit bacteria
more efficiently than the known antibiotic, and each one matching azithromycin’s in vivo
activity yielded inferior /n vitroresults. This discrepancy can only highlight a key difficulty
in drug discovery—the sheer number of factors in drug efficacy besides affinity for the
target.

3.9. Summary

Despite the numerous obstacles encountered in semisynthesis, synthetic chemists have
demonstrated that the exploration of unexplored chemical space surrounding these storied
molecules can indeed be a fruitful endeavor. While semisynthetic approaches led to
successful drugs such as the innovative azithromycin, a clear way forward relies on the
application of total synthesis to develop compounds inaccessible by semisynthesis given the
inherent limitations on chemistry imposed by Nature.

4. FROM BENCHTOP TO BEDSIDE—INNOVATIONS IN THE
TETRACYCLINES

Tetracyclines have stood on the front lines in the battle against bacterial infections as
powerful broad-spectrum antibiotics for nearly 70 years from the discovery of aureomycin in
1948 to recent efforts at Tetraphase Pharmaceuticals to develop and bring to market new
totally synthetic tetracyclines.21:122
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4.1. Mechanism of Action

Tetracyclines inhibit bacterial growth by reversibly binding to the bacterial ribosome,
specifically the 30S subunit.123 As shown in Figure 14, the southern ridge of tetracycline
forms an intricate hydrogen-bonding network with the sugar-ribose backbone of the rRNA.
Such binding inhibits aminoacyl-tRNA (aa-tRNA) from entering the A-site of the ribosome,
which is then unable to use aa-tRNA as building blocks for protein synthesis. Deactivating
this critical process prevents bacteria from multiplying, which explains the tetracyclines’
bacteriostatic nature. Furthermore, the relatively nonspecific binding to the phosphate
backbone suggests that the identity of the nucleotides is not critical to binding; this
rationalizes the tetracyclines’ relatively broad spectrum of antimicrobial activity and
explains the relative absence of ribosomal mutations as a mechanism of tetracycline
resistance.

4.2. Resistance to Tetracyclines

4.2.1. Tetracycline Efflux—In the mid-1950s, scientists began to observe diminished
activity of tetracycline against bacteria. These resistance factors, attributed to fef genes, are
classified into two general modes of action. The first group identified, including the well-
known TetA and TetB, among others, encode membrane-bound tetracycline efflux pumps,
which actively remove tetracycline from the cytoplasm.124 These efflux pumps have been
observed in both Gram-positive and Gram-negative species. In particular, TetA, which is
only capable of exporting tetracycline proper, is observed in both families of pathogens; the
more significant TetB is only observed in Gram-negative bacteria and confers resistance to
more sophisticated tetracyclines, including minocycline, but not the more recently developed
glycylcyclines.

4.2.2. Ribosomal Protection Proteins—A second mechanism of resistance features
ribosomal protection proteins (RPPs), encoded by TetM, TetO, and others.125 These
cytoplasmic proteins bear considerable sequence similarity to the elongation enzymes EF-G
and EF-Tu.126 |t was initially hypothesized that TetM and TetO were acting as Tc-resistant
elongation factors and allowing protein synthesis to continue normally, but it was quickly
shown that these enzymes do not exhibit such activity. 127128 |t is, therefore, possible that the
RPPs and elongation factors are related through evolution, though they do not show
homologous activity. The RPPs bind to the ribosome in close proximity to the A (major)
binding site of tetracycline, and it has been observed that the action of RPPs can reduce the
apparent binding constant of tetracycline by a factor of 6.128.12% The mechanisms of action
of both TetM and TetO have been studied by cryo-EM.130:131 Aythors of both studies
identify key loops near the C-terminus of the respective enzymes that perturb Tc binding,
particularly near the D-ring. These hypotheses regarding the protective activities of TetM
and TetO were further supported by experiments in which TetM and TetO knockouts,
mutants, and truncations all restore susceptibility to tetracycline.

4.2.3. Other Resistance Phenotypes—Other species-specific resistance mechanisms
have been characterized, including enzymatic oxidative decomposition of the drug in
Bacteroides via TetX, which has not been observed in any other bacteria.132 A previously
poorly understood TetU was thought to exhibit RPP-like activity based on reported low-level
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resistance and some sequence similarity with TetM, but expression of TetU alone in £. coli
conferred no resistance to several common tetracyclines tested.133 Given that tetracyclines
are intended as broad-spectrum agents, these singular instances of resistance are not of
major concern to drug discovery efforts.

4.3. Semisynthetic Approaches to Tetracyclines

Given the rapid evolution of two mechanisms of resistance to tetracycline, the budding
pharmaceutical industry fought to keep ahead of these pathogens by developing new
tetracyclines that could overcome this resistance. The first tetracycline isolated from Nature
was 7-chlorotetracycline (127), though Lloyd Conover at Pfizer later found that
hydrogenolysis of the carbon—chlorine bond at C7 yielded another effective agent,
tetracycline (2), which itself was later identified as a natural product (Figure 15). Shortly
afterward, scientists at Pfizer identified oxytetracycline (129), which was marketed under the
name terramycin; Woodward famously elucidated the structure of this antibiotic, which
allowed chemists to start to tinker with the molecule. Later efforts focused on modifying a
related natural product, 6-demethyltetracycline (128). In 1958, scientists at Pfizer found that
treatment of 128 with hydrogen over palladium under acidic conditions also carries out
deoxygenation at C6 to yield sancycline (130), the simplest tetracycline derivative that
retains activity and is therefore a useful scaffold for semisynthetic drug discovery.134
Scientists at Lederle then found that nitration at C7 followed by a reduction/reductive
amination with formaldehyde afforded another active species, minocycline (132).135.136
Decades later, in 1994, researchers at Wyeth repeated the nitration/reduction sequence at C9
and acylated the resultant amine with a glycine derivative to yield tigecycline (133),
renowned as one of the few agents still capable of defeating multidrug-resistant bacteria.13’
Computational studies suggest that tigecycline’s improved potency arises from an additional
hydrogen-bond between the glycinyl side chain and C1054 in the ribosome.138 However,
tigecycline received in 2013 an FDA “black box” warning for “all-cause mortality increase”,
which renders the drug a medically useful option only as a last resort in life-threatening
situations. More recently, researchers at Paratek Pharmaceuticals carried out a different
semisynthesis from minocycline (132) arriving at a new class of tetracyclines termed
aminomethylcyclines; the lead compound in this class, omadacycline (134),139 has recently
met key Phase 111 clinical trial end points against community acquired bacterial pneumonia
(CABP)10 and acute bacterial skin and skin-structure infections (ABSSIs).141 While greater
than a half-century of semisynthesis has undoubtedly been fruitful, delivering many
clinically useful agents, one might observe that the inherent chemical reactivity of the
natural tetracycline scaffold is limited to modification at C7 and C9, which has been largely
exhausted.

4.4. Early Totally Synthetic Approaches

The semisynthetic efforts of the pharmaceutical industry did not go unnoticed; tetracyclines
have always been popular targets for synthetic chemists (Figure 16). A relatively simplified
anhydrotetracycline (135) was prepared by Shemyakin and coworkers at the former USSR
Academy of Sciences in 1966 in a relatively short sequence,142 though the more
complicated scaffolds required considerably more effort. Woodward’s synthesis of
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sancycline (130), beginning from the simple /m-methoxybenzoic acid, established a trend of
beginning with the D-ring and working to the east.143 Later syntheses followed this trend,
borrowing Shemyakin’s starting material, juglone, as a precursor containing the D- and C-
rings. Muxfeldt’s synthesis of the considerably more complex terramycin (129) avoids a
number of synthetic pitfalls, namely various degradation pathways by retro-aldol-type
mechanisms.144 While certainly an innovative work, their synthetic efforts are still not of
significant use to the drug discovery field, given their 22-step sequence yielding only 0.06%
of racemic terramycin. A more viable synthetic route to a tetracycline was not known until
Stork’s 1996 synthesis of a 12a-deoxygenated tetracycline (136), which would require only
C12 oxidation to yield the core structure, starting from juglone and requiring only 16 steps.
145 Most impressive is the vast improvement in yield over previous work, rendering this
approach attractive to industrial scale-up. Furthermore, the use of a benzyloxyisoxazole as a
masked vinylogous carbamic acid on the A-ring was a key innovation, discovered in a
previous effort,146 that will allow more efficient syntheses in the future. While limited by its
racemic nature, the synthesis nonetheless demonstrated that total synthesis of tetracyclines
could be industrially feasible, providing a realistic alternative to semisynthesis. The first
asymmetric total synthesis of tetracyclinel4’ followed Stork’s work by a few years, though
its inefficiency did not provide a step forward in tetracycline drug discovery.

4.5. Modern Strategies in the Development of Totally Synthetic Tetracyclines

In their 1968 publication, Woodward and co-workers made key observations: that there
existed a “need for a versatile method of synthesis which might be employed in exploring
structure—activity relationships more deeply” and that there was a more fundamental need to
prepare “tetracyclines which could not be obtained by partial synthesis or directly by
fermentation.”143 Despite the recognized limitations of semisynthesis, total synthesis lagged
behind its cousin for decades; it was, perhaps, itself limited by the state of existing
methodology in constructing these formidable molecules. In order for tetracyclines to
advance, chemists needed to develop synthetic methods to access these complex scaffolds
with unnatural substituents in an efficient manner. In their landmark 2005 work, Myers and
co-workers report precisely such a method: a convergent, efficient synthesis that allows for
diversification to a variety of rationally designed tetracycline derivatives.148 From the prior
half century of work, it is known that modifications on the D-ring of tetracyclines are the
most fruitful. Charest et al. designed this synthesis to incorporate the D-ring at the last
possible moment, allowing for late-stage diversification via varying D-ring donors without
radically reengineering the synthesis (Figure 17). This approach can be classified as an
exercise in diverted total synthesis, a scheme in which late-stage, reactive intermediates
serve as a branching point to access more variation in chemical space.14°

4.5.1. First Generation of Novel Synthetic Tetracy-clines—Mpyers’ synthesis began
with benzoic acid (137), which is dihydroxylated biosynthetically by the bacteria reported as
A. eutrophus but known today as a member of the genus Cupriavides (Scheme 8). Hydroxyl-
directed epoxidation and subsequent esterification with trimethylsilyldiazomethane
followed. Treatment with fert-butyldimethylsilyl triflate forced transposition of the epoxide
and formation of the less sterically hindered silyl ether 140. Lithiated isoxazole 141 added to
the ester to yield epoxy ketone 142 (Scheme 8). Addition of the strongly Lewis-acidic
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lithium triflate mediated the addition of the amine to the epoxide, which tautomerized to the
nitrogen ylide 143. Mechanistic studies performed by the Myers group indicated that this
reaction followed a Stevens-like rearrangement, with the ylide dissociating to yield diradical
intermediate 144, which then recombines to close the A-ring. Treatment with 2-nitro-
benzenesulfonylhydrazine, a reagent developed by the Myers group, permitted
deoxygenation with rearrangement to strategically position the alkene for enone formation.
150 A final deprotection, oxidation, and reprotection sequence furnished key AB-enone 147
in 11 steps with 10% overall yield. Given that this enone is a critical building block in the
construction of novel tetracyclines, the Myers group has reported a number of more efficient

routes to this material,151:152 including several applicable to large-scale manufacturing.
153,154

Accomplishing what no previous synthetic campaign could, Myers and co-workers
constructed a variety of structurally unprecedented tetracyclines in a highly convergent
manner. The AB-enone was coupled with an ambiphilic D-ring donor bearing both
nucleophilic and electrophilic functionalities to permit C-ring construction via a Michael-
Claisen sequence. A benzylic nucleophile was generated by either deprotonation of a
deactivated toluene or lithium-halogen exchange of the corresponding benzylic bromide.
The resultant nucleophile added stereoselectively to the B-carbon of the enone in a Michael
addition directed by the bulky silyl ether blocking the bottom face of the enone. An enolate
was generated, which attacks the carbonyl of the nearby phenyl ester, which completes
construction of the C-ring following collapse of the tetrahedral intermediate and
tautomerization from the 1,3-diketone. All that remained was desilylation with hydrofluoric
acid and hydro-genolysis to reveal the vinylogous carbamic acid from the 3-
benzyloxyisoxazole. The sequence of these two steps differs among the various substrates
for maximum efficiency. To further highlight the potential for structural diversity with this
synthetic platform, Myers and co-workers were able to divert material designed for 6-
deoxytetracyclines into a pathway to introduce C5 oxidation, which permitted access to
other medically relevant tetracyclines such as doxycycline.

To summarize their first report, the Myers group constructed five new tetracycline
compounds using this platform (Scheme 9); these featured somewhat unprecedented
structural modifications including the incorporation of heterocycles as the D-ring and
construction of a pentacycline with an additional fused ring (152). In the interest of brevity,
we neglect the synthetic particulars of the late-stage construction and instead discuss the
significance of this diverted total synthesis strategy.

4.5.2. Evaluation of Novel Tetracyclines—While an impressive feat in the field of
total synthesis, the Myers group did not construct these tetracyclines merely to admire their
structures. A successful DTS campaign would yield new drug candidates that overcome
resistance to the tetracyclines. These tetracyclines were assayed for antimicrobial inhibition
against a number of species of pathogenic bacteria, both Gram-positive and —negative, with
the natural tetracycline serving as a control. Selected results are summarized in Table 4. Two
compounds, 6-deoxytetracycline (148) and pentacycline (152) performed as well as the
natural tetracycline against a susceptible strain of S. aureus, but they had great success
against a clinical multidrug-resistant MRSA strain, providing proof-of-concept that synthetic
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tetracyclines are a source of untapped potential. Results against the Gram-negative E. coli
strains are less compelling, though this is not surprising, as combatting these bacteria is
known to be challenging. While the pentacycline was more active against Gram-positive
strains, its rather poor activity against £. coli limits its applicability as a broad-spectrum
candidate. This DTS campaign was greatly successful as it provided two lead compounds
with promising potencies. Given the nearly endless possibilities provided by this platform,
these compounds, though far from clinical candidates, provide launching points in chemical
space to explore finely tuned tetracyclines as ideal drug candidates.

4.5.3. Later Generation Tetracyclines—Considering the promising leads gained from
their first campaign, the Myers group continued their diverted total synthesis strategy toward
developing new tetracyclines as clinical candidates. In their second report, which culminates
in the construction of more than 50 new tetracyclines (including pentacycline derivatives),
the approach is more finely tuned in developing analogs based around the two lead
compounds from their previous work.15® Like in their prior work, key AB-enone 147 served
as a common intermediate for a DTS effort (Scheme 10). Here, the D-ring donors are
configured to place a 6-aryl substituent on the 6-deoxytetracycline scaffold, which is
absolutely inaccessible by semisynthesis. While unlikely to enhance binding to the ribosome
through 7= interactions, these aryl groups could modulate cell permeability or other
pharmacological properties relevant to potency. To further explore the pentacycline scaffold,
the naphthalene nucleophile can be decorated with a dimethylamino group at C7 and various
aminomethyl groups at C10, perhaps inspired by minocycline and omadacycline,
respectively. While the unsubstituted pentacycline prepared earlier had disappointing activity
against Gram-negative species, further modification could yield a more potent broad-
spectrum agent; taking inspiration from existing drugs is certainly a well-precedented
strategy in medicinal chemistry.

Thanks to the broad applicability of their drug discovery platform, Myers and co-workers
rapidly constructed a variety of analogs in both scaffold families; the two best compounds
are 153 and 154. While both retained the improvement against S. aureus seen in the prior
work, the aryl tetracycline struggles against £. coli. However, the substituted pentacycline is
very promising given its excellent broad-spectrum activity; this is a clear improvement over
the previous compounds.

More recent efforts have also targeted specific novel tetracycline scaffolds, including the
development of hexacycline derivatives, which exhibit promising results against Gram-
negative pathogens including 2 aeruginosa.>® More recently, the Myers group published a
modified synthetic route to 5-oxytetracycline derivatives, which were hypothesized to
enhance activity against Gram-negative strains thanks to an increase in polar surface area.1>’
However, these compounds did not show an increase in potency, which might be attributed
to poor aqueous stability.

4.5.4. Translational Efforts from Tetraphase—With an efficient method to prepare
highly diversified tetracyclines and promising results from preliminary synthetic work, it
should be no surprise that Myers founded a pharmaceutical startup, Tetraphase, in the

Boston area with the goal of applying this drug discovery platform to develop and market
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new tetracycline antibiotics. Despite Myers Group’s discovery of potent tetracycline
derivatives, Tetraphase adopted a somewhat conservative approach in designing new
compounds. From a fluorinated D-ring donor, researchers at Tetraphase rapidly constructed
the tetracycline scaffold bearing C7 fluorination.1®8 A nitration/reduction sequence installs a
C9 amino group while concurrently deprotecting the oxygens on the southern ridge of the
molecule and cleaving the isoxazole. To generate unprecedented fluorinated glycylcyclines,
the resulting amine was acylated either directly with a glycine derivative or with
bromoacetyl bromide followed by substitution with the desired amine. Using this late-stage,
narrowly focused diverted total synthesis approach, Tetraphase was able to accumulate a
library of 7-fluoro-9-aminoacetamido-6-demethyl-6-deoxytetracyclines, hereafter referred to
as fluorocyclines. Antimicrobial assays revealed that a pyrrolidine ring provided the highest
potency against a very broad variety of pathogenic bacteria, including both Gram-positive
and Gram-negative species. Most notably is that this compound (155) outperformed
tigecycline, the most recent tetracycline to be approved for use, in many /n vitro assays. The
authors also explored substituted pyrrolidines, though the unsubstituted ring proved best.
Further modification of this C9 side chain was also studied,>? though the pyrrolidine
compound, first named TP-434, would be selected as the company’s lead compound (Figure
18). Chemists at Tetraphase quickly developed a synthetic route to prepare sufficient
material for distribution.169 Eravacycline (155) was found to overcome the most prevalent
tetracycline resistance mechanisms, including TetM, a ribosomal protection protein, and
several efflux pumps, including TetA, TetB, and TetK.161 Only against the relatively rare
tetX (degradation via oxidation) was tigecycline more active than eravacycline.

With a promising candidate in hand, Tetraphase began to explore the utility of eravacycline
in the clinic. Despite promising early results, eravacycline encountered difficulties in
September 2015; it was not able to show noninferiority compared to levofloxacin, a
fluoroquinoline antibiotic, in treating complicated urinary tract infections (cUTIs). However,
Tetraphase recently reported more promising results, in which eravacycline showed
noninferiority compared to ertapenem in treating complicated intra-abdominal infections
(clAls), achieving a cure rate within 1% of the existing treatment.162 Notably, eravacycline
accomplished this end point at a lower dosing level (Eravacycline administered 1 mg/kg
every 12 h, ertapenem 1 g every 24 h).

Tetraphase has expanded this technology to generate other clinical candidates, including
those in Figure 18. An additional drug candidate, TP-6076, has entered Phase | trials, though
to the best of our knowledge, its structure has not been publicly disclosed, presumably in
accordance with patent proceedings. The promising outlook surrounding totally synthetic
tetracyclines has very likely inspired the development of macrolides, as discussed in Section
3.6.

4.6. Viridicatumtoxin B — a Tetracycline in Disguise?

The viridicatumtoxin family of fungal natural products was first discovered in 1973;163
researchers identified viridicatumtoxin B (158) as a potent antibiotic in 2008 (Figure 19).164
A later screen suggested that the viridicatumtoxins and the related spirohexa-lines inhibit
undecaprenyl phosphate (UPP) synthase,16% which is surprising given the considerable

Chem Rev. Author manuscript; available in PMC 2018 October 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rossiter et al.

Page 24

structural similarity to the tetracyclines, differing only in oxidation at C4a and C5, the
spirocyclic ring system bridging C6 and C7, and the omission of the dimethylamino group at
C4.

4.6.1. Nicolaou’s Synthesis of Viridicatumtoxin B and Analogs—In 2013,
Nicolaou reported a racemic synthesis of viridicatumtoxin B and offered a minor revision of
the structure,166 which was followed closely by a series of racemic analogs to probe the
SAR.167 Nicolaou very recently reported an asymmetric synthesis of the natural product and
a small library of derivatives, which we discuss here in detail.168 While Myers’ innovations
were helpful in developing this synthesis, there remained key synthetic challenges to
overcome in this unique structure, including asymmetric formation of the spirocyclic system
(rings E and F) and the unprecedented oxidation at C4a. Furthermore, preparation of both
enantiomers was necessary to establish the absolute configuration of the natural product.
Retrosynthetically, Nicolaou used a Myers-inspired Michael-Claisen reaction to form the A-
ring bearing the familiar isoxazole (Scheme 11). A diastereoselective spirocyclization
proceeded smoothly but required stereocontrol at C6, which was set by a catalytic
asymmetric alkylation developed for this work.

To effect the asymmetric alkylation, the Nicolaou group identified the suitable phase-transfer
catalyst 161 and optimized a method to efficiently yield 162 with high enantioselectivity.
Lewis acid-mediated spirocyclization set the E- and F-rings in the desired conformation;
oxidation with phenyliodine diacetate (PIDA) was followed by treatment with acid to
desaturate the E- ring. Subsequent oxidation with PIDA restored the benzoqui-none as the
dimethoxyketal, which permitted addition of the deprotonated isoxazole derivative 166. This
asymmetric Michael-Claisen reaction, inspired by the Myers group’s work, used phase-
transfer catalyst 167 to define the stereochemistry at C4a. Following removal of the
trimethylsilylethoxycarbonyl (Teoc) protecting group, oxidation at C12a resulted from the
action of dimethyldioxirane and catalytic nickel (Scheme 12). 1,6-Reduction at C14
rendered the C-ring aromatic, while acid returned the ketal at C5 to the ketone. To achieve
stereoselective oxidation at C4a, it was necessary to reduce and protect the ketone at C1 as
the fert-butylsilyl ether to promote oxidation of the bottom face of the molecule with Davis’
oxaziridine. Straightforward chemistry restored the ketone at C1 and cleaved the isoxazole
to provide (+)-viridicatumtoxin (158) as a single enantiomer.

To establish a structure—activity relationship in this family of natural products, the Nicolaou
group designed a series of simplified analogs diverted from intermediates near the end of the
synthetic route, exploring the effect of inverting various stereocenters and altering oxidation
and substitution at C4a and C5. Each analog with the proper stereochemistry at the EF
spirocenter is given in Scheme 12, and the enantiomer of each was also evaluated; results
against a small panel of pathogenic bacteria are provided in Table 5. Notably, removing
oxidation at C4a had no major effect, though a ketone at C5 appeared beneficial, irrespective
of the stereochemistry at the EF spirocenter.

Time-kill assays indicated that the viridicatumtoxins may share some mechanistic
similarities with the tetracyclines, though a thorough biological investigation beyond /n vitro
assays and analog development is warranted.
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5. VANCOMYCIN, GLYCOPEPTIDES, AND LIPOGLYCOPEPTIDES

Vancomycin (4), the prototypical glycopeptide, was isolated in 1955 from Actinobacter by
McGuire and co-workers at Eli Lilly as a potent antibiotic,169 though its structure would
remain unknown for another 25 years.179171 Dye in part to a lack of suitable treatment for
serious staphylococcus infections, vancomycin was granted FDA approval in 1958.
However, given concerns regarding side effects, including the infamous “red neck”
syndrome and some reports of ototoxicity, vancomycin was relegated in favor of methicillin
and used only as a last resort or in patients with a B-lactam allergy.172 Given the rise of
MRSA over the last decades, vancomycin and related glycopeptides are enjoying a
resurgence in usage, though this increased usage is accompanied by a rise in vancomycin-
resistant bacteria.1’3

5.1. Mechanisms of Action and Resistance

5.1.1. Mechanism of Action—Vancomycin inhibits the critical process of cell wall
biosynthesis, binding noncovalently to the D-Ala-D-Ala residues in the nascent
peptidoglycan, inhibiting specifically the transpeptidation cross-linking.174 In the late stages
of peptidoglycan biosynthesis, Lipid Il is translocated from inside the cell membrane to the
extracellular space by the recently discovered flippase, MurJ.17> Following linking of the
lipid 11 monomers by transglycosylases, transpeptidases cross-link the pentaglycine side
chain to the first D-alanine in the pentapeptide with loss of the terminal D-alanine.
Vancomycin makes five key hydrogen bonds with the D-Ala-D-Ala dipeptide,176 as
evidenced by crystallization with a model substrate (Figure 20).177

5.1.2. Glycopeptide Resistance—Resistance to vancomycin and the glycopeptides is
largely limited to two closely related mechanisms. Because vancomycin does not target
protein or genetic material, mutations cannot confer resistance. Instead, bacteria have
evolved to alter the D-Ala-D-Ala target in the nascent peptidoglycan via two closely related
resistance phenotypes, VanA and VanB.178 Each comprising five genes, vanRSHA(or B)X,
these inducible mechanisms detect vancomycin utilizing a two-component regulatory system
comprising VanR, a response regulator, and Vans, a sensor kinase. This system then
upregulates the remaining H, A, and X genes at the transcriptional level.179.180 \/anH
reduces pyruvate to D-lactate, and VanA and VanB, the namesakes of these resistance
mechanisms, esterify D-lactate onto D-alanine (Figure 21). Finally, VanX cleaves the
peptide bond between L-lysine and D-alanine in the nascent peptidoglycan; the D-Ala-D-
Lac piece is ligated onto the cell wall precursor by the normal MurF.181

VanA and VanB effectively carry out a single atom substitution in the target of vancomycin.
As shown in Figure 20, the amide carbonyl of the central amino acid in vancomycin makes a
critical hydrogen bond with the amide nitrogen in D-Ala-D-Ala. If the amide nitrogen is
replaced by oxygen, a hydrogen bond no longer exists, and the binding energy decreases
dramatically.182 If vancomycin is unable to bind to the peptidoglycan, it cannot sterically
inhibit transpeptidation, and cell wall biosynthesis proceeds normally.
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5.2. Semisynthetic Glycopeptides and Lipoglycopeptides

Like other natural product antibiotics, semisynthesis spurred innovation in the development
of new glycopeptides and lipoglycopeptides to overcome increasing resistance levels (Figure
22).

5.2.1. Telavancin—Telavancin (184) was reported as TD-6424 in 2003 by scientists at
Theravance Pharmaceuticals as a semisynthetic lipoglycopeptide.183 Initially, it was found
that alkylation of the vancosamine nitrogen with a decylaminoethyl group conferred activity
against resistant strains. However, the increased hydrophobicity of this compound,
THRX-689909, led to issues in absorption, distribution, metabolism, and excretion
(ADME). To mediate these concerns, the group at Theravance sought to incorporate an
additional hydrophilic moiety onto the vancomycin scaffold. Substitution of the resorcinol
A-ring under Mannich conditions and further functionalization installed a phosphonic acid,
giving rise to TD-6424 (184).184

Telavancin was selected for advancement into clinical trials as a compromise between
slightly diminished antibacterial activity relative to THRX-689909 and a more favorable
pharmacological profile, as it showed reduced accumulation in the liver and kidneys and
improved excretion.185 Telavancin demonstrated clear superiority over vancomycin in
treating Gram-positive skin infections, and it was approved by the FDA in 2009.186

5.2.2. Oritavancin—In the 1980s, scientists at Eli Lilly sought to identify new
vancomycin-like natural products as leads for antibiotic development.187 Screening known
glycopeptide producers yielded a closely related scaffold, chloroeremomycin, which differed
from vancomycin in epimerization of vancos-amine as well as an additional L-4-
epivancosamine on the sixth amino acid from the N-terminus. The further glycosylation
appeared to cause increased potency, despite reduced solution binding to D-Ala-D-Ala
substrates.

Reports of teicoplanin, the first lipoglycopeptide, encouraged medicinal chemists at Lilly to
explore the functionalization of the epivancosamine nitrogen with various lipophilic groups.
Preliminary work identified the addition of a p-chlorobenzyl-methyl group as beneficial; the
p-chlorobiphenylmethyl enhanced activity considerably. This lead compound, known
previously as LY 333328, brought about a 2000-fold reduction in MICgyq against VanA-VRE
over vancomycin. After changing hands several times in the early 21st century, oritavancin
(183) was finally approved in 2014 and brought to market by The Medicines Company. It is
indicated for Gram-positive acute bacterial skin and skin structure infections (ABSSSI) via
IV administration.

5.2.3. Dalbavancin—Formerly known as Bl 397, dalbavancin (181) is produced
semisynthetically from the natural teicoplanin-like lipoglycopeptide A40926 from an
actinomycete.188 Developed by Biosearch (ltaly), this drug outperforms teicoplanin and
vancomycin against Staphylococci and is equipotent with teicoplanin against Streptococci.
189 Following successful murine models, dalbavancin performed well against Gram-positive
skin infections in clinical trials.19° Furthermore, dalbavancin administered once-weekly
demonstrated noninferiority to vancomycin and linezolid administered twice daily with
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fewer adverse effects.191 After changing hands numerous times, dalbavancin was brought to
market by Durata Therapeutics, a subsidiary of Actavis, following its 2014 FDA approval.

5.3. Mechanistic Investigations of the Lipoglycopeptides

That lipoglycopeptides are able to overcome VanA-type resistance puzzled scientists for
quite some time. Overcoming VanA resistance was thought to require a change in peptide
binding, but these analogs retain the same peptide scaffold as vancomycin. Early hypotheses
implicated membrane anchoring via the hydrophobic tails, which would render the peptide—
peptide interaction pseudointramolecular and conceivably permit binding despite the
disfavored hydrogen bond.192 However, there is insufficient evidence to suggest that this
mechanism enhances binding to the extent that activity is restored. Another early hypothesis
cited dimerization of these lipoglycopeptides, which has been observed in solution. While
dimerized species were active against VVanA resistance, there is no evidence that only
dimerization (and not the attached groups to facilitate dimerization) restored activity.1%3 To
elucidate this mechanism definitively, the Kahne laboratory designed experiments to identify
precisely which step in peptidoglycan synthesis is inhibited by structural analogs of
vancomycin.1?4 This can be determined using radiolabeled precursors and observing
incorporation into the various peptidoglycan intermediates. For example, vancomycin is a
transpeptidase inhibitor, and this is indicated by a decrease in mature (cross-linked)
peptidoglycan and a buildup of the preceding immature peptidoglycan. If a
chlorobiphenylmethyl (CBP) or r-decyl group is placed on vancosamine, the mechanism
shifts to an upstream inhibition, with a decrease of both mature and immature peptidoglycan,
indicating transglycosylase inhibition. Kahne postulates two mechanisms consistent with
these results: (1) these lipophilic substituents anchor these molecules to the cell membrane
where they interact with membrane-bound Lipid Il instead of immature peptidoglycan and
would therefore act as transglycosylase inhibitors, and (2) these lipoglycopeptides, instead
of inhibiting the peptide substrate, target the enzymes responsible for peptidoglycan
biosynthesis. These hypotheses, as Kahne would show, are easily distinguished by
separating peptide binding from the carbohydrate moiety bearing a lipophilic substituent,
and they do so by testing truncated analogs 189 and 190 (Figure 23). The unsubstituted
disaccharide 185 had no activity, but the lipophilic group on 186 does confer activity, which
is obviously not due to peptide binding! This result provides strong evidence that the
lipoglycopeptides inhibit the transglycosylation enzymes directly instead of competitive
binding for the peptide substrate.

5.4. Total Synthesis Campaigns

Given the immense structural complexity of the vancomycin scaffold, many of the top
synthetic laboratories set out to construct this monolith. As is observed for numerous
molecules, the chief synthetic target is the aglycon. We discuss here three synthetic
campaigns toward the vancomycin aglycon, including one purely synthetic approach and
two that began as synthetic efforts but evolved into analog development. The three synthetic
campaigns were all completed within the span of about a year, the third of which remains
underway seeking effective vancomycin derivatives. These syntheses must overcome a host
of common difficulties, especially controlling the selective formation of atropisomers
(rotational isomers). Synthetic campaigns toward vancomycin have been reviewed
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thoroughly;195:196 we therefore neglect some of the finer details and focus on the efforts in
diversification of the glycopeptides.

5.5. Evans’ Total Synthesis of the Vancomycin Aglycon

Evans’ 1998 synthesis of the vancomycin aglycon®’ proceeds from simple amino acid
building blocks, beginning with the C-ring, which is elaborated into an amino acid derivative
using Evans’ own asymmetric methodology (Scheme 13).198.199 The scaffold is rapidly
elaborated to incorporate the A and B aryl groups, which are coupled using an oxidative
technique developed by Evans.2%0 The resulting biaryl system 192 is coupled with a D-ring
amino acid, which is then subjected to SyAr chemistry to form the C-D biaryl ether system
with a 5:1 ratio of atropisomers. In order to permit construction of the scaffold, a number of
protecting group manipulations are necessary, which lengthen this synthesis to a degree.
Ultimately, Evans is able to construct ABCD precursor 195 with good control over locked
rotational isomers in both the AB and CD systems. The remaining tripeptide bearing the E-
ring is assembled rapidly beginning with Evans’ asymmetric methodology to develop the
highly substituted phenylalanine and proceeding with standard peptide coupling (Scheme
14).291 The two precursors are united into the heptapeptide, and a second SNAr reaction
completes the DE biaryl ether. Following seven protecting group manipulations, Evans and
co-workers arrive at the completed vancomycin aglycon (201).

5.6. Nicolaou’s Total Synthesis of Vancomycin

The Nicolaou laboratory, formerly at The Scripps Research Institute, published their
synthesis of the vancomycin aglycon immediately following Evans’ report in Angewandlte
Chemie. While they invoke similar disconnections as the Evans work, they constructed these
precursors quite differently. Evans and coworkers used their venerable oxazolidinone
chemistry; however, in contrast, Nicolaou turned to Sharpless’ asymmetric dihydroxylation
(SAD)2%2 followed by Mitsunobu and Staudinger chemistries or Sharpless’ asymmetric
aminohydroxylation (SAA)2%3 to construct these nonproteinogenic amino acids, four of
which are necessary to construct the ABCD tetrapeptide precursor (Scheme 15).204 A
Aminobenzoic acid undergoes straightforward chemistry to arrive at amino alcohol 203. The
diazonium salt is generated, which is trapped as a triazene by pyrrolidine under basic
conditions. Following oxidation and Wittig methylenation, the resulting styrene undergoes
SAD. Following monoprotection of the diol, Mitsunobu substitution with
diphenylphosphanyl azide and Staudinger reduction yield the necessary amine, and standard
manipulations yield building block 208 bearing a D-ring with a protected phenol. The C
amino acid 213 was constructed similarly, using Horner—Emmons chemistry followed by
SAA to generate the amino acid directly. A significant deviation from the Evans work is
seen in the construction of the AB diphenyl system; the amino acids were coupled directly
using Suzuki chemistry before integrating them into the scaffold. Both the A- and B-ring
amino acids were constructed from simple aromatic molecules, which then undergo coupling
to yield a mixture of atropisomers; the correct isomer was not identified until both were built
into the scaffold and NOE data compared with natural material. Ultimately, Nicolaou and
co-workers arrived at the AB biaryl intermediate 220 and were prepared to assemble the
ABCD precursor.29°
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Meanwhile, the tripeptide bearing the E-ring was constructed in a straightforward fashion;
styrene 211 was subjected to SAD, and the resulting diol was activated as the corresponding
nosylate, permitting Sy2 substitution with azide, which was reduced by tin (Scheme 16).206
Known asparagine derivative 224 was also modified. N-Protected leucine 221 was coupled
with amino acid 222, and treatment with base revealed the C-terminal acid for the
subsequent coupling step. With the tripeptide formed, simple protecting group manipulations
and a chlorination completed the right-hand side of vancomycin.

The left-hand tetrapeptide 233 was constructed beginning with the peptide coupling of AB
precursor 220 with 213, with a sequential deprotection and coupling to bring all building
blocks into union (Scheme 17). The first macrocyclization was achieved through copper-
mediated SyAr, yielding a mixture of atropisomers. Deprotections and a Staudinger
reduction revealed the elements for peptide coupling nearest the C-terminus, which occurs in
an intramolecular fashion upon treatment with pentafluorophenyl diphenylphosphinate
(FDPP). The two fragments were united through a peptide coupling followed by the familiar
SNAT cyclization to form the D-E biaryl ether, reporting a 3:1 ratio of atropisomers favoring
the undesired product. However, Nicolaou reported that heating any mixture of atropisomers
at 140 °C in o-dichlorobenzene yielded an equilibriated 1:1 mixture. Gratifyingly, the two
were separable, and with enough patience, this material could be recycled almost
completely.

With the completed scaffold 234 in hand, all that remained was to reveal the proper
vancomycin aglycon. After much experimentation, Nicolaou arrived at a route to convert the
triazine on the D-ring to the necessary phenol. Treatment with Raney nickel followed by
hydrogenolysis generated the amine, while also debenzylating at the C-terminus. The amine
was first oxidized to the diazonium species and then converted to the aryl iodide. Treatment
with magnesium reagents rendered the aryl Grignard, which was trapped as the boronate;
oxidation finally yielded the phenol. For efficient oxidation at the C-terminus, this much-
maligned phenol was masked with a methyl group. Following the necessary oxidations, a
global deprotection was performed with aluminum tribromide and ethanethiol, yielding the
aglycon 201 (Scheme 18).207.208 Fyrthermore, Nicolaou later reported a glycosylation
sequence to yield vancomycin proper.20°

5.7. Preparation of Tethered Vancomycin Dimers

Studies have shown that vancomycin dimerizes /n vitro, though the biological consequences
of this activity remain unclear. To explore this phenomenon, the Nicolaou laboratory
designed a series of analogs to explore the efficacy of tethered vancomycin dimers. This
experimental design drew from the concept of target-accelerated synthesis, outlined briefly
in Figure 24a.193 Considering a vancomycin modified with a functional handle, the ligand
can dimerize (k3 ~ 7 x 102 M~1) or bind to the substrate (k, ~ 104 M~1).210 However, it has
been shown that dimerization is more favorable when bound to substrate (k3 ~ 106 M~1). For
this reason, it is hypothesized that ligation would selectively tether bound complexes and
reveal highly potent dimeric vancomycin analogs. Inspired by this investigative method in
chemical biology, Nicolaou designed analogs to probe the optimal linker, varying both the
composition (olefin or disulfide) and the length of this tether (Figure 24).210 The
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vancomycin scaffold was expanded semisynthetically at the vancosamine nitrogen, a known
point of modification in the lipoglycopeptides. This benzyl group was modified with either a
thiol or olefin tag, both of which dimerize efficiently through oxidation to the disulfide or
olefin metathesis, respectively. Because the dimer must bind to two D-Ala-D-Ala peptides,
the geometry must be optimized to ensure this binding was viable. As is evident in Figure
24c, there was an upper limit of 10 atoms between the aryl groups, and both the disulfide
and olefin linkages retain activity. Compared to vancomycin, dimerization appeared to
confer some activity in resistant strains, though it was not clear if this effect is due to
dimerization or the introduction of a lipophilic group onto the vancosamine, effectively
rendering it a lipoglycopeptide (refer to section 5.3). We should note that the olefin linkages
were a ~1:1 mixture of E/Z isomers. With proof of concept in hand, Nicolaou expanded the
scope of analog development to design vancomycin dimers with “mutations” at the first
amino acid and an additional glycine at the C-terminus, which is feasible given the Nicolaou
group’s work on solid-phase synthesis toward these scaffolds.211 Using a scaffold containing
a short 6-atom olefin linkage, Nicolaou and co-workers generated a series of peptide analogs
(Figure 25). The first analog was reminiscent of “broken” vancomycin, lacking the N-
methylleucine residue, and it confirmed the inactivity. Generally, hydrophobic and charged
side chains conferred activity against the VanA resistance phenotype, while hydrophobic
residues did not. Despite these promising and intriguing results, the Nicolaou group appears
to have ended this project, with no new results reported over the last 15 years.

Total Synthesis of Vancomycin Aglycon

In 1999, the Boger Laboratory at The Scripps Research Institute reported a third synthesis to
the vancomycin aglycon. Notably, a key departure from the previous reports is a method to
deal with the three axes of atropisomerism, the AB biphenyl system, and both the CD and
DE biaryl ethers. Using model studies, Boger and co-workers determined the energies of
atropisomeric interconversion for each structural element and conditions to equilibrate
between both isomers to permit recycling of material. Upon determining the thermodynamic
values at 26.6 kcal/mol for CD, 25.1 for AB, and 24.8 for DE, a logical sequence became
apparent.212

Beginning with tripeptide 257, detailed in prior disclosures,?13 Boger first closed the CD
ether, yielding a 1:1 mixture of atropisomers, which were separated (Scheme 19). The
undesired material 258 was recycled through equilibration, which permitted iterative
enrichment. With the desired P-isomer in hand, reduction and oxidation to the diazonium
facilitated Sandmeyer substitution to afford the aryl chloride 260. Wasting no time, the A-
ring boronic acid 261 was incorporated using Suzuki chemistry. Though the undesired
adduct was formed in a slight excess, this material was equilibrated very favorably to the
needed Sisomer. Following protecting group manipulations, intramolecular peptide
coupling closed the macrocycle to afford left-hand tetrapeptide 265.

The right-hand tripeptide 266, prepared in a straightforward manner, was coupled with its
partner 265 to afford the heptapeptide, which was then treated with cesium fluoride to effect
SNAr substitution. Notably, Boger and co-workers observed highly preferential formation of
the desired Patropisomer 268, though recycling of 267 was also possible. A familiar
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sequence converted the D-ring nitro substituent to the aryl chloride, and 6 simple
manipulations revealed the vancomycin aglycon 201 (Scheme 20).214.215

5.9. Analogs with Affinity for D-Ala-D-Lac

The Boger group has designed analogs to overcome the critical VanA resistance mechanism,
which replaces D-Ala-D-Ala to D-Ala-D-Lac. As discussed earlier, a single atom exchange
removes a key hydrogen-bonding interaction between vancomycin and the cell wall
precursor. Boger proposes “a complementary single atom exchange in the antibiotic to
counter a corresponding single atom exchange in the cell wall precursors of resistant
bacteria”. Specifically, Boger and co-workers plan to alter the amide carbony! of the fourth
amino acid to mitigate the disfavored hydrogen bond, or possibly establish a favorable
interaction between this vancomycin analog and D-Ala-D-Lac.216 Planned single atom
exchange analogs are described in Figure 26. For example, removing the carbonyl oxygen
on the fourth amino acid might be predicted to tolerate the D-Lac substitution by removing
the disfavored interaction between the lactate ester and the vancomycin amide.

The simplest analog, the methylene 270, is constructed through reductive amination
coupling between phenylglycine 273 and aminoaldehyde 274 (Scheme 21). The resulting
amine is carried through the normal sequence following protection as the methyl carbamate.
While SNAr cyclization is achieved with a higher selectivity of the desired atropisomer,
Boger notes the difficulty of recycling undesired material through equilibration. Following
coupling of the AB-system, the material is subjected to a similar sequence as described in
Scheme 20 to furnish the deoxygenated vancomycin aglycon.

Boger and co-workers design a second analog to further probe this hydrogen bond as a
contributor of resistance.?1” Here, a thioamide is introduced via treatment of precursor 260
with Lawesson’s reagent. Due to difficulties in effecting Suzuki coupling, the thioamide
must be masked as the methyl thioimidate 281. Upon successful union with the A-ring, the
thioamide is again revealed, and the left-hand tetrapeptide is elaborated into the thioamide
vancomycin analog. From this material, treatment with ammonia in methanol with silver
acetate furnishes amidine analog 272, completing the set (Scheme 22).

To establish proof-of-concept, Boger and co-workers subject these analogs to an /n vitro
binding assay against peptidoglycan precursor mimics 285 and 286, which mimic D-Ala-D-
Ala and the resistant phenotype D-Ala-D-Lac. The disfavored hydrogen bonding in the
lactate ester is apparent, giving rise to the ~1400-fold decrease in affinity for the vancomycin
aglycon. As one might predict, the larger thioamide has decreased binding to both. The
amidine, which can act as both a hydrogen bond donor and acceptor, exhibits slightly lower
binding to the amide substrate but greatly improves upon binding to the ester, relative to the
vancomycin aglycon. The consistency in binding to both model substrates is evident in the
ratio of the binding affinities. A similar trend, albeit with binding constants an order of
magnitude lower, is observed in the methylene analog.

These /n vitro results translate well to /7 vivo assays, as the amidine was highly potent,
followed by the methylene (Figure 27). These exciting results would provide the foundation
for a more thorough investigation of vancomycin analogs.
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With proof of concept in hand, Boger and co-workers set out to elaborate these substituted
aglycons into full vancomycin analogs and their chlorobiphenylmethyl derivatives, inspired
by the success of oritavancin.218:219 To effect glycosylation, Boger turns to Nature and uses
recombinant glycosyltransferases from A. orientalis, a vancomycin-producing strain,
leveraging work done by Kahne and Walsh.220 Using uridine diphosphate (UDP) sugars,
glycosylation is carried out efficiently on all substrates except the amidine, which, due to its
sensitivity, must be generated from the thioamide following glycosylation. This step also
completes Boger’s total synthesis of vancomycin proper with a protecting group-free
sequential glycosylation.

The approval of oritavancin, dalbavancin, and telavancin over the past decade clearly
indicates that lipoglycopeptides are the present state of the art. To expand on these
backbone-altered scaffolds, Boger introduces the chlorobiphenylmethyl (CBP) moiety onto
the vancosamine sugar through reductive amination; no significant side reactions were
observed, though the amidine, again, required diversion from the thioamide (Scheme 23).

These analogs are evaluated against a panel of relevant bacteria, including MSSA, MRSA,
and VRE strains expressing VanA and VanB resistance mechanisms. The thioamide
vancomycin, as one might predict from the binding assays of the aglycon, exhibits relatively
poor inhibition, while the amidine excels. Addition of the CBP group increases activity
nearly across the board; amidine CBP analog 293 boasts a 50,000-fold increase over
vancomycin against VanA-expressing VRE strains. Given the enhanced activity against D-
Ala-D-Lac-producing strains, Boger’s hypothesis regarding a single atom mutation restoring
a critical hydrogen bond is clearly a valid one (Table 6).

The Boger laboratory has also recently further modified the vancomycin scaffold at the C-
terminus, installing a short hydrocarbon linkage tethering a tertiary amine or quaternary
ammonium moiety (Figure 28).221 In particular, inclusion of the trimethylammonium
increases the potency of the CBP-methylene scaffold by a factor of nearly ten (Table 6).
Most intriguing is the discovery that compound 298 inhibits bacteria via five distinct
mechanisms. In addition to the established binding to both D-Ala-D-Ala and D-Ala-D-Lac,
this compound has also been shown to inhibit cell wall synthesis with or without ligand
binding, likely assisted by the chlorobiphenylmethyl moiety, as suspected by Kahne years
prior.194 Additionally, the quaternary ammonium moiety permits disruption of the cell wall.
While Boger’s analogs have exhibited several of these mechanisms before, this analog alone
demonstrates all five. Furthermore, a resistance assay showed that strains of VRE showed
only a 0.4-fold increase in MIC over 50 cycles.

5.10. Summary

The sum of Boger’s results is particularly intriguing given that Kahne established clearly
that the lipoglycopeptides’ mechanism of action is not consistent with peptide binding.
Notably, Kahne postulated that “the complexity of the peptide portion of vancomycin makes
it virtually impossible to reengineer the peptide backbone to include new contacts to the
modified substrate”.1%4 In an elegant demonstration of the utility and robustness of chemical
synthesis, Boger develops vancomycin derivatives and lipoglycopeptides that can do
precisely what was perceived as impossible. It would be highly beneficial to the scientific
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community for the precise mechanism of action of these modified antibiotics to be
established to inspire future drug discovery in the glycopeptide family.

6. TARGETING QUORUM SENSING AND BACTERIAL SIGNALING

6.1. Overview of Quorum Sensing and Virulence

In 1970, “Woody” Hastings at Harvard made an intriguing discovery. The bacteria Aliivibrio
fischeri, famous as the bioluminescent commensal species in the tropical squid £. scolopes,
only exhibits its trademark activity during a narrow window in the bacterial exponential
growth phase.222 The Hastings laboratory, after careful experimentation, concluded that this
was, by some unknown mechanism, a function of cell density, and regulated at the
transcriptional level via a process they termed “autoinduction”. Later work identified the
small molecule acyl homoserine lactone 301 as the A. fischeri luciferase autoinducer.223
Because of the apparent link to bacterial population density, this phenomenon was termed
quorum sensing, which thanks to the efforts of Greenberg and Bassler, is widely known as

the key method by which bacteria communicate; some seminal works are provided here.
224-227

Quorum sensing has been implicated in both the formation of biofilms and the expression of
virulence factors, two major mechanisms by which bacteria act as pathogens.228-230
Furthermore, this link is precisely what effectively “allows bacteria to function as
multicellular organisms”.228 For example, quorum sensing machinery in Staphylococcus is
known to regulate the production of hemolysins, which destroy erythrocytes to release the
valuable iron-containing heme. As shown in Figure 29, quorum sensing systems in 2.
aeruginosa have been linked to the regulation of various virulence factors, including
exotoxin A, various proteases, and siderophores such as pyoverdine and pyocyanin.231.232
These virulence factors are precisely what induce symptoms of infection.233.234 Contrasted
with conventional approaches of inhibiting bacterial growth, inhibiting virulence offers a
distinct advantage: inhibiting quorum sensing would present very little of the selection
pressure that drives the evolution of resistant phenotypes.23® Controlling virulence could
also, in theory, reduce aggregation into biofilms which might allow the immune system to
fight off this more susceptible infection.

6.2. Acyl Homoserine Lactones

Since the identification of the acyl homoserine lactone (AHL) as the autoinducer of quorum
sensing in many Gram-negative bacteria, scientists have leveraged this deceptively simple
natural product scaffold to develop analogs with intriguing biological activity (Figure 30).
Work toward developing unnatural AHL mimics has been reviewed extensively,236.237
including in this journal.238:239 We discuss here recent work by the Blackwell laboratory
which seeks to better understand quorum sensing through chemical probing.

6.2.1. Blackwell’s Synthetic Campaign toward AHL Libraries—Having previously
identified arylated AHLs as potent modulators of quorum sensing in Gram-negative bacteria,
Blackwell and co-workers have constructed an extensive library of diverse AHLS to probe
interactions with the £ aeruginosa quorum sensing enzymes LasR and RhIR and determine
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what effect, if any, is had on virulence regulation (Figure 30).240 Using straightforward
assays in fluorescence reporter strains of 2 aeruginosaand E. coli (which has had LasR and
RhIR cloned in via plasmids), Blackwell and co-workers established an inverse relationship
between pyocyanin inhibition and RhIR inhibition, noting that the strongest inhibitors of
pyocyanin production tended to have agonistic effects on RhIR, expressed in both the native
P, aeruginosa and nonnative E. coli (Table 7). Via transcriptomic experiments using the
highly potent 303, Blackwell finds that the rA/ cluster is up-regulated (~2x), while pgsis
suppressed. Unsurprisingly, RhIR agonists up-regulate the production of rhamnolipids,
another key signaling molecule in the Pseudomonads. The Blackwell laboratory has also
successfully applied this library of AHL analogs to another Gram-negative pathogen, A.
baumannii, which has an analogous AbaR receptor.241

6.3. Pseudomonas Quinolone Signal

The Pseudomonads possess an additional mechanism for quorum sensing and virulence
utilizing quinolone 313, known as the Pseudomonas quinolone signal (PQS), which includes
several related molecules (Figure 31).242 The PQS system is known to interact in a complex
manner with both /asand A/, and it is also linked to the regulation of virulence factors
including rhamnolipids, lectins, pyocyanin, and elastase.243

Because of the dual activities of these compounds, PQS is an attractive target for scientists
seeking to develop analogs of these molecules to control both virulence and quorum sensing
in the opportunistic pathogen 2 aeruginosa as well as inhibit other bacteria (Figure 31).231

6.3.1. Huigens’ Synthesis of Phenazine-Inspired Analogs—Inspired by the
antibacterial activity of the Pseudomonad virulence factor pyocyanin, Huigens designed a
diverted total synthesis of a variety of phenazine analogs bearing simple modifications to
establish a preliminary SAR, which demonstrated that a variety of bromophenazine
derivatives were active against QS strains of S. aureusand S. epidermidis.?** This lead
inspired further DTS work resulting in a variety of halogenated phenazine analogs (Figure
32), many of which exhibited low micromolar activities against various resistant Gram-
positive bacteria.24°

Generally, these compounds exhibited pockets of activity across various strains, though
compound 323 appears to have the best overall activity. These compounds were also shown
to eradicate biofilms, and they were able to inhibit hemolysis, indicating that quorum
sensing is interrupted. Unlike other autoinducer mimics, these compounds inhibit bacterial
growth directly, suggesting that these drugs would have a fairly straightforward therapeutic
application. Using a “scaffold-hopping” approach, Huigens sought to divert the success of
the bromophenazine work to a simplified quinoline scaffold, generating a library of small
molecules with comparable activities to the phenazine analogs, some of which were potent
biofilm inhibitors.246:247

6.4. Autoinducer Peptides

Quorum sensing in Gram-positive bacteria is regulated by the interaction of short, cyclic
autoinducer peptides (AIPs) with Agr enzymes.248 This pathway has been best characterized
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in Staphyloccus, though also known in Enterococcus, Lactobacillus, Listeria, and
Clostridium.

6.4.1. Mechanism of AIP Regulation of QS—A schematic of the agrsystem is
outlined in Figure 33.249 A region within the short peptide AgrD is excised, cyclized, and
exported by the membrane-bound AgrB and SpsB. The resulting AIP can interact with the
extracellular region of AgrC, which triggers kinase activity, phosphorylating AgrA. This
enzyme then activates two promotors; P, up-regulates the transcription of the agrcluster,
resulting in increased production of AIP. P3, meanwhile, increases transcription of RNA 11l
which is implicated in the regulation of numerous virulence factors, including hemolysins,
immunoglobulin G-binding protein, and staphylocoagulase, an enzyme which prevents the
immune system from detecting this infection.2°0

6.4.2. Muir’s Solid-Phase Synthesis of AIP Analogs—Given the rapid development
of resistance so frequently observed in S. aureus, scientists quickly sought to better
understand the dynamics of this pathogen with the eventual goal of targeting quorum sensing
as an antibacterial strategy. In 1999 the Muir laboratory, formerly at Rockefeller and now at
Princeton, established specificity within the agrsubgroups, demonstrating that the AIP
derived from AgrD-I activates only the corresponding AgrC-1, while inhibiting the enzyme
from groups 11 and 111 (Figure 34, Table 8).251 Furthermore, small modifications to the
AgrD-Il AIP, including replacement of the thiolactone with a lactone or lactam, led to active
compounds. Muir also pioneered the application of solid-phase peptide synthesis to the
preparation of both naturally occurring and unnatural AlIPs. To further highlight the
therapeutic potential of AIP derivatives, Muir and co-workers show in a murine model that
these AIPs can reduce the average lesion size resulting from a MRSA infection.

Mechanistic work by the Muir group established the binding region within AgrC. By
developing chimeric AgrC mutants, permutating two regions within the sensor domain
established that specificity relies on hydrophobic interactions between the AIP and the distal
subdomain within the receptor.252 The Muir laboratory’s efforts toward understanding the
SAR of AIP-II have been thoroughly reviewed,253:254 including in this journal 247

6.4.3. Blackwell’s Synthesis of AIP Analogs—On the heels of their highly successful
work in Gram-negative quorum sensing, Blackwell and co-workers established in 2013 a
comprehensive SAR around the S. aureus AIP-111.255 As an initial screen, both alanine and
D-amino acid scans indicated which sites in the peptide would be most receptive to
alteration. After identifying positions 1, 2, and 4 as sites for potential improvement, these
mutations were combined to arrive at an optimized AIP analog. These analogs were tested
directly against AgrC using a fluorescent reporter assay and as overall inhibitors of quorum
sensing via the down-regulation of hemolytic enzymes controlled by RNA I11 (Table 8).
These assays reveal the D4A mutant as an especially potent pan-group AgrC inhibitor with
picomolar activity.

Blackwell and co-workers further analyzed this SAR to gain mechanistic insight of the
interaction between AIPs and AgrC.2%6 Using NMR techniques, the hydrophilic and
hydrophobic regions of the AIP were deduced, and this structural information correlated
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with the biological activity. Blackwell was able to corroborate previous hypotheses which
implicate hydrophobic residues around the macrocycle in AgrC recognition, independent of
activation or inhibition, and a key hydrophaobic residue in the N-terminal chain, which
signals for activation of the AgrC kinase. Considering the experimental SAR, this is not
surprising—each active compound has three large residues, often phenylalanine and two
leucines. The N-terminal isoleucine in AIP-111 is implicated as the activating residue. While
D4A (335) retains this isoleucine, Blackwell postulates that the mutation within the
macrocycle alters the conformation sufficiently to prevent this residue from activating the
kinase.

While these AIP analogs are highly potent and excellent chemical tools for manipulating
quorum sensing, their therapeutic potential is limited by the sensitivity of the thiolactone to
hydrolysis. Analogous to Muir’s substitution of the thiolactone to the lactone and lactam,
Blackwell applies this approach to their potent AgrC inhibitors derived from AIP-111 (Table
9).257 While the amide analog of natural AIP-111 exhibits poor activity, conversion to the
amide renders analogs 343 and 344 only slightly less active than the original analogs.
Furthermore, Blackwell shows that the lactam derivatives have enhanced stability to both
degradation in alkaline conditions and tryptic proteolysis.

Recently, the Blackwell lab has attempted to develop AgrC inhibitors via a peptidomimetic
approach in which portions of the peptide macrocycle were replaced with nonpeptidic
portions, including methylene linkages, which allows ring expansion.258 None of these
simplified analogs exhibited the same pan-group inhibition of AgrC observed in the AIP-I111
analogs. However, these peptidomimetic drugs exhibited far greater solubility.

Other efforts by the Blackwell laboratory include the application of this approach to develop
pan-AgrC inhibitors in the related S. epidermidis, which, despite its evolutionary proximity
to aureus, uses AIPs with distinct sequences (Figure 35).2%9 In an analogous fashion,
Blackwell and co-workers identified sites for amino acid substitution and carry out the
necessary solid-phase synthesis to generate a library of compounds, from which they
identify analogs 348 and 349 as pan-group inhibitors with low nanomolar potencies.
Because S. epidermidis is a clinical menace largely due to its propensity to form biofilms in
indwelling medical devices, Blackwell and coworkers probed the effect of these AlIPs and
analogs on biofilm formation. It has been known for some time that inhibition of agrinduces
biofilm formation, while activation encourages dispersion, which is a significant quandary
facing quorum quenching as a therapeutic method. Using a straightforward crystal violet
assay to measure biofilm formation, Blackwell demonstrates that AIP-I, the native agonist,
clearly reduces the biofilm. Likewise, a more potent AgrC-I agonist disperses biofilms to a
greater extent. Surprisingly, preliminary results do not show increased biofilm formation
following treatment with 349, a highly potent AgrC-1 inhibitor, which Blackwell attributed
in part to the highly complex (and poorly understood) relationship between quorum sensing
networks and biofilm formation. For modulation of quorum sensing to be a viable
therapeutic option, innovative chemical tools will be necessary to further our understanding
of these intricate mechanisms and interactions.
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6.5. Summary

While much has been learned about quorum sensing and virulence in a variety of pathogenic
bacteria thanks to the use of small molecule probes inspired by natural autoinducing
compounds, our understanding of these complex pathways must greatly increase for quorum
sensing modulation to be a serious therapeutic option, especially the regulation of biofilms.
Secondary to these issues are the many regulatory hurdles, as many of these molecules do
not exhibit a straightforward overall inhibition of bacteria, and conventional clinical trials
may be incompatible with these nonlethal agents.

7. NARROW-SPECTRUM SMALL MOLECULE NATURAL PRODUCTS

7.1. Consequences of Antibiotic Use on Microbiomes

While the interactions between conventional broad-spectrum antibiotics and pathogenic
bacteria are relatively well-characterized, many more questions remain surrounding
antibiotics’ effects on the nearly countless commensal bacteria strains with which we have a
symbiotic relationship. Recent efforts by Martin Blaser at NYU Medical School to further
understand how broad-spectrum antibiotics perturb the human microbiome, very frequently
at birth, have led to insights regarding the critical role commensal species play in normal
human development.280 |t has been well established that microbiota imbalances and
deficiencies are associated with numerous maladies, including obesity, irritable bowel
disorder, and cancers,281 though Blaser intends to demonstrate that the increasing incidence
of these conditions are in no small part due to our poor stewardship of antibiotics.260.262.263
The Blaser laboratory has shown in extensive animal modeling that disruptions within the
micro-biome, especially those occurring early in life, are linked with metabolic issues,
including obesity,264.265 though a recent medical study found that early antibiotic usage has
devastating effects on the developing microbiome.2%6 Their work has suggested that
strategies that target virulence or specific pathogenic bacteria may provide additional
benefits over their commonly used broad-spectrum counterparts.

7.2. Fidaxomicin: A Narrow-Spectrum Macrolide Antibiotic

In 1972, scientists in Italy identified a new antibiotic from Actinoplanes?8” and because it
was discovered on the 29th of February, it was cleverly named lipiarmycin. Active against a
variety of Gram-positive species, no cross-resistance was observed against contemporary
antibiotics.2%8 Furthermore, lipiarmycin was identified as an inhibitor of RNA synthesis.269
Sometime later, the structure was elucidated, and lipiarmycin (350) was shown to consist of
a highly unsaturated 18-membered macrolactone bearing acylated rhamnose and noviose
sugars,2’0 and the later discovered tiacumicin B was shown to have the same structure
(Figure 36).271

Lipiarmycin was identified to have especially potent activity (<1 pg/mL) against Clostridium
difficile, a pathogen best known for debilitating diarrhea, often resulting in dehydration.272
This study, performed by scientists at Abbott, also demonstrated slow development of
resistance and preliminary success in rodent models. Given the generic name fidaxomicin,
this compound entered clinical trials, where it met the primary end point of noninferiority
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versus vancomycin against C. difficile infections, with an additional benefit of reduced
infection reoccur-rence.273.274

Fidaxomicin was recently a popular target with synthetic chemists,275-278 though the only
analog development known to us has been done via tailoring biosynthetic enzymes, which
are beyond the defined scope of this review.2"?

7.3. Promysalin

In 2011, De Mot in Leuven, Belgium, reported a small molecule, dubbed promysalin (351),
with intriguing biological activity within the pseudomonads.?8% A secondary metabolite
from the soil-dwelling Pseudomonas putida RW10S1 in the rhizosphere surrounding a Sri
Lankan rice plant, promysalin, promoted swarming within the producing species but had
potent antibacterial activity against other closely related strains, such as the highly
pathogenic £ aeruginosa. At the time, little was known about its mechanism of action or the
relative or absolute stereochemistry.

In 2015, Wuest and co-workers reported the total syntheses of four diastereomers of
promysalin to identify the correct stereochemistry and further explore this compound’s
exciting narrow spectrum activity (Scheme 24a).281 Genomic analysis of the biosynthetic
cluster proposed by De Mot indicated that the natural L-proline is incorporated into the
natural product; the remaining stereocenters were both in the myristate side chain. This
synthetic approach featured a convergent strategy in which precursors each containing one
stereocenter were joined through cross-metathesis, permitting straightforward preparation of
the various diastereomers. The olefin is deleted through hydrogenation, and with Evans’
auxiliary removed, the side chain is obtained in five steps from known materials 352 and
homoallylic alcohol 354. The left-hand fragment is derived from the amide coupling of
trans-hydroxyproline and salicylate derivative 356. Following oxidation, ketone 357 is
converted to the highly versatile enol triflate. To selectively deoxygenate, Wuest and
coworkers found that a Stille reduction was highly effective. With acid 358 in hand,
esterification with 355 under normal conditions followed by a global deprotection yields
promysalin in an efficient, convergent route with 8 steps in the longest linear sequence. In
the following year, the Musso laboratory in Milan reported a similar synthesis, with an

improved route to the proline-salicylate precursor but a lengthier synthesis of the side chain.
282

Wuest’s modular synthesis paved the way for a DTS campaign toward analogs to begin to
probe the SAR of promysalin (Scheme 24b).283 Modifications to the dehydroproline ring
were somewhat tolerated; fluorination and methylation at the y-carbon still yielded active
compounds within 10% of promysalin’s activity (Table 10). Saturated analog 359 was
considerably less potent, and ring expansion to the piperidine (not shown) rendered an
inactive compound. Methylation of either the salicylate phenol or the a-alcohol reduced
potency as well. Deoxygenated compound 363 was nearly equipotent with the natural
material, which is surprising given that the C2 epimer had considerably lower activity. This
observation might indicate that the alcohol is not critical for activity, but incorrect stereo-
chemistry results in a disfavored steric clash with whatever the target might be. An
additional effort explored the possibility of constructing promysalin-inspired chimeric
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molecules, in which derivatives of the natural products lyngbic acid and hermitamides A and
B replaced the normal side chain (Figure 24c).284 Unfortunately, these compounds showed
no promising biological activity.

Given some structural similarities with iron-binding molecules known in Pseudomonas, it
was hypothesized that promysalin could act as a siderophore, though simple assays indicated
only a qualitatively low affinity for iron. While not a bona fide siderophore, questions
relating to iron uptake remained, given that promysalin inhibited pyoverdine production in 2
putida strain KT2440.281 Biologically oriented investigations of the target are currently
underway.

7.4. Carolacton

A collaborative group led by Kirschning reported in 2010 a polyketide macrolactone,
carolacton (366), with antibiofilm properties.28> Isolated from S. ce/lulosum, this compound
was found to radically alter cell wall structure, rendering the bacteria highly susceptible to
acidic conditions.286 Furthermore, knockout assays established that a PknB mutant was not
susceptible, though the mechanism of this interaction remains unclear. Later work
established bactericidal activity against the related S. pneumoniae, another serious pathogen.
287 Gijven the significance of S. mutans causing dental and heart issues including
endocarditis, carolacton has received considerable attention as a potential narrow-spectrum
antibiotic.

7.4.1. Kirschning’s Synthesis of Carolacton and Analogs—Kirschning and co-
workers reported in 2012 the first total synthesis of carolacton, requiring 22 steps in the
longest linear sequence (LLS) (Scheme 25).288 Toward the left-hand precursor, lactic acid
was elaborated into alkyl bromide 371, which is converted to the organozinc reagent.
Nucleophilic attack of racemic 372, guided by chiral ligand 373, afforded unsaturated ester
374, which, after conversion to the aldehyde, was attacked by the lithium enolate of 375.
Cleavage of the acetal followed by hydrolysis revealed the diol functionality, which was
protected as the acetonide. Finally, the venerable Swern oxidation yielded key aldehyde
intermediate 378. The right-hand side chain was prepared through the coupling of alkyne
379 with aldehyde 380 via the Marshall reaction. A series of standard polyketide-type
manipulations revealed an aldehyde from 383, which underwent Duthaler—Hafner chemistry
to homologate by two carbons, capping the side chain with the fert-butyl ester. After
methylation with Meerwein’s salt, the Schwarz reagent hydro-zirconates the alkyne, which
was diverted to vinyl iodide 387. Aldehyde 378 was united with the side chain via the
Nozaki—-Hiyama—Kishi reaction, which gratifyingly furnished alcohol 389 in excellent yield
with good diastereoselectivity. The macrocycle was formed using Shiina’s reagent, and
standard manipulations provided carolacton (369).

Kirschning followed their synthetic route with an evaluation of late stage intermediates and
semisynthetic derivatives against S. mutans biofilms and found that compounds 394 and 396
had micromolar activities, though with greatly diminished potency relative to carolacton
(Figure 37).289 Given that each of these could be hydrolyzed to yield carolacton, it was
hypothesized that these derivatives were merely acting as pro-drugs. Kirschning and co-
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workers did indeed detect small quantities of carolacton in the supernatant, indicating a
weak pro-drug effect.

7.4.2. Phillips’ and Wuest’s Synthesis of Carolacton and Analogs—A
collaborative effort by the Phillips lab at Yale and the Wuest lab developed a concise
synthesis with just 14 steps in the LLS, and further work found that late-stage intermediates
toward carolacton exhibit unique effects on S. mutans biofilm architecture (Scheme 26).2%0
To construct macrocycle precursor 400, gulonolactone derivative 397 was oxidized and
olefinated to 398, and hydrolysis followed by Swern oxidation furnished lactone 399. A
vinylogous (Sn2”) substitution with a diallylcuprate provided acid 400 as a single
diastereomer. The side chain was constructed through standard aldol and Wittig chemistry
and culminated in a Leighton crotylation, yielding 406. The two were united through an
efficient esterification, and the macrocycle was formed through ring-closing metathesis. A
selective hydrogenation deleted the resultant olefin, and a final oxidation and deprotection
yielded carolacton.

The Wuest group has recently reported the preparation of simplified analogs of carolacton,
identifying that an aryl-containing side chain elicits various distinct phenotypic responses
(Figure 38).2%1 Having drawn from Kirschning’s work, which indicated that the macrocycle
does not tolerate modification, Wuest and co-workers hypothesized that replacement of the
olefin in the side chain with an aryl moiety would both simplify the molecule and possibly
retain activity. Additionally, truncated side chains were also explored. Of note, simplified
carolacton analog 411 was found to inhibit S. mutans biofilms, with an MBICgg of 63 4/M.
Furthermore, analog 412 elicited a carolacton-like phenotype at 500 nM. Notably,
compounds 413 and 414 inhibited biofilm formation at the microcolony stage, indicating
that carolacton and analogs thereof could serve as useful chemical tools for probing the
biofilm life cycle.

A third complete synthesis of carolacton has also recently been reported, featuring a LLS of
13 steps and an impressive overall yield of 18.8%; though this work does not discuss analog
development, an efficient and concise synthesis will certainly aid that process.2%2

7.5. Bromoageliferin and Simplified Analogs

The marine natural product bromoageliferin (415), a member of the oroidin (416) class, had
been shown to disrupt biofilm formation in the Gram-negative marine bacteria R. salexigens
(Scheme 27a). Considering the structural similarities within the oroidin alkaloids, which
share a common 2-aminoimidazole (2-Al) core, the Melander laboratory at North Carolina
State hypothesized that simplified analogs, derived from these intriguing natural products,

could retain activity as antibiofilm compounds against persistent Gram-negative pathogens.
293

Melander and co-workers designed simplified analogs 417 and 418 which bear the 2-

aminoimidazole core fused to the substituted cyclohexane ring, varying the stereochemistry.
294
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Both are prepared from diol 420 or its cis epimer through very straightforward
transformations (Scheme 27). Both CAGE (418) and TAGE (417) inhibited biofilm
formation in P, aeruginosa (ICsg 100 M vs PAOL, 180 1M and 190 M, respectively,
against PA14). A similar approach was applied to designing simple analogs of oroidin (416)
through bromination at various sites around the ring, though the biological activities are
comparable.29% These intriguing results led Melander and coworkers to further investigate 2-
Al-bearing molecules as potential biofilm eradicators. 2-Aminobenzimidazoles such as 419
were shown to have potent activities against MRSA biofilms but were not lethal against
planktonic cells.2%6 Furthermore, these derivatives were recently shown to act as adjuvants
in sensitizing Mycobacteriato p-lactam antibiotics through a unique mechanism of action,
as they were shown to not act as B-lactamase inhibitors.2°”

7.6. Summary

We have summarized here efforts to develop analogs of small molecule natural products
with narrow-spectrum antibiotic activity. These molecules are of particular interest given
recent insights into the importance of symbiotic relationships with bacteria in the gut
microbiome. The clinical success of fidaxomicin in treating C. difficile should serve as a
guiding principle that narrow-spectrum antibiotics may create a new paradigm in selectively
targeting pathogenic bacteria while minimizing the impact on the human microbiome.

8. CONCLUSIONS

In most talks given by natural product chemists, it is commonly noted that while natural
products can have outstanding biological activities, they are often poor choices for drugs,
exemplified by erythromycin. While semisynthetic modifications have historically redirected
this potent activity into a clinically useful drug, we have demonstrated that the need for new
antibiotics to overcome resistant pathogens is so great as to require new generations of drugs
occupying previously unexplored regions of chemical space. We have shown herein that the
most direct, efficient, and fruitful method of generating drugs that can evade bacterial
resistance mechanisms is through the power of total synthesis. We have outlined synthetic
achievements toward many antibiotic scaffolds, both traditional and unexplored, and have
discussed how these compounds fare against pathogenic bacteria. Traditional SAR studies
can be undertaken to identify the key bioactive moieties, which can then be modified to
generate more potent compounds. Additionally, synthetic approaches such as DOS, FOS,
and CtD can be used to construct unprecedented scaffolds bearing the complexity of natural
products, despite that these molecules may be foreign to Nature to the best of our
knowledge. We hope that the examples discussed herein will spark further inspiration in the
synthetic community to continue exploring innovative targets and methods to ensure a
sustainable antibiotic supply.

Despite the potential for new antibiotic isolates and scaffolds, we must take care to preserve
the efficacy of drugs currently prescribed (and overprescribed!). This requires improving
upon our antibiotic stewardship by encouraging reduction in both the overprescription and
misuse of these medicines. We must also continue to educate the public about the causes and
persistence of antibiotic resistance, in part to drive public favor for a greater allocation of

Chem Rev. Author manuscript; available in PMC 2018 October 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rossiter et al.

Page 42

resources to address this crisis. Although the recognition of the term “antibiotic resistance”
has increased, the understanding of how to avoid it and how it is caused has not been
translated as effectively.1®> Only by actively combining scientific innovation and
communication can we avoid a postantibiotic era.
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DTBMP
DTS
EDC or EDCI
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FOS
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Ebutyloxy carbonyl

p-chlorobiphenyl methyl

carboxy benzyl

carbonyl diimidazole

cyclopentyl

10-camphorsulfonic acid

complexity to diversity

cyclohexyl

dibenzylideneacetone
bis(4-methoxyphenyl)methyl
2,3-dichloro-5,6-dicyano-1,4-benzoquinone
diethyl diazocarboxylate
3-(diethoxyphosphoryloxy)-1,2,3- benzotriazin-4(3H)-one
hydroquinidine (anthraquinone-1,4-diyl) diether
diisobutyl aluminum hydride

4-(N, N-dimethyl)aminopyridine
dimethyldioxirane

Dess—Martin periodinane

diphenylphosphoryl azide

diversity-oriented synthesis
2,6-di-tert-butyl-4-methylpyridine

diverted total synthesis
1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide
pentafluorophenyl diphenylphosphinate
function-oriented synthesis

glucosyl transferase D

glucosyl transferase E
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HG-I1
HOAt
HOBt
HMDS
IBX
1Cs0
Lac
LLS
Lut
MBICsq
Mes
MIC
MNBA
MRSA
MSSA
NBSH
Oxaz
PIDA
PMB
PMP
PPTS
Pym
Pyr
SAR
SatA
SEM

TAS-F
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1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo-[4,5-
blpyridinium 3-oxid hexafluorophosphate

Hoveyda—Grubbs second generation catalyst
1-hydroxy-7-azabenzotriazole
hydroxybenzotriazole

hexamethyldisilazide

2-iodoxybenzoic acid

concentration inhibiting 50% of activity
lactate

longest linear sequence

lutidine (2,6- unless otherwise noted)
minimum inhibitory concentration of 50% of biofilms
mesityl

minimum inhibitory concentration
m-nitrobenzoic anhydride (Shiina’s reagent)
methicillin-resistant S. aureus
methicillin-susceptible S. aureus
2-nitrobenzenesulfonylhydrazine

Davis’ A-sulfonyl oxaziridine

phenyliodine diacetate

p-methoxybenzyl

p-methoxyphenyl

pyridinium p-tolylsulfonate

pyrimidyl

pyridyl

structure—activity relationship

and SatG streptogramin A acetyltransferases A and G
[2-(trimethylsilyl)ethoxy]methyl

tris(dimethylamino)sulfonium difluorotrimethylsilicate
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Figure 2.
Total infections (gray) and deaths (black) in the US associated with various pathogenic

bacteria.ll CRE = carbapenem-resistant enterococci; VRE = vancomycin-resistant
enterococci; MDR = multidrug resistant.
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Figure 3.
Schematic representation of the three major mechanisms of action of widely used

antibiotics, also noting the sulfa drugs.

1duosnuepy Joyiny

1duosnuely Joyiny

Chem Rev. Author manuscript; available in PMC 2018 October 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Rossiter et al.

Reduced Penetration
Of Antibiotic

=)
L
o

Antibiotic Modification
or Degradation

Figure 4.

Target
Modification

Schematic representation of general antibiotic resistance mechanisms.

Chem Rev. Author manuscript; available in PMC 2018 October 11.

Page 64



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Rossiter et al. Page 65

Cross Couplings lead to Diversity

Combinatorial Synthesis

Modify Natural Material

{}\g@

Scaffold Diversification (Semisynthesis)

Figure 5.
Traditional means of generating diverse compound libraries, including combinatorial and

semisynthetic approaches.
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Innovative strategies in generating diversity through synthesis.

Chem Rev. Author manuscript; available in PMC 2018 October 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Rossiter et al. Page 67

Diverted
Total epothilone D (11)
Synthesis aka dEpoB

epothilone B (10)
EpoB

fludelone (13) iso-fludelone (14)

Figure 7.
Diverted total synthesis leads to analogs of epothilone B with superior pharmacological
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Figure 9.
DOS strategy to access enopeptin analogs. (a) Enopeptin antibiotics as inspiration. (b)

Modifications to enopeptin scaffold with biological evaluation (MICs, pg/mL) against
Gram-positive bacteria. ND = not determined.
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Figure 10.
Huigens’ ring distortion strategies to access yohimbine-based bioactive scaffolds.
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Telithromycin

u2609 ‘.*] i

Figure 11.

Crystal structure of erythromycin bound to £. coliribosome with ribosomal proteins
omitted. 30S subunit in yellow, 50S subunit in orange, erythromycin in blue. View down the
axis of the nascent peptide exit tunnel, outlined in cyan. Key interactions of erythromycin
and telithromycin with the ribosome. Erythromycin is conformationally rigid due to the
avoidance of syr-pentane interactions between methyl groups;56 we also highlight hydrogen
bonding across the macrocycle above. Both macrolides hydrogen-bond to A2058 through
desosamine; telithromycin makes an additional r-stacking interaction with A752, explaining
its enhanced binding affinity. Structures edited in Swiss PDB Viewer and rendered in UCSF
Chimera from PDB IDs 4V7U (erythomycin) and 4V7S (telithromycin).
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Rationale in designing new fully synthetic macrolides; selected analogs fall into two general

categories: ketolides bearing an unsaturated side chain with varying heterocycles, and
azaketolides, including an azacethromycin analog.
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OH O OH O
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Figure 14.
Crystal structure of tetracycline (2) bound to £. coliribosome; 50S subunit in orange, 30S

subunit in yellow, ribosomal proteins omitted for clarity. Tetracycline shown in blue binding
to the A site of the ribosome, which inhibits binding of acyl-amino-tRNA necessary for
protein synthesis. On the right, 2 binding to selected residues demonstrating key hydrogen-
bonding contacts between the southern ridge of 2, a magnesium ion, and the sugar
—phosphate backbone. Images produced in UCSF Chimera, PDB ID 5J5B.
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Figure 15.
Phylogenetic relationship of semisynthetic tetracycline derivatives and parent natural

products with dates of FDA approval.®? Though tetracycline was first discovered following
hydrogenolysis of chlorotetracycline, it was later identified as another streptomycete natural
product.
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Figure 16.
Profiles of total syntheses of tetracyclines.
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Figure 17.
Schematic comparison of a previous totally synthetic approach to the tetracyclines with

Myers’ strategy.
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Figure 18.
Tetracycline derivatives under development by Tetraphase.
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Figure 19.
Ring systems and numbering in viridicatumtoxin B (158).
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Figure 20.

Crystal structure of vancomycin bound to a Lipid Il mimic. Below, computational studies
demonstrating the decreased binding affinity associated with the VanA phenotype. PDB 1D

1IVFM.
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Biosynthesis of VanA-type Lipid Il bearing a D-Lac substitution.
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Structures of approved glycopeptides and lipoglycopeptides with year of approval®® and
sourcing. * denotes epivancosamine.
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Figure 23.
Truncated lipoglycopeptide analogs developed for mechanistic studies by Kahne.
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(a) Schematic representation and rationale of target-accelerated combinatorial synthesis. (b)

General blueprint of the vancomycin dimer containing a tether through the vancosamine
sugars. (c) Optimization of linker makeup and length. MICs in pg/mL.
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Figure 25.

(a) Design of vancomycin analogs with N-terminal amino acid mutations and (b) biological
evaluation. MICs in wg/mL. Gray shading indicates that no comparison can be made relative
to the activity of vancomycin against a particular strain.
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Figure 26.
Boger’s vancomycin aglycon analogs with pocket modifications.
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Figure 27.
In vitrobinding assays of aglycon analogues to peptidoglycan mimics 288 and 289. The

ratio indicates x-fold decrease in binding affinities. /n vivo MIC assay against £. faecalis
BM 4166, expressing VanA, wg/mL.
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Figure 28.
Boger’s peripheral modifications to the CBP-vancomycin scaffold.
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Figure 29.
Schematic representation of QS systems in £, aeruginosa. Color scheme: yellow/orange:

LasR-mediated; blue: RhIR-mediated; green: promotors; red: repressors. Inspired from refs
225 and 226, Of particular interest is the regulation of toxins, as shown in the Venn diagram.
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Figure 30.
(a) Natural and synthetic AHLSs; (b) synthetic inhibitors; and (c) agonists of pyocyanin

production in PAO1.
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Figure 31.
PQS, due to its hydrophobicity, is transported between bacteria via membrane vesicles.

When delivered to another £ aeruginosa cell (orange), PQS acts as a quorum sensing
molecule. When delivered to a foreign species, such as S. aureus (green), PQS is an
antibiotic, allowing £ aeruginosato outcompete other species for valuable resources.
Inspired from refs 227. 228 and 242, On the right, molecules implicated in the PQS system.
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Figure 32.
(a) Selected halophenazine analogs by Huigens tested against Gram-positive bacteria with

(b) MICs in zM.
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Schematic representation of Agr-mediated quorum sensing. Inspired from refs 239 and 249,
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Figure 34.
AlPs from S. aureus.
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Figure 35.
AIPs from S. epidermidis and analogs of 347 with 1Csq values against AgrC 1, I1, and I1I.
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Figure 36.
Structure of fidaxomicin, aka lipiarmycin, aka tiacumicin B, an 18-membered macrolide.
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Figure 37.
Analogs of carolacton synthesized by Kirschning.
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Summary of Key Steps in Martin’s 1997 Synthesis of Erythromycin B
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Summary of Key Steps in Kang’s 1997 Synthesis of Azithromycin

Chem Rev. Author manuscript; available in PMC 2018 October 11.

Page 100



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Rossiter et al. Page 101
0
Et Y OH 1) NaHMDS
3 a ;
Me LiHMDS, N 1. COCl,, /Pr,EtN BrC,HgOTf
59 OTBDPS  LiCl \l/\Ph 2. iPriMgCl, MeLi 2. NaN;
- . ke
Ph O 76%, 2 steps 88%, 2 steps
Ph
H |
OH Me 62
Ny
C4Hg \FdHE
o, NH, Of N NH;
O * -] TBAF o . Fod
Me 5 Me
' Et»*
OTBDPS OH
63 65
b) Synthesis of 15-membered azaketolide eastern precursor ¢) Synthesis of 14 bered precursor
OTBDPS
OTBDPS OTIPS 1. AgSbFg,
Me Pd[(5)-SegPhos]Cl, o Me
" Me_oO i oH 73 Me 2 A\ _-OH
e t-BuLi fume 1 KH, Mel HO [« OH 1. KH; Mel
MgBr, 2. HglOg o PPTS 2. DIBAL-H
56 1 “iMe —
0 81% [s) 98%, 2 steps Em%hﬂe 86%, 2 steps 93%, 2 steps
A"O %—0 Et0” S0
Me Me 0 74 75
Me Me 47 (0
66 OTBDPS 0
OTBDPS o OCH,
Me ~aiMe
«Me PymS-Desy, (o} OCH 69, Et;N PymS-Desg,
69, ZnCl, AgOTH 3 MgBry*OEt, “MOH  AgOTf
OMe Sl e fiMe s ol Ll S
foiMe 91% 70% 91% 81%
o} H
H (o]
68 76
Y
Me
o OMe
fuiMe
1. HF .
2. DMP “ODesg, HCI
‘ODesy, — > —
87%, 2 steps Me 100%
o & /lvMe
Me
78
o]
( Me Me
s NMe, NMe,
PPh. BzO O (o]
? 0-LWMe  MO7 577 me
o PPh; Me. A=
< = Desg, = Desy, OTMS
o Me
(S)-SegPhos 69

Scheme 4.

Syntheses of Key Intermediates en Route to 14- and 15-Membered Azaketolides by Myers
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Myers’ Completion of Azaketolides 83 and 86 via Identical Endgames
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Andrade’s Total Synthesis of 4-Desmethyl Telithromycin (110)
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Oyelere’s Semisyntheses of Extended-Range Azithromycin Analogs
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Myers’ First-Generation Synthetic Route to AB-Enone 147
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Divergent yet Convergent Approach To Generating Diverse and Unprecedented Tetracycline

Scaffolds
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Scheme 11.
Nicolaou’s Construction of the Viridicatumtoxin Skeleton
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Total Synthesis of Viridicatumtoxin B and Related Analogs
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Scheme 13.
Evans’ Preparation of the Left-Hand Tetrapeptide 195
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Preparation of Right-Hand Tripeptide 200, Union with 195, and Completion of the Synthesis
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Nicolaou’s Preparation of Amino Acid Building Blocks
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Nicolaou’s Preparation of Right-Hand Tripeptide 227
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Nicolaou’s Assembly of Left-Hand Tetrapeptide 233 and Construction of the Vancomycin
Scaffold
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Scheme 19.
Boger’s Synthesis of the Left-Hand Tetrapeptide 265 Optimized for Atropisomeric
Efficiency
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Scheme 20.
Assembly of Vancomycin Aglycon
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Scheme 21.
Boger’s Diverted Total Synthesis of Methylene Analog 270 via Intermediate 275
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Scheme 22.
Boger’s Synthetic Diversion of 260 to Thioamide 271 and Amidine 272
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Scheme 23.
Boger’s Elaboration of Aglycon Analogs to Glycosylated Vancomycin Analogs and CBP-

Derivatives
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Scheme 24.
(a) Total Synthesis of Promysalin by Wuest; (b) Analogs of Promysalin Bearing Simple

Modifications around the Pyrrolidine, Salicylate, and Myristate Portions; (c) Chimeric
Promysalin Analogs Derived from the Fatty Acid Derivatives Lyngbic Acid and
Hermitamides A and B
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Scheme 25.

Kirschning’s 2012 Synthesis of Carolacton (369): (a) Preparation of Macrocycle Precursor
378; (b) Synthesis of Side Chain Precursor 387 and NHK Coupling; (c) Macrocyclization
and Endgame
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Scheme 26.

Phillips’ and Wuest’s Total Synthesis of Carolacton (369): (a) Preparation of Macrocycle
400; (b) Synthesis of Side Chain Precursor 406; (c) Esterification, Macrocycle, and
Endgame; (d) Bioactive Simplified Analogs of Carolacton Accessed through Wuest’s DTS
Approach
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Scheme 27.
(a) Related Natural Products Bromoageliferin (415) and Oroidin (416) and Analogs Derived

Therefrom by Melander. (b) Representative Synthesis of 417; CAGE (418) Was Synthesized
in an Analogous Manner from the Appropriate Epimer of 420
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Table 3

Biological Evaluation of Extended-Reach Azithromycin Analogs?

Linker Indole ICso MICsgg
H
119 C3Hg (I% 0.78
120 CsHs c-ﬁ%
.‘lo
121 C3Hg @li
122 C3H ©[>
318 l)"
[
318 A"
124 CsH O:'}
3118 )’,
125 CeHy @
=
a
126 CeHs \
&

azithromycin (36)

0.292 0.78

Page 127

a . . - . . . .
1C50 values in xM and tested against cell-free £. coliribosomes; MIC5( values in tg/mL against a susceptible strain of S. aureus, green denotes
an increased activity; orange, decreased; yellow, equipotent.
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Evaluation of Viridicatumtoxin B and Related Analogs against a Panel of Gram-Positive and —Negative

Bacteria?

minocycline (132)
tigecycline (133)
(+)-158

(-)-158

(+)-175

(-)-175

(+)-176

(-)-176

(-)-177

(+)-177

(-)-178

(+)-178

Table 5

VRE MRSA  Gram-(-)

E.faecalis E.faecium S aureus A.baumannii

S613 105 371 AB210
8 8 1 4
0.5 0.25 2 0.5
2 2 4 64
4 4 8 64
8 8 8 64
16 16 32 64
16 16 8 64
8 16 64 64
128 64 128 64
1 2 64 64
4 8 8 64
2 8 8 64

Page 129

aMICs in tg/mL. Minocycline and tigecycline serve as positive controls. Analogs with enhanced activity against both VRE and MRSA relative to
the natural product are highlighted in green.
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Activities of Selected Analogs (ICsq values, ¢M) against Strains of 2 aeruginosa by Wuest

Table 10

P. aeruginosa

PAO1

PA14

Promysalin (351)
C2 epi-351

359

360

361

362

363

364

365

4.1

0.067
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