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Summary

As genetically encoded small molecules, antibiotics are phenotypes that have resulted from
mutation and natural selection. Advances in genetics, biochemistry, and bioinformatics have
connected hundreds of antibiotics to the gene clusters that encode them, allowing these molecules
to be analyzed using the tools of evolutionary biology. This review surveys examples of
convergent evolution from microbially produced antibiotics, including the convergence of distinct
gene clusters on similar phenotypes and the merger of distinct gene clusters into a single
functional unit. Examining antibiotics through an evolutionary lens highlights the versatility of
biosynthetic pathways, reveals lessons for combating antibiotic resistance, and provides an entry
point for studying the natural roles of these natural products.

Introduction

More than two-thirds of the antibiotics used to treat humans are microbial natural products
or semisynthetic derivatives of these molecules [1,2]. Advances in genetics, biochemistry,
and bioinformatics have transformed the study of antibiotics and other natural products, not
just by revealing how they are synthesized but also by casting them as phenotypes encoded
by gene collectives that can be studied through an evolutionary lens [3]. Like other sets of
genes that encode adaptive traits, antibiotic-encoding gene collectives can converge
evolutionarily on similar phenotypes [4-6]. Due to horizontal gene transfer, they can also
arrive in the same genome, allowing distinct gene clusters to merge into a single functional
unit. The examples of convergent evolution that form the basis of this review not only hold
lessons for how Nature invents and diversifies small molecules, but they also yield
information about antibiotic action: which targets have remained effective over evolutionary
time, and how combinations of antibiotics can overcome resistance. | begin by surveying
examples of convergent evolution from microbially produced antibiotics, continue by
examining how distinct gene clusters cohabiting the same genome can merge physically and
functionally, and conclude with a discussion of how antibiotic synthesis is distributed among
microbial taxa.

Phenotypic convergence

Common selective pressures can lead unrelated enzymes to evolve toward catalyzing the
same reaction. For example, while all p-lactamases cleave the same bond in the B-lactam
antibiotics, some of these enzymes (the serine hydrolases of classes A, C, and D) likely
evolved from the bacterial penicillin-binding proteins, while others (the zinc-dependent
hydrolases of class B) are evolutionarily unrelated [7-9]. The functions of unrelated enzyme
collectives that produce antibiotics — generally encoded by sets of contiguous genes known
as gene clusters — can also converge. Two or more of these self-contained metabolic
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pathways can produce distinct molecules that target the same biological process (e.g., cell
wall synthesis), the same enzyme (e.g., transpeptidase), or even the same binding pocket in
an enzyme. Although they don’t share any genes, they can even produce structurally similar
molecules to do the job.

Convergence on a target

Many natural antibiotics bind to the ribosome, a 2.3 megadalton nucleoprotein essential for
cell growth [10]. Since the ribosome is composed of 55 proteins and 3 RNAs, it is not
surprising that antibiotics are known to bind at multiple sites [11,12]. Notably, at least five
structurally distinct antibiotics from unrelated gene clusters bind to one of these sites: the
peptidyl transferase center of the 50S ribosomal subunit [13,14]. While their bound
configurations differ, they occupy overlapping regions of the binding pocket [13],
highlighting the ability of distinct biosynthetic pathways to access the molecular diversity
required to target a specific site in an enzyme.

Like protein synthesis, peptidoglycan synthesis is an essential multi-step pathway, and many
of its steps are targeted by natural antibiotics [15]. Interestingly, one of the converged-upon
targets in the peptidoglycan pathway is not an enzyme, but a small molecule: lipid 11 [16]
(Figure 1). While this membrane-anchored peptidoglycan precursor is exposed
extracellularly, its use as a target poses a unique challenge. Unlike macromolecular targets,
which generally have an active site and other clefts in which small molecules can bind, lipid
Il is a small molecule, so it must be sequestered instead. Accordingly, the small molecules
that target lipid 11 act as receptor-like cages: vancomycin and other glycopeptides sequester
its terminal D-Ala-D-Ala dipeptide [17], while the lantibiotic nisin binds to its
pyrophosphate [18]. Still other antibiotics such as the mannopeptimycins [19], ramoplanin
[20], plusbacin [21], and katanosin [21] are thought to target lipid 11 directly, but their
binding modes are not yet known.

Convergence on a molecular scaffold

In some remarkable cases, unrelated biosynthetic pathways have converged not just on a
target, but on the same molecular scaffold for binding the target. The most prominent
example of this phenomenon is the B-lactam antibiotic family [22,23]. These molecules
inhibit the enzyme transpeptidase, which forms spot welds between the polysaccharide
girders of peptidoglycan by fusing their pendant pentapeptide chains [24]. As antibiotic
targets go, transpeptidase is a likely candidate for evolutionary convergence: it is
extracellular, essential for cell growth, and druggable by a small molecular scaffold that
resembles a dipeptide. However, the convergence of at least four unrelated, multi-step
pathways on nearly identical molecular scaffolds is a striking demonstration of the ability of
evolution to trace different paths to a common answer.

The core of the B-lactam scaffold is a four-membered ring containing an amide bond
(hereafter, ring A), which is usually fused to a five- or six-membered ring (hereafter, ring B)
(Figure 2). All of the known B-lactam pathways use amino acid building blocks as the f3-
lactam precursor, but they differ in most other details. In the widely distributed biosynthetic
pathway for the penicillins and cephalosporins [22,23], the B-lactam precursor is the
tripeptide a-aminoadipoyl-.-cysteinyl-o-valine, which is produced by a nonribosomal
peptide synthetase (NRPS) [25]. A single enzyme, isopenicillin N synthase, catalyzes two
successive two-electron oxidations to form both the A and B rings [26,27]. The precursor to
the monaobactam nocardicin is also produced by a NRPS, but it is unrelated to the penicillin
NRPS [28]; the mechanism by which the A ring of nocardicin forms is not yet known.
Carbapenems have a very similar structure to the penicillins: a 4,5-ring system with a
carboxylate at the same position of the B ring and a carbon atom in place of a sulfur. Despite
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these similarities, they derive from a different amino acid building block, and their
formation differs in its connectivity and enzymology. The second connection forms a
different bond altogether — the B-lactam amide — and rather than oxidation, this bond is made
by the adenylate-mediated activation of the newly installed carboxylate [29,30]. The early
steps of the clavulanate/clavam pathway resemble two of those found in the carbapenem
pathway: a two-carbon building block is added to an amino acid sidechain, and the A ring
forms by adenylate-mediated activation. The B ring of the clavulanate/clavams, however, is
formed by two successive oxidative transformations: a hydroxylation to install what
becomes the B ring oxygen, and then a second two-electron oxidation to fuse this oxygen to
the A ring [31,32]. In sum, the B-lactam precursors can be monomers or polymers of
proteinogenic and nonproteinogenic amino acids, one or two rings can form (where two, in
either order and with varying connectivity), and ring formation can be catalyzed by
oxidative or non-oxidative enzymes. While these p-lactams have functional differences, the
ability of such diverse pathways to converge on such similar scaffolds highlights both the
importance of the p-lactam scaffold and the evolutionary versatility of biosynthetic
pathways. As more microbial genomes are sequenced, a central challenge will be to explore
the origins of these pathways: from which other pathways were they derived, and what were
the functions of the evolutionary intermediates?

Merging gene clusters into super-clusters

Due to horizontal gene transfer, distinct gene clusters can come to cohabit the same
microbial genome, an arrangement that can lead to a merger of the two gene clusters. Two
types of mergers will be considered in this section: First, distinct gene clusters that produce
synergistic antibiotics can be fused into a contiguous cassette; this arrangement favors co-
regulation of the two pathways and horizontal transfer of the entire functional unit. Second,
distinct gene clusters can merge functionally to form a single pathway that produces a new,
hybrid, molecule.

An example of the first type of merger involves two of the B-lactam antibiotics discussed in
the previous section. Resistance to the p-lactams is mediated by p-lactamases, bacterial
enzymes that cleave these antibiotics [7]. One of the p-lactams described in the previous
section, clavulanate, is not an antibiotic itself but rather an inhibitor of p-lactamases [33]. By
inhibiting their resistance enzyme, clavulanate restores the effectiveness of the -lactam
antibiotics; indeed, combination therapies comprising a -lactam and a B-lactamase inhibitor
are commonly used in the clinic [34]. Since antibiotic resistance is widespread among soil
bacteria [35-38], one might imagine that a B-lactam-producing bacterium would benefit
from producing clavulanate at the same time. Indeed, not only does the industrial
clavulanate producer Streptomyces clavuligerus also produce the cephalosporin cephamycin
[39], but the gene clusters for these two molecules are fused into a contiguous 90 kb super-
cluster in the S. clavuligerus genome [40]. This super-cluster also harbors the genes for a
third class of clavam metabolites related to clavulanate in structure but not in function [41].
Presumably, contiguous gene clusters enjoy the potential advantage of co-regulation, and are
more likely to be transferred horizontally as a single functional unit.

Other bacterial species are known to produce families of functionally related molecules. For
example, a single strain of the actinomycete Micromonospora carbonacea produces three
unrelated antibiotics that bind to three different sites on the ribosome: everninomicin, a
polysaccharide that binds in a cleft between the 23S rRNA and ribosomal protein L16
[12,42]; chloramphenicol, which binds to the peptidyltransferase center of the 50S subunit
[13,43]; and Sch 40832, a thiostrepton-related thiopeptide that likely binds in a cleft between
the 23S rRNA and ribosomal protein L11 [43,44]. While it is not yet known whether the
gene clusters for these antibiotics are physically linked in the M. carbonacea genome, their
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co-occurrence in the same organism may have functional significance; one possibility is that
the combination of three antibiotics prevents the emergence of resistance to any one of them
in a target organism.

Sometimes, gene clusters that merge physically take their association one step further: they
fuse functionally to form a single pathway that produces a hybrid antibiotic. For example,
simocyclinone is a hybrid between aminocoumarins and anthracycline glycosides, and
accordingly its gene cluster harbors sub-clusters that resemble aminocoumarin and
anthracycline gene clusters [3,45,46]. These two moieties are linked by a polyene
dicarboxylate, which may represent a third gene cluster that merged with the first two (the
evolutionary order of events is not known). The function of simocyclinone is likely distinct
from that of aminocoumarins and anthracyclines: while it has been reported to inhibit DNA
gyrase like the aminocoumarin antibiotics, there are differences in its activity that may arise
from the ability of its anthracycline moiety to intercalate between DNA base pairs [47]. The
functional relevance of merging gene clusters is more apparent for siderophore-antibiotic
conjugates like albomycin [48] and microcin E492 [49]; these Trojan Horse molecules are
composed of an antibacterial moiety that inhibits cell growth and a siderophore moiety that
facilitates transport into target cells through siderophore receptors [50,51].

Conclusion: How is antibiotic synthesis distributed among microbial taxa?

Analyses of bacterial genome sequences suggest that only ~10% of the natural products
produced by screened strains have been discovered, and perhaps ~1% of the molecules from
the global consortium of microbial producers are known [52,53]. Why, then, has rediscovery
been such a common problem in industrial antibiotic discovery programs [54]?

One contributing factor is that most industrial screening programs have focused on soil
actinomycetes [52]; these bacteria represent a limited portion of the extant microbial
diversity, both phylogenetically and ecologically. Given that a single actinomycete or
myxobacterial genome encodes twenty to thirty different gene clusters for natural products
[55-59], a second contributing factor is that a single known antibiotic can mask the activity
of new antibiotics in a crude or partially purified extract. But a third factor likely plays an
equally important role: unrelated bacteria often produce the same antibiotics. One estimate is
that 1 out of 100 actinomycetes produce streptomycin, 4 out of 1000 produce tetracycline,
1.5 out of 100,000 produce vancomycin, and 5 out of 1,000,000 produce erythromycin [52].

The cosmopolitan distribution of antibiotic production is not limited to actinomycetes.
Andrimid and its relative moiramide, antibiotics that block fatty acid synthesis by inhibiting
acetyl-CoA carboxylase [60], have been isolated from a tunicate-associated Pseudomonas
strain from Alaska [61], an Enterobacter endosymbiont of a brown planthopper from
Thailand [62], a marine Vibrio from southern California [63], and a strain of Pantoea from
upstate New York [64]. The andrimid gene clusters from the latter two strains have been
sequenced; they are nearly identical and both gene clusters harbor a transposase pseudogene,
suggesting that they entered their hosts’ lineages by horizontal gene transfer [3].

More strikingly, certain classes of natural product antibiotics are produced by two or more
microbial taxa that diverged hundreds of millions of years ago (Figure 4). Antibiotics as
complex as aminoglycosides and thiopeptides are produced by both actinomycetes and
Bacillus spp., and their biosynthetic genes are homologous and even partly syntenic [65-67].
In an extreme example of the cross-taxa production of a single antibiotic class,
cephalosporins are produced by actinomycetes, Gammaproteobacteria, and fungi, and their
biosynthetic gene clusters are remarkably similar [22,23]. An important challenge in the
coming years will be to investigate the role horizontal gene transfer has played in the
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cosmopolitan distribution of antibiotic production. These observations could be useful for
synthetic biology and metabolic engineering; since Gammaproteobacteria and Firmicutes are

us!

ually easier to manipulate genetically than actinomycetes, strains in the former taxa may

be particularly well suited to serving as hosts for the heterologous production of widely
distributed natural product classes [68].
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Figure 1.

Antibiotics that target lipid Il. (A) Chemical structure of lipid Il. Gray squares indicate the
portions of lipid Il bound by vancomycin and nisin. (B) NMR structure of a vancomycin-
related glycopeptide bound to the D-Ala-D-Ala terminus of lipid 11 [17]. (C) NMR structure
of the lantibiotic nisin bound to lipid 11, forming a cage around its pyrophosphate [18]. The
structures were rendered using PyMOL (http://www.pymol.org) from PDB files 1GAC and
1WCO, respectively.
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Biosynthetic pathways for -lactam natural products. Key steps from the known or proposed

pathways to penicillin N, cephamycin C, nocardicin A, carbapenem, clavulanate, and

alanylclavam are shown. Ring A is colored red and ring B is colored blue, and the steps in
which they form are highlighted in the same color. Newly formed ring A and ring B bonds

are shown as dashed lines.
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Merging gene clusters into super-clusters. Four molecules or pairs of molecules that have
resulted from known or presumed gene cluster mergers are shown.
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Figure 4.

Widely distributed antibiotics. The antibiotics shown are produced by at least two of the
following microbial taxa: Actinomycetales, Firmicutes, Gammaproteobacteria, and Fungi.
The phylogenetic tree was obtained from iTOL (http://itol.embl.de/) [69].
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