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Ribosomal peptide antibiotics
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The conventional notion that peptides are poor candidates for orally available drugs because of
protease-sensitive peptide bonds, intrinsic hydrophilicity, and ionic charges contrasts with the
diversity of antibiotic natural products with peptide-based frameworks that are synthesized and
utilized by Nature. Several of these antibiotics, including penicillin and vancomycin, are employed
to treat bacterial infections in humans and have been best-selling therapeutics for decades. Others
might provide new platforms for the design of novel therapeutics to combat emerging antibiotic-
resistant bacterial pathogens.
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1. Introduction

Peptide-based antibiotic natural products are produced ubiquitously and provide host
organisms with frontline defense mechanisms to wage war against invading microbes. Some
peptide scaffolds that give rise to antibiotics are generated on the ribosome (Figure 1). The
defensins,[1-5] including fungal plectasin,[6] are one class of ribosomal peptide antibiotics
that are synthesized as inactive precursor peptides and undergo regioselective proteolysis,
which affords their biologically active forms. In other instances, ribosomal peptides undergo
a series of enzymatic post-translational modifications, which confer hydrolytic stability or
create conformational constraints that are essential for physiological function. Examples of
such tailored ribosomal peptides include the microcins,[7-10] lantibiotics,[11-13]
patellamides,[14] and streptolysin S (SLS).[15] Peptide-based antibiotics are also products of
nonribosomal peptide synthetase (NRPS) assembly lines (Figure 2).[16] The nascent
nonribosomal peptides (NRPs) synthesized on the assembly lines by thioester templating often
undergo further enzymatic tailoring,[17] which results in remarkable structural modifications
and provides potent antibiotic activity. Penicillin/cephalosporin,[18] vancomycin,[19] and
daptomycin[20] are examples of NRP antibiotics that are employed to treat bacterial infections
in humans. These peptide-based antibiotics exhibit diverse mechanisms of action, which
include disruptions of membrane integrity, cell wall biosynthesis, protein synthesis, DNA
replication, RNA transcription, and fatty acid biosynthesis.[21]

The purpose of the current review is to compare and contrast ribosomal and nonribosomal
peptide antibiotic assembly. We will begin by describing several canonical and/or timely
examples of ribosomal (Section 2) and NRP (Section 3) antibiotics by focusing on their unique
structural attributes and the enzymatic machinery required for their biosynthesis and
maturation. In Section 4, we will consider the advantages and limitations in building block
utilization, scaffold construction, and enzymatic tailoring strategies of the ribosomal and
nonribosomal peptide synthesis routes. Despite varied logic and mechanisms, these processes
create potent antibacterial agents that are directed against specific physiological targets through
remarkable chemical modifications to common peptide bond scaffolds.

2. Ribosomal Peptide Antibiotics

Compared to NRP antibiotics, the ribosomally derived peptide antibiotics are less celebrated
as potential small-molecule medicines for humans. Nevertheless, the generation of
antibacterial peptide scaffolds by the maturation of ribosomal protein precursors is a powerful
strategy that is used by prokaryotes and eukaryotes in the fight against their competitors. In
this section, we highlight several ribosomal peptide antibiotics, including the defensins,
lantibiotics, cyanobactins, and microcins, which exhibit unique connectivity or post-
translational tailoring. Other antibiotic ribosomal peptides, such as the cathelicidins,[22]
cecropins,[23] and melittin,[24] are outside the scope of this review.

2.1. Defensins

The defensins constitute a large class of cysteine-rich ribosomally derived peptide antibiotics
that are synthesized by eukaryotes.[1-5] Vertebrate defensins contain six cysteines that are
regiospecifically oxidized to afford three disulfide bonds, which stabilize the peptide fold and
provide protease resistance.[25] Some invertebrate defensins, including mussel defensin-1
(MGD-1)[26,27] and mytillin,[28] contain eight cysteines that are oxidized to four disulfide
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linkages. The nascent defensins are synthesized as ~60—100 aa precursor proteins, and the
active forms, which are generally ~30-40 aa in length, arise from regiospecific post-
translational proteolytic cleavage. Defensins have no other modifications to the peptide
scaffold, N, or C terminus. Although the length and amino acid sequences vary, the vast
majority of vertebrate defensins exhibit B-sheet tertiary structure and are cationic and
amphipathic. They generally demonstrate broad-range antibacterial activity, and are potent
against Gram-negative and Gram-positive bacteria. Some defensins are also active against
viruses, fungi, and protozoa. Their bactericidal action is thought to result from association with
and insertion into cell membranes, which disrupts the membrane integrity and induces cell
death by efflux of metabolites and influx of ions. Detailed structure—function analysis of the
murine defensin, cryptdin-4, indicates that specific arginine residues in the peptide backbone
are necessary for membrane disruption.[29]

Three classes of defensins, a, B, and 0, are defined by disulfide connectivity. a-Defensins,
which are produced by mammals, exhibit linkages between cysteines 1-6, 2—4 and 3-5.
Disulfide bonds between cysteines 1-5, 2—4 and 3—6 characterize the f-defensins, which are
synthesized by a variety of organisms that include crustaceans, birds, rodents, primates, and
humans. Nonhuman primates are the only known producers of 6-defensins. 6-Defensins are
comprised of two nine residue hemipeptides that are linked through three disulfide bonds. The
two nine residue hemipeptides form head-to-tail dimers and thus afford 18-membered cyclic
peptides. Higher plants and insects produce “defensin-like” peptides, which generally exhibit
three disulfide linkages and a-helix—f3-sheet structures.[5] Of particular relevance is the fungal
defensin plectasin, which was isolated from the saprophytic ascomycete Pseudoplectania
nigrella.[6] Nascent plectasin is a 95 aa peptide that contains a N-terminal signal sequence
(residues 1-23), a propiece (residues 24-55), and a C-terminal domain (residues 56-95).
Proteolytic cleavage affords the 40 aa mature toxin, which contains one a-helix and two -
strands stabilized by three disulfide bonds linking Cys4-Cys30, Cys15-Cys37, and Cys19-
Cys39 (Figure 3). Plectasin exhibits excellent stability in serum, low toxicity in mice, and an
efficacy comparable to that of vancomycin and penicillin in mouse model studies of
Streptococcus pneumoniae infection; taken together, these features suggest a high therapeutic
potential.

Human cells make and secrete defensins to act locally against microbes (Figure 4).[2] a-
Defensins are constitutively expressed in the alimentary canal and are thought to help control
the microbial flora in the small intestine. -Defensins are expressed in a variety of locations,
including neutrophils, and their expression is generally induced as a result of infection or
inflammation. Some defensins, and related cationic peptides, also have immunomodulatory
activity in animals.[30,31]

Significant work has gone into optimizing the antibiotic properties of such simple peptides,
but these efforts have not resulted in successful commercialization.[32-36] From the stand-
point of therapeutic development, defensins exhibit a number of advantageous features that
include broad-spectrum activity, rapid killing, and anti-inflammatory properties. Nevertheless,
obstacles are numerous and could include toxicity, pH and salt-dependent activity, poor tissue
penetration, and high production costs. The stability and low toxicity of plectasin, and the fact
that it is amenable to production in a fungal expression system that is currently employed for
industrial-scale productions, bode well for its potential application as a therapeutic. The next
sections address ribosomal peptides that undergo additional post-translational modifications
that build hydrolytic and/or conformational stability into the nascent peptide backbones.

2.2. Lantibiotics

Lantibiotics (class I bacteriocins) are low-molecular-weight (<5 kDa) lanthionine-containing
cyclic peptides of ribosomal origin that are produced by Gram-positive bacteria.[11-13]
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Lanthionine consists of two alanine moieties connected at the B-carbon atoms by a thioether
linkage (Figure 5). Generally, lantibiotics also exhibit a methyl-derivatized lanthionine, (25,
35,6R)-3-methyllanthionine, and the unsaturated amino acids 2,3-didehydroalanine (Dha) and
(2£)-2,3-didehydrobutyrine (Dhb). Nisin (Figure 5), which is produced by Lactococcus lactis
and has been widely used as a food preservative for more than 50 years, provides a paradigm
for studies of lantibiotic structure, biosynthesis, and mechanism of antibiotic action.

Genes for lantibiotic synthesis, export, and immunity are clustered and located on transposable
elements, chromosomes, or plasmids.[12,37] The nisin gene cluster contains eleven genes
(nisABTCIPRKFEG), spans 14 kbp, and is located on a transposable element.[38] Like other
ribosomally derived antibiotic scaffolds, the lantibiotics are initially synthesized as biologically
inactive precursor peptides; the N-terminal leader sequences of 23—-59 amino acids are cleaved
by proteases to yield active toxins. For instance, nisA encodes the 57-residue nisin precursor
peptide NisA, which has a 23-residue leader sequence. After post-translational tailoring by
NisBC, the leader peptide is removed by a protease to afford the active form. The leader peptide
is an essential recognition element for the post-translational tailoring enzymes and is also
necessary for immunity and export signaling.

Post-translational modification of NisA involves dehydration and cyclization of residues in the
peptide backbone. NisB is a dehydratase and catalyzes the dehydration of Ser and Thr to Dha
and Dhb, respectively.[39,40] In this step, the side-chain hydroxyl moieties of specific Ser and
Thr residues are phosphorylated, which allows the cleavage of the Cp—O bonds by elimination
of phosphate (Figure 6). Subsequently, the nascent eneamino acid side chains (dehydroalanine,
dehydrobutyrine) are intramolecularly and regioselectively captured by the thiolate side chains
of Cys residues; this creates the lanthionine and methyllanthionine moieties (Figure 6). These
reactions are catalyzed by NisC, a cyclase that contains a catalytic Zn!! site.[41] The enzyme-
mediated post-translational Michael additions create macrocycles in the maturing peptide
scaffolds and build in the conformational constraints that determine the final architecture of
the peptide. The thioether linkages are stable to hydrolysis, account for the remarkable chemical
stability of lantibiotics, and are also critical for physiological function.

For many years, lantibiotics were thought to be nonselective, channel-forming bacterial
membrane disruptors, but careful NMR spectroscopic analysis of SDS micelles (as amembrane
model) revealed that nisin has very high affinity for lipid II, a key intermediate in assembly of
the peptidoglycan layer of bacterial cell walls.[42-44] In particular, the N terminus of nisin
interacts with lipid II, and its C terminus inserts into the membrane, which results in pore
formation. Each pore contains four lipid II and eight nisin molecules.[45]

The transannular and intramolecular Michael chemistry that is displayed by NisBC and other
lantibiotic-tailoring enzymes is a powerful reminder that Nature can turn acyclic, floppy
peptides with hydrolytic lability into long-lived and conformationally restricted frameworks.
Given the advances in the bacterial genomics of novel lantibiotic gene clusters and insights
into the mechanisms of post-translational maturation that have been derived from enzymology,
it is likely that engineered and optimized lantibiotic variants will be generated.[11,12,37] The
extent to which the pharmacokinetics and pharmacodynamics will be readily adapted for
human use as front-line antibiotics remains to be determined.

2.3. Aromatic heterocyclic peptide scaffolds

A second method of converting ribosomal peptides into conformationally constrained,
hydrolytically stable, and protease-resistant scaffolds is exemplified by a large class of bacterial
peptides that contain five-membered heterocycles derived from Cys, Ser, and Thr residues.
[46] Some of these peptides have been named “thiopeptides,” as in thiostrepton[47] and its
congeners, but the most distinguishing characteristic of this class is the high content of
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thiazoline/oxazoline/methyloxazoline, or the two-electron-oxidized thiazole/oxazole/
methyloxazole rings in the peptide backbones (Figure 7). Examples of heterocyclic antibiotic
peptides that arise from ribosomal precursors include microcin B17,[46] the cyanobactins,
[48] and SLS.[15]

2.3.1 Microcin B17—The first insight into the chemical logic behind and enzymatic
machinery required for the formation of heterocyclic peptide scaffolds came from
investigations of the Escherichia coli metabolite microcin B17 (MccB17).[49] Microcins are
low molecular weight (< 10 kDa) ribosomal peptide antibiotics produced by some species of
enterobacteria that exhibit diverse structural features and mechanisms of action.[8] MccB17
is a 43-residue peptide that contains four thiazole and four oxazole moieties (Figure 7).[50,
51] It is produced by E. coli strains that harbor the pMccB17 plasmid, which contains genes
for microcin production, post-translational modification, export, and host immunity. Uptake
of mature MccB17 by neighboring enterobacteria lacking immunity results in cell death. This
process is a natural way for E. coli strains to battle against their neighbors in microenvironments
such as the vertebrate gastrointestinal tract.

The MccB17 operon contains seven genes (mcbABCDEFG) that are required for the ribosomal
synthesis of McbA (mcbA), post-translational modification of the nascent peptide (mcbBCD),
MccB17 export (mcbEF), and host immunity (mcbG). The nascent ribosomal product McbA
(preproMccB17) is a 69-residue peptide that contains a 26-residue N-terminal leader sequence,
which is cleaved by a signal peptidase. The 43 amino acids that form the mature MccB17
peptide backbone include six glycine, four cysteine, and four serine residues that are converted
to eight heterocycles, including two bis-heterocyclic oxazole-thiazole moieties, by McbBCD
during maturation (Figure 8). As observed in lantibiotic biosynthesis, the N-terminal leader
sequence of preproMccB17 must be intact for heterocycle production by McbBCD.[52,53]
The 26-residue signal peptide is subsequently cleaved, presumably during export by the
dedicated export pump McbEF, which is encoded by the MccB17 biosynthetic gene cluster.

Biochemical characterization of the microcin synthetase McbBCD provided a detailed
mechanistic description of heterocycle formation (Figure 9).[54] McbB is a zinc-containing
cyclodehydratase that catalyzes the remarkable attack by the side chain SH of Cys residues
and the OH of Ser residues on the immediately upstream amide carbonyl.[55] A tetrahedral
adduct is formed, and subsequent expulsion of water creates the thiazoline or oxazoline ring
as the cyclodehydration product. In principle, this dehydration reaction could be reversible.
McbC is a flavoprotein dehydrogenase. It converts the thiazoline and oxazoline moieties to the
aromatic thiazole and oxazole rings. McbD is essential for ATP-dependent cyclodehydration,
but O-phosphoryl imtermediates (analogous to the lantibiotic maturation chemistry that is
described in Section 2.2) have not been detected, so the exact role of McbD in MccB17 tailoring
is not yet clarified.[56] Kinetic investigations employing purified McbBCD revealed that the
rate of thiazole formation is approximately 100-times faster than oxazole formation,[57] which
is consistent with the greater nucleophilicity and kinetic accessibility of a Cys thiolate anion
compared to a Ser alcoholate anion. Mass spectrometry revealed that the eight heterocycles
are introduced directionally and in a distributive manner.[58]

The enzymatic cyclization of X-Cys and X-Ser to thiazolines and oxazolines and subsequent
thiazoline-to-thiazole and oxazoline-to-oxazole conversions accomplish several things. First,
heterocyclization dramatically alters the conformation of the peptide backbone, causing
stabilization and rigidification, and provides resistance to hydrolysis and proteolysis. Second,
the oxidation of thiazoline and oxazoline to thiazole and oxazole moieties, respectively,
influences the equilibrium of the McbB-catalyzed cyclodehydration reactions and thereby
ensures accumulation of the product with all eight heterocycles. One particularly remarkable
transformation is the conversion of the Gly-Ser-Cys sequence to the tandem 4,2-connected
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oxazole-thiazole (and vice versa) (Figure 9). The bis-heterocycle has the dimensionality of a
DNA base pair and intercalator. The target for MccB17 is DNA gyrase.[59-61] Blockade of
its topoisomerase activity prevents unwinding of super-coilded DNA and halts DNA
replication. DNA gyrase is a validated antibiotic target; the fluoroquinolones, which were the
best-selling prescription antibiotics in 2006, inhibit DNA gyrase. It is not yet known what the
smallest sequence of a microcin substrate can be or the most favorable identities and
distribution(s) of embedded heterocycles. Further investigation in this area might yield a
Microcin B17 analogue that is optimized to eradicate Gram-negative bacterial pathogens.

2.3.2 Patellamides—The patellamides constitute a family of ~60 heterocycle-containing
cyclic octapeptide cytotoxins that were originally isolated from didemnid extracts.[62-68]
Patellamides A and C (Figures 1 and 7) each contain two thiazole and two oxazoline rings. For
many years, the biosynthetic origin of the patellamides was unclear.[62,69] The samples that
provided the extracts were composed of two organisms, the ascidian Lissoclinum patella and
its bacterial symbiont, a Prochloron species. Although initial isolation suggested patellamide
production by Prochloron, the compounds were subsequently located in the didemnid tunic.
[69] In the absence of genomic data, the octapeptides were predicted to be products of NRPS
assembly lines (see Section 3). Schmidt and colleagues, however, discovered the patellamide
biosynthetic gene cluster (pat) during the sequencing of the Prochloron didemni genome,
which proved their ribosomal origin.[14,70] This work indicated that the linear octapeptide
precursors to patellamides are embedded within a ribosomally synthesized 71-residue
precursor peptide. Post-translational proteolytic cleavage, macrocyclization, epimerization,
heterocyclization, and dehydrogenation yield the active cytotoxins (Figure 10). The par gene
cluster contains seven genes (patA—G). Several of these genes encode for the 71-residue
precursor protein (patE), a protease (patA), and tailoring enzymes (patDG). PatDG are
homologues of MccB17 maturation enzymes and are responsible for formation of the thiazole
and oxazoline rings from X-Cys, X-Ser, and X-Thr dipeptides. Transfer of the pat gene cluster
to E. coli confirmed that the genes were necessary and sufficient to make patellamide. Although
the enzymology remains to be carried out, there is no doubt that the same logic of
cyclodehydration and selective oxidation accounts for heterocyclization of the patellamide
backbone. In addition to rigidification of the nascent peptide by heterocyclization,
macrocyclization of the octapeptide affords a further conformational constraint. This double-
barreled cyclization strategy is a dramatically efficient way in which Nature morphs a
genetically encoded linear peptide into a compact biologically active small-molecule scaffold.

Schmidt and co-workers subsequently demonstrated that Prochloron spp. uses patE variants
within a conserved pat gene cluster to produce a diversity of related metabolites, which include
patellamide B, ulithiacyclamide, and the lissoclinamides (Figure 11).[71] Furthermore,
mutagenesis of the octapeptide sequence within patE can yield novel variants. Eptidemnamide,
which contains amino acids (Trp, Gly, Glu) not incorporated in known PatE products and is
an analogue of the anticoagulant eptifibatide, was produced in E. coli that had been transformed
with patABD(Edm)FG. (patEdm contains the octapeptide sequence for eptidemnamide). This
work presages combinatorial biosynthesis to explore structure—activity relationships. The
cloning of other cyanobacterial gene clusters (tru, lyn, trl, etc.) that encode heterocyclic
peptides, including trichamide and members of the patellin family, indicated similar
organization to pat; this establishes that such biosynthetic logic and machinery is a major route
to “cyanobactin” assembly in cyanobacteria.[48]

2.3.3 Streptolysin S—SLS is a hemolytic toxin and virulence factor that is produced by
Streptococcus pyogenes.[72] This pathogenic bacterium is responsible for a range of human
infections that range from pharyngitis to life-threatening necrotizing fasciitis. Despite a long-
standing interest in its mechanism of action, the structure of SLS has remained unknown for
decades. As part of an effort toward its elucidation, a SLS-associated gene locus was identified
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and cloned recently.[15,73] It has an organization sagABCD and three of the protein products,
SagBCD, share sequence homology with McbBCD from the MccB17 gene cluster (SagB with
McbC; SagC with McbB; SagD with McbD). The sagA gene encodes a 53-residue protoxin.
Because of difficulties that were encountered in detecting over-expressed SagA by mass
spectrometry, preproMccB17 was employed as a substrate to investigate SagBCD activity in
vitro. These studies revealed that SagBCD installed up to four heterocycles into the
preproMccB17 peptide backbone. Analysis of reaction mixtures by MALDI indicated the
formation of four new species that differed from the substrate by a loss of 20, 40, 60, or 80 Da;
these were attributed to formation of up to four thiazole/oxazole moieties. SagBCD also
converted a maltose-binding protein fusion of SagA into a cytolytic product. These studies
indicate that SagBCD will convert SagA into a thiazole and/or oxazole-containing membrane-
disrupting toxin and provide the first in vitro reconstitution of SLS activity. Bioinformatic
analysis of other prokaryotic genomes indicates the presence of homologous operons in a
variety of species that include Clostridium botulinum, Listeria monocytogenes, and
Staphylococcus aureus RF122. This examination suggests that antibiotic heterocyclic peptides
are more ubiquitous than previously appreciated. It is also likely that other naturally occurring
peptides with thiazoline/thiazole and oxazoline/oxazole rings will arise by comparable post-
translational enzyme machinery. A subset of thiopeptide antibiotics that contain thiazoles
attached to a trisubstituted dehydropiperidine or pyridine moiety (for example, thiostrepton,
[47] GE 2270[74], as well as the micrococcins, thiocillins, and siomycins[75,76]) are likely to
represent a convergence of lantibiotic- and heterocycle-type post-translational maturations on
ribosomal peptide backbones, although nonribosomal routes have been suggested.[75]
Microbial genome scanning should reveal new members of this ribosomal and heterocyclic
peptide class, and set the stage for further elucidation and optimization of such scaffold
modifications.

2.4 Microcins Without Heterocyclic Scaffolds

Post-translational modifications to microcin peptides are varied and, as exemplified above for
heterocycle-containing MccB 17, often required for antibiotic function. In this section, we
highlight three additional and distinct post-translational tailoring capacities through
consideration of the maturation pathways and structures of microcin J25 (MccJ25), microcin
C7 MccC7), and microcin E492m (MccE492m; Figure 12).

2.4.1 Microcin J25 (MccJ25)—Mcc)25 is a hydrophobic 21-residue “lasso

peptide” (GGAGHVPEYFVGIGTPISFYG) that is produced by E. coli strains that house the
60 kb pTUC100 plasmid (Figure 12).[77-80] It exhibits a connection between the Glu8 side-
chain carboxylate and the amino group of Gly1, which forms a lariat ring. The 13 aa C-terminal
tail is threaded into the ring and held into place by non-covalent interactions with Phe19 and
Tyr20. This rigidified structure provides resistance to proteases and heat, allows for MccJ25

recognition by the outer membrane bacterial receptor FhuA, and is required for its antibiotic

activity. MccJ25 targets the B’ subunit of RNA polymerase and blocks transcription.

The MccJ25 gene cluster contains four genes, mcjABCD, which encode for the ribosomal
synthesis of the 58 aa precusor peptide McjA (mcjA), post-translational processing (mcjBC),
MccJ25 export (mcjD), and immunity (mcjD).[81] Maturation of MccJ25 from McjA requires
cleavage of the 37 aa N-terminal leader peptide and cyclization of the peptide backbone. In
vitro reconstitution of MccJ25 from reactions containing McjA, McjB, and McjC was
accomplished recently.[82] Both McjB and McjC are required to form the mature antibiotic
and, as observed for tailoring of McbA, their action requires the 37 aa leader peptide. More
detailed characterization of McjB and McjC was not reported, and such investigations will
confirm their precise function(s) in MccJ25 maturation. Bioinformatic analysis indicates that
McjC shares homology with class B asparagine synthetases and B-lactam synthetases, which
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suggests that it might be required for formation of the lactam bond between Gly1 and Glu8.
Mc;jB is homologous to several transglutaminases. Because many microbial transglutaminases
are proteases, McjB may be the protease responsible for cleavage of the precursor peptide.

2.4.2 Microcin C7—MccC7 is a heptapeptide that is produced by strains of E. coli that carry
the pMccC7 plasmid.[83-85] Post-translational modification of MccA, the MccC7
heptapeptide precursor, results in formation of a nonhydrolyzable N—P bond and installation
of an adenosine monophosphate (AMP) moiety at its C terminus (Figure 12). Following entry
into a susceptible bacterial cell through the transporter YejABEF,[86] E. coli peptidases,
including PepA, PepB, and PepN,[87] degrade the heptapeptide and release a nonhydrolyzable
aspartyl-AMP mimic (1,Figure 13), which is a potent inhibitor of the aspartyl-tRNA synthetase.
[88] Blockade of protein synthesis and cell death result. MccC7 therefore employs a “Trojan
horse” strategy to kill enterobacteria that lack immunity and modulate the microbial flora in
the human gastrointestinal tract. A recent screening of E. coli isolated from human feces
revealed that ~2 % of the strains produced MccC7.[89]

The MccC7 gene cluster contains six genes, mccABCDEF, five of which are necessary for
microcin synthesis (mccA), post-translational modification (mccBDE), export (mccC), and
immunity (mccF);[90] mccA is the smallest known protein-encoding gene with only 21 base
pairs.[91] It encodes MccA, the MccC7 heptapeptide precursor (MRGTNAR). In contrast to
other microcin precursors, MccA is not ribosomally translated with a N-terminal leader
sequence that undergoes cleavage during maturation, and the N-terminal formyl group remains
intact during export and entry into a neighboring cell. Post-translational tailoring of MccA
results in several unique structural modifications: 1) conversion of the C-terminal Asn to
is0Asn, 2) formation of a N—P bond, and 3) addition of propylamine to the AMP moiety.
Recent in vitro characterization of MccB provides mechanistic insight into the former two
modifications.

MccB is a ~40 kDa protein that shares homology with adenylating enzymes, including
eukaryotic E1 ubiquitin ligases[92,93] and bacterial ThiF from thiamin pyrophosphate
biosynthesis.[94] Overexpression, purification, and in vitro characterization indicated that
MccB is necessary and sufficient for N—P bond formation in MccC7.[95] It activates and
modifies the C-terminal Asn of MccA in a remarkable set of transformations that require two
equivalents of ATP per peptide equivalent and involve formation and breakdown of a
succinimide intermediate (Figure 14). The a-carboxylate of Asn7 attacks the first equivalent
of ATP at P, to generate a conventional peptidyl-CO-AMP intermediate (2). The -
carboxamido nitrogen atom of Asn7 intramolecularly captures the mixed acyl-AMP anhydride,
which releases AMP and forms the heptapeptidyl succinimide (3). The succinimidyl nitrogen
atom acts as a nucleophile and attacks P, of a second ATP equivalent, yielding the
hydrolytically stable N—P bond in 4. Addition of water to the carbonyl affords regioselective
ring-opening of the succinimide and generation of the B-carboxylate moiety in § (isoAsn-type
side chain). Maturation of MccC7 also requires addition of a propylamine arm to a phosphate
oxygen moiety of AMP. From genetic studies that implicate MccDE in maturation,[90] we
anticipate that one or both of these enzymes is required for installation of the propylamine
moiety.

2.4.3 Microcin E492m—MccE492 is an 84-residue ribosomal protein produced by
Klebsiella pneumoniae RYC492 that also undergoes post-translational modification at its C
terminus (Figure 15).[96] This process results in attachment of an enterobactin derivative to
the C-terminal serine residue of MccE492 to afford MccE492m (where “m” is for modified).
Enterobactin is a nonribosomal peptide and iron chelator (siderophore) that is produced by
Gram-negative bacteria during periods of nutrient deprivation.[97] The siderophore moiety
allows for MccE492m recognition by siderophore permeases (FepA, Fiu, Cir) on the cell
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surface.[98,99] The ribosomal protein portion then inserts into the inner membrane, perhaps

in complex with mannose permease proteins ManYZ,[100] and disrupts membrane integrity,
forms pores, and induces bacterial cell death.[101] Like MccC7, MccE92m is also a “Trojan
horse” toxin that uses a “smuggler strategy” because it masks itself as a beneficial iron chelator.

The MccE492 gene cluster encodes ten genes, mceABCEDFGHIJ, that are involved in
ribosomal synthesis (mceA), post-translational modification (mceCDIJ), host immunity
(mceB), and export (mceGH).[102-104] The functions of mceE and mceF are undefined; the
mceF gene product might be involved in export. MceA is a 99 or 103 aa precursor peptide that
gets cleaved by a N-terminal signal peptidase at residue 15 or 19 to yield the 84-residue
MccE492. Four proteins, MceCDIJ, carry out the modification steps, which result in attachment
of the enterobactin derivative to the peptide C terminus through an ester linkage.

The structure of MccE492m isolated from producer strains reveals that the trilactone scaffold
of enterobactin is linearized and that one of the three dihydroxybenzoate moieties is C-
glycosylated at C5.[96] MccE492m analogues with the enterobactin dimer and monomer were
also identified in bacterial cultures recently.[105] Linearized and glycosylated enterobactin
derivatives are produced by virulent strains of enterobacteria that express homologues of MceC
and MceD.[106] The glucose moiety of MccE492m functions as a bridge between the
siderophore recognition element and the 84-residue peptide toxin. Overexpression of MceCDIJ
in E. coli and in vitro characterization established that these four proteins are necessary and
sufficient to produce MccE492m starting from enterobactin and the unmodified peptide.
[107] MceC is a C-glycosyltransferase that carries out the unusual C-glycosylation by using
UDP-glucose as electrophilic glucosyl donor. We presume that this reaction involves capture
at the C1’ center by the CS5 anion of the hexadienyl resonance contributor to the catecholate
anion form of one dihydroxybenzolyl (DHB) moiety of enterobactin, although mechanistic
analysis is required to verify this notion. This reaction yields a nonhydrolyzable C—C bond
between glucose and DHB in the monoglycosylated product (MGE). MceD is a regio-selective
hydrolase. It first cleaves one of the three trilactone ester linkages to give linear MGE (lin-
MGE), and can also degrade lin-MGE further to yield the glycosylated DHB-serine dimer and
monomer. McelJ form a protein complex that exhibits ligase activity. It attaches MGE or lin-
MGE to the MccE492 C terminus. In this transformation, the C-terminal serine carboxyl moiety
is activated as the MccE492-CO-AMP through ATP cleavage at P,. The peptidyl-CO-AMP
is subsequently captured by the C4'-hydroxyl of the glucose moiety, and AMP is released
(Figure 16).[108] This initial form of MccE492m, which has a C4'-glycosyl ester linkage,
undergoes nonenzymatic and base-catalyzed rearrangement to yield MccE492m with a C6'-
linkage. After assembly and export, the 84-residue ribosomal peptide can be smuggled into a
neighboring cell and is taken up by enterobactin-selective outer-membrane permeases such as
FepA.

The chemistry of MccE492 maturation, which proceeds through a peptidyl-CO-AMP
intermediate, resembles that of E1 family members involved in ubiquitin conjugation,[92,93]
ThiF from thiamin biosynthesis,[94] and also MoeB from molybdopterin assembly.[109] The
glucose bridge in MccE492m is reminiscent of the C-glycosidic bridge in the antibiotic
simocyclinone;[110] however, the use of glucose to afford a bifunctional antibiotic comprised
of ribosomal and nonribosomal elements is novel for protein modification.

The examples of ribosomally derived antibiotic peptides described above provide an overview
of the biosynthetic logic behind and structural features of this family. The fact that Nature
produces such diverse structures from only 20 proteinogenic amino acid building blocks is
remarkable. In the next section, we consider the nonribosomal route to natural product
biosynthesis, which employs an extended set of building blocks and new tools for the
production of antibacterial peptides (Figure 17).
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3. Nonribosomal Peptide Antibiotics

Prokaryotes and fungal eukaryotes can assemble amino acid building blocks into peptides that
are 3-22 residues long in a sequence-specific manner without instructions from mRNA and
without the intervention of the ribosome as a RNA-based condensation catalyst. In such
instances, nonribosomal peptide synthesis (NRPS) machinery is employed (Figure 18).[16,
111-113] This route provides microbes with an array of potent antibiotic and/or antifungal
small molecules that can be employed to eradicate competing species in an ecological niche.
In NRPS logic, a linear peptide oligomer is generated from a set of amino acid monomers,
activated as aminoacyl-AMP mixed anhydrides, by iterative condensation reactions. The
amino acid building blocks are activated as thioesters on phosphopantetheinyl arms that are
prosthetic groups on ~10 kDa carrier protein domains. The carrier proteins are often called
thiolation (T) domains and the phosphopantetheinyl arms, derived from coenzyme A,[114] are
installed on specific Ser side chains, one in each carrier protein, by specific post-translational
modifying enzymes (phosphopantetheinyl transferases) and each provides a terminal thiolate
anion that captures the aminoacyl-AMP.[114] Carrier proteins in NRPS assembly lines are
typically located in a protein module that contains two catalytic domains: 1) an adenylation
(A) domain that selects a specific amino acid monomer to be activated by ATP to the
aminoacyl-AMP and then transferred to the thiolate of the phosphopantetheinyl arm in the
carrier protein, and 2) a condensation (C) domain that condenses the activated aminoacyl
(peptidyl) thioesters, and makes amide bonds as they carry out chain elongation. Thus, each
NRPS elongation module is comprised of a CAT trio (Figure 18). A NRPS assembly line
contains one module for each amino acid that is selected and incorporated into the growing
peptide chain. ACS synthetase in the B-lactam biosynthetic pathways has three modules to
yield the 1-6-(a-amino-adipoyl)-i-cysteinyl-o-valine (ACV) tripeptide, and vancomycin
synthetase has seven modules to construct the heptapeptidyl backbone of the antibiotic. The
number of modules and the specificity of each A domain determines the length and sequence
of the nonribosomal peptide produced. Tailoring enzymes (methyltransferases, halogenases,
racemases, etc.) can modify the peptide backbone during chain elongation or after chain release
from the assembly line.[17] The assembly line genes, genes for producing unusual amino acid
building blocks, and genes for tailoring enzymes, are typically bundled together in NRP
antibiotic biosynthetic gene clusters. This organization allows for coordinate regulation and
probably reflects frequent horizontal gene transfer between microbes to introduce the full
biosynthetic capacity in a single DNA transfer event.[115,116]

In this section, we consider four examples of NRPS assembly logic that are employed in the
synthesis of 1) the simple ACV tripeptide backbone for penicillins and cephalosporins, 2) the
glycopeptides vancomycin and teicoplanin,[19] 3) the lipopeptide daptomycin, and 4) the
pseudopeptide antibiotic andrimid.[117-119] We note that other NRPS assembly lines exhibit
additional variations;[120] however, these four examples provide an overview of many general
assembly line features and also illustrate the versatility of this biosynthetic route to antibiotics.

3.1 ACV Synthetase: The gateway to penicillins and cephalosporins

The prototype for a simple NRPS is the enzyme ACV synthetase, which is found in prokaryotes
and fungi that make penicillins and the ring-expanded cephalosporins.[18,121,122] ACV is
the immediate precursor of penicillins. Ten domains are strung together in the >400 kDa ACV
synthetase to convert aminoadipate, .-Cys, and 1-Val into ACV. Three modules (one for each
amino acid) are required, and the amino acids are selected and activated in an A{T{-CA,T»-
CA;3T; framework (Figure 19). The initiation module in simple NRPS assembly lines lacks a
C domain because there is no condensation with an upstream monomer unit. A is specific for
making aminoadipoyl-O-AMP, A, for Cys-O-AMP, and Aj for Val-O-AMP.
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ACYV synthetase loads -Val, which undergoes epimerization (to o-Val) on the assembly line.
A dedicated epimerase (E) domain is embedded in module 3; this provides the organization
AT/{-CAT,-CAT3E. This nine-domain, three-module assembly line builds up a tripeptidyl
chain that is covalently tethered by a thioester linkage to the phosphantetheinyl arm on T;
(aminoadipoyl-i-cysteinyl-p-valinyl-S-T3). NRPS assembly lines typically contain a C-
terminal thioesterase (TE) domain, which provides hydrolytic release of the full-length peptide
chain. Therefore, the ACS synthetase single-protein assembly line has the tendomain
composition AT|-CAT,-CAT;3E(TE) to produce and release ACV-CO,H in multiple catalytic
turnovers.

The ACV tripeptide product has one nonproteinogenic residue (aminoadipate) and one o-
isomer (p-Val), two hallmarks of NRP building block diversity. Of course, ACV is an acyclic
tripeptide with no antibiotic activity. The tailoring enzyme isopenicillin N synthase (IPNS), a
nonheme iron oxygenase, converts the acyclic ACV framework to the fused 4-5 bicyclic ring
system of isopenicillin N in one catalytic cycle (Figure 20).[123] This metabolite harbors the
B-lactam scaffold, which is the reactive chemical warhead of the penicillin/cephalosporin
family. A second nonheme iron oxygenase, DAOC synthase, carries out ring-expansion and
desaturation of the five-membered thiolane ring in penicillins to the six-membered olefinic
system that provides cephalosporin antibiotics.[124] The oxygenative double tailoring morphs
the linear ACV tripeptide framework into a dramatically altered and rigidified scaffold.

Thus, the penicillin/cephalosporin biosynthetic pathway uses a NRPS assembly line to first
generate a NRP scaffold. Dedicated tailoring enzymes subsequently build in conformational
constraints. The transformation of ACV to penicillin/cephalosporin affords the B-lactam
suicide substrates for peptidoglycan crosslinking transpeptidases that inhibit bacterial cell-wall
biosynthesis.

3.2 Vancomycin and teicoplanin glycopeptide antibiotics

The coupling of a NRP scaffold to tailoring enzyme maturations is also central to the biogenesis
of vancomycin and teicoplanin, two glycopeptide antibiotics of last resort for life-threatening
Gram-positive bacterial infections.[19] The core of these highly rigidified and crosslinked
antibiotic scaffolds is a heptapeptide with either five (vancomycin) or seven (teicoplanin)
nonproteinogenic amino acid building blocks. Vancomycin contains the nonproteinogenic
amino acids -OH-Tyr2, B-OH-Tyr6, 4-OH-PheGly4 (HPG), 4-OH-PheGlyS5, and 3,5-(OH),-
PheGly7 (DPG7).[19] Leul and Asn3 are the only proteinogenic amino acids and, in
teicoplanin, they are replaced with 4-OH-PheGly1 and 3,5-(OH),-PheGly3, respectively.

The NRPS assembly lines for vancomycin/teicoplanin contain seven modules (one for each
amino acid that is activated and incorporated) that are spread over three distinct protein
subunits. Four of the seven residues in vancomycin are o-stereoisomers (p-po-L-L-p-p-1-) and three
epimerase domains are found in the appropriate modules (Figure 21). After the peptide chain
reaches the elongated and tethered heptapeptidyl-S-T7 stage, the electron-rich side chains of
residues 2 and 4, 4 and 6, and 5 and 7 undergo regiospecific oxidative crosslinking.[125-127]
Three cytochrome P450-type oxygenases are responsible for these transformations, which join
B-OH-Tyr2/4-OH-PheGly4 and 4-OH-PheGly4/B-OH-Tyr6 by aryl—ether linkages and form
a direct C—C bond between 4-OH-PheGly5 and DPG7.[128-132] This tailoring provides the
dome-shaped architecture of the vancomycin aglycone, and creates a constrained structure and
a high-affinity conformation for hydrogen-bonding interactions with the N-acyl-o-Ala-p-Ala
termini of uncrosslinked peptidoglycan chains in bacterial cell wall assembly. Hydrolytic
release of the heptapeptide scaffold by the NRPS TE domain follows.

N-methylation of Leul occurs and two successive glycosylations ensue that are catalyzed by
tailoring enzymes that are encoded in the vancomycin biosynthetic gene cluster. The first
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glycosylation involves transfer of a glucosyl moiety from TDP-glucose to the phenolate of the
4-OH-PheGly4 residue. A dedicated vancosaminyl transferase subsequently transfers an t-
vancosaminyl unit to the C2'-oxygen moiety of the newly introduced glucose unit. Thus, the
vancomycin biosynthetic gene cluster encodes six tailoring enzyme genes along with the three
NRPS subunits. The producing cell must also synthesize f-OH-Tyr and the nonproteinogenic
building block HPG and DPGs for the NRPS assembly line to run; this requires nine additional
genes that are also clustered with the NRPS genes. The actinomycete producer makes the
necessary building blocks, including the unusual nucleotide deoxyamino sugar TDP-.-
vancosamine, in a just-in-time fashion as it expresses the 24-domain seven-module NRPS
assembly line and the seven tailoring enzymes in a coordinate manner.

Teicoplanin (Figure 22) production follows the same chemical blueprint and uses related
enzymatic machinery.[133] None of the seven amino acid monomers are proteinogenic; they
are made by diversion of primary metabolites (tyrosine, chorismate, and malonyl-CoA) when
the microbe goes into production mode, expresses the seven-module teicoplanin NRPS
assembly line, and converts all seven T domains from the apo to holo HS-pantetheinyl forms.
In teicoplanin biosynthesis, all seven heptapeptide side chains are crosslinked (residues 1-3,
2-4,4-6, 5-7) by four tailoring hemeprotein oxidases.[134,135] The conversion of the floppy
acyclic and unconstrained heptapeptide into a fully rigidified template is an exquisite
accomplishment and surely holds lessons for the purposeful semisynthetic morphing of peptide
scaffolds. Teicoplanin is decorated with two N-acyl-o-glucosamines that are attached to
residues 4 and 6 and a p-mannose moiety that is linked to residue 7; these glucosamines are
installed by tailoring glycosyltransferases after chain release. A novel feature of teicoplanin
maturation compared to that of vancomycin is the installation of a Ciy-acyl group, which is
most likely derived from the B-oxidation of fatty acids, onto the glucosamine attached to residue
4.[135] Teicoplanin is therefore a lipoglycopeptide antibiotic with distinct physical and
partitioning properties from vancomycin.

3.3 Daptomycin, a lipopeptide macrolactone antibiotic

As vancomycin-resistant enterococci became important clinical pathogens, other antibiotics
were developed to treat glycopeptide-resistant Gram-positive bacteria.[136,137] Among those
recently approved is the NRP daptomycin, which has a 13-residue peptide scaffold and is
macrocyclized between residues 4 and 13 (Figure 23).[20,138] It contains three p-amino acids
(0-Asp2, o-Ala8, o-Serl1), three nonproteinogenic building blocks (ornithine6, (25,3R)-3-
methyl glutamic acid12, kynurenine13), and a fatty acid tail. The principles exemplified above
for ACV and vancomycin biosynthesis also hold for the 13-module daptomycin NRPS
assembly line, but it has two additional characteristics. First, module one is a C; AT tridomain
rather than an A;T; didomain; this suggests that the first amino acid might be condensed by
the action of C; with an upstream acyl group. Indeed, daptomycin has a decanoyl (Cq)-fatty
acyl tail that is linked to its N terminus; this makes it a N-terminally acylated lipopeptide.
Second, the last domain of the assembly line does not act as a thioesterase with hydrolytic
release of the full-length and linear peptidyl chain. Rather, the TE domain is a macrocyclization
catalyst. It specifically folds the full-length N-decanoyl-13-mer chain and catalyzes
nucleophilic addition of the Thr4-OH side chain on the carbonyl of Kyn13 (Figure 23). The
resulting macrolactone is conformationally constrained. This architecture, in addition to the
N-terminal lipophilic group, is required for the antibiotic activity of daptomycin and its
congeners, dozens of which have now been prepared by combinatorial reprogramming of
modules within the NRPS assembly line.[136,137] Daptomycin itself interacts with Call ions,
which increases its amphipathicity, decreases its negative charge, allows for oligomerization,
and facilitates its penetration of lipid membranes.[139,140] The cytoplasmic membrane targets
of daptomycin are as yet determined. There are dozens, even hundreds, of known nonribosomal
acylpeptidolactones that have been generated as antibiotics by microorganisms that have
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different physiological targets; this suggests that this assembly line and tailoring strategy
creates a good balance of bioactive properties in a peptide framework.

3.4 Andrimid, a nonribosomal pseudopeptide—polyketide hybrid

The other major class of antibiotics in which architectural and functional group complexity is
elaborated from simple monomer building blocks by thiotemplated, T domain-centered protein
machinery are polyketides. The logic for polyketide synthase (PKS) assembly lines is highly
cognate to that of NRPS albeit the elongation step is a decarboxylative thioclaisen C—C bond
formation rather than construction of an amide bond.[16] We only note here the existence of
many molecules, including bleomycin[141] and epothilone[142] that are hybrids of NRPS and
PKS logic and assembly line machinery.[113,143] The NRPS and PKS modules might be
interspersed within the hybrid assembly line. Nature’s ability to mix and match PKS and NRPS
modules provides dramatic modulation of peptide backbone structures during assembly. The
biogenesis of andrimid (Figure 24) provides one such example.[117-119]

Andrimid is a NRPS—PKS hybrid antibiotic and nanomolar inhibitor of bacterial acetyl-CoA
carboxylase, which catalyzes the first committed step in bacterial fatty acid biosynthesis. It
consists of an elaborated -phenylalanine-i-valine core. An octatrienyl moiety is linked to the
amino group of B-phenylalanine by a transglutaminase-like enzyme (AdmF),[144] and the :-
valine residue is C-capped with a methylsuccinimide moiety. Inspection of the andrimid gene
cluster indicated that, after conversion of a-Phe to -Phe by an aminomutase and assembly of
the acylated B-Phe-i.-Val core by NRPS logic, a PKS module (AdmO) uses malonyl-CoA to
extend 1-Val by a two-carbon unit.[119] The assembly line subsequently switches back to an
NRPS module (AdmP) to install a glycine moiety. Further elongation occurs by addition of
another two-carbon unit by the terminal PKS module (AdmM) that houses a chain-releasing
TE domain (Figure 24). This densely hybrid NRPS—PKS organization therefore allows two of
the three amino acid building blocks (i-Val, .-Gly) to undergo two-carbon Claisen extension
chemistry, which generates the linear succinimide precursor.

Formation of the methylsuccinimide moiety, the details of which are not yet elucidated, occurs
at some point during or after chain release. The C-terminal tetramic acid cap and the N-acyl
cap protect both ends of the peptide scaffold. Mature andrimid is therefore a pseudopeptide. It
is an elegant example of how assembly lines and tailoring enzymes can morph every constituent
of a peptide backbone to create a hydrolytically stable framework with antibacterial action.
The C-terminal methylsuccinimide moiety is the active pharmacophore for blockade of the
carboxyltransferase subunit of bacterial acetyl-CoA carboxylase, presumably because it
mimics the normal N-carboxybiotinyl substrate moiety.[145]

4. Comparison of Ribosomal and Nonribosomal Strategies for Nature’s
Conversion of Peptide Scaffolds into Antibiotics

Both ribosomal and nonribosomal routes to peptide-based antibiotics have inherent advantages
and limitations, some of which can be complementary. Whether or not an organism synthesizes
NRP secondary metabolites can depend, at least to some degree, on its genome size. A recent
correlation of 223 bacterial genomes indicated that microbes with larger genomes (>5 Mb) are
more likely to produce many NRP (and polyketide) metabolites, whereas those with smaller
genomes (< 3 Mb) produce no or very few NRPs.[146] Although further sequencing efforts
are required to determine the strength of this correlation, the analysis suggests that
Enterobacteriaceae require other, non-NRP strategies for self-protection because of their small
genomes. The microcins exemplify one alternative approach.
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Building block diversity and utilization are central to natural product biosynthesis. There are
twenty common proteinogenic amino acids plus selenocysteine and, in a few methanogenic
bacteria, pyrrolysine. This building block set for ribosomal machinery is limited when
compared to the >200 nonproteinogenic amino acid monomers that are used by NRPS assembly
lines. From the standpoint of synthesizing new antibiotics with unusual monomers, one must
only evolve adenylation domains to select and activate the nonproteinogenic monomer(s) for
NRPS-mediated incorporation into the growing peptide chain. Partner tRNAs, which would
carry the monomers to the peptidyl transferase site of the ribosome, are not required.

On the other hand, the largest known nonribosomal peptide is 22 residues long whereas
ribosomal proteins with 16 000 residues exist (for example, cyclosporine synthetase, a single
protein NRPS assembly line). The energy expenditure that is required to build multimodular
NRPS assembly lines can be prodigious. Consider cyclosporine, an eleven-residue cyclic
peptide and potent immunosuppressant drug.[147] The cyclosporine synthetase is ~1.5 MDa
and contains an eleven-module NRPS assembly line with 47 domains.[148] A huge investment
of cellular energy (ATPs and GTPs) and a machine the size of the ribosome are required to
make an eleven-residue peptide product. The 22-residue syringopeptins,[149] which are
phytotoxins produced by strains of Pseudomonas syringae, require 3 MDa of protein
machinery, which houses a 22-module assembly line. Such examples indicate that a crossover
between the benefits of utilizing nonproteinogenic building blocks to diversify peptide
scaffolds and the energetic benefits of RNA-directed peptide bond-forming machinery must
have occurred.

Companion enzymes often morph nascent peptides. The resulting modifications are made to
ribosomal peptides post-translationally. In NRPS pathways, the comparable tailoring enzymes
might act at particular way stations during chain elongation or after release of the nascent
peptide product. In both cases, the modifications can alter side chains, N and/or C termini, and
backbone connectivity. Such alterations create constrained architectures, generate new
functional groups, provide stability to proteolytic breakdown, and introduce the structural
elements that are necessary for physiological function.

Post-translational modifications of ribosomal protein side chains by alkylation,
phosphorylation, acylation, and glycosylation are ubiquitous, expand Nature’s inventory of
genetically encoded protein structures, and are responsible for a myriad of functional
consequences that range from signal transduction to histone code writing and rewriting.[150,
151] N-terminal acylation (for example, myristoylation) and C-terminal amidation are
relatively common ways to protect the ends of ribosomal peptide scaffolds from proteolysis.
The lantibiotics provide a clear and well-established example of how stable crosslinks
(thioethers rather than reducible disulfides) can be constructed post-translationally to generate
constrained frameworks of great stability and high antibacterial potency. Little was known
about how five-membered thiazoline/thiazole and oxazoline/oxazole moieties were introduced
into ribosomal peptide backbones prior to deciphering the logic of MccB17 and, more recently,
cyanobactin maturation. A convergence of lantibiotic and thiazole post-translational machinery
might generate the rigid frameworks of the thiopeptide antibiotics.[75,76] Studies of other
microcins, MccC7 and MccE492m in particular, provide rationale for modifications at the C
terminus.

Nascent nonribosomal peptide scaffolds can undergo the same or related tailoring
transformations. For instance, many siderophores contain thiazoline and oxazoline rings, which
arise from tailoring enzyme-mediated cyclodehydrations.[152] The basic nitrogen atoms of
the heterocycles are part of the ligand set for ferric ion chelation. The anticancer natural product
bleomycin, a NRPS—PKS hybrid, exhibits a bithiazole moiety that allows for DNA
intercalation. Modification of NRPs by dedicated acylation, alkylation, glycosylation, and
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oxidation enzymes also constitute typical maturation steps that are required for antibiotic
activity. The oxygenative formation of the bicyclic 4-5 ring scaffold of penicillins and its
subsequent expansion to the 4-6 ring system of cephalosporins, the oxygenative crosslinking
of the vancomycin and teicoplanin heptapeptides and subsequent glycosylations, and the
conversion of peptide C termini into tetramic acid rings with various oxidation states are
particularly noteworthy examples. Continuing evaluation of the enzymatic tailoring steps to
morph both ribosomal and nonribosomal peptide backbones and side chains should provide
both insight and inspiration to medicinal chemistry efforts to make new antibiotic scaffolds.

5. Summary and Outlook

The emergence and selection of antibiotic-resistant pathogens in hospital wards across the
globe necessitates the development of new antibiotic drugs to treat life-threatening infections.
Deciphering the biosynthetic logic of naturally occurring antibiotics provides lessons for the
design of new antibiotics with potential therapeutic applications. Hybrid NRPS—PKS assembly
lines (for example, bleomycin, and andrimid) might be of special interest for re-engineering
systems to produce different types of morphed peptides.[113,143] If NRP and PK modules can
be readily mixed and matched by swapping constituent domains or by modifying domain
specificity, a wide range of constrained and hydrolytically stable architectures should be
accessible. The structural determination of MccE492m also points the way to engineering of
convergent ribosomal-nonribosomal peptide hybrids. Lastly, the ability to evolve tRNA
synthetases and cognate tRNA pairs to accept “unnatural” and nonproteinogenic amino acid
monomers[ 153] further advances the strategies of purposeful modification of ribosomal
peptide side chains and backbones to optimize a biological activity and design a scaffold for
further maturation by tailoring enzymes.
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Examples of ribosomally synthesized peptides that undergo post-translational modification.
Lacticin 481 contains two lanthionines, one methyllanthionine, and one 2,3-didehydrobutyrine,
all of which result from post-translational tailoring. Patellamide A and C are octapeptides that
become macro- and heterocyclized during maturation. Microcin C7 exhibits an unusual C-
terminal appendage that is comprised of an aminopropyl-modified AMP moiety that is linked
to the peptide by a N—P bond.
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Figure 2.

Examples of nonribosomally synthesized antibiotic peptides. Crosslinking of the vancomycin
heptapeptide provides a dome-shaped architecture. Tailoring of the ACV tripeptide creates the
rigidified f-lactam moiety of isopenicillin N. Daptomycin undergoes macrocyclization during
release from its NRPS.
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Figure 3.
NMR spectroscopic solution-phase structures of plectasin (PDB ID: 1ZFU). The disulfide

linkages are shown in red. The imaged is colored from blue to red going from the N to C
terminus.
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HNP3 HBD2

Figure 4.
Structures of the human neutrophil defensin-3 (HNP3, left, PDB ID: 1DFN) and human beta
defensin-2 (HBD2, right, PDB ID: 1KJ6). HNP3 is an a-defensin. The disulfide linkages are
in black.
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Structures of lanthionine (Lan), (25,3S5,3R)-3-methyllanthionine (MeLan), 2,3-
didehydroalanine (Dha), (Z)-2,3-didehydrobutyrine (Dhb), and nisin.
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Figure 6.
Formation of lanthionine. Dehydration of a serine residue in the peptide backbone affords Dha.
A cysteine thiolate captures the eneamino acid side chain of Dha to form the thioether.
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Figure 7.
Examples of antibiotic peptides that contain five-membered heterocycles derived from cysteine
or serine/threonine. The first twelve residues of MccB17 (VGIGGGGGGGGG) are omitted.
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Figure 8.

Post-translational processing of McbA. The leader peptide (residues 1-26) of McbA is
underlined. Residues 27-38 are listed in italicized font. The cysteine and serine residues that
undergo heterocyclization are labeled in bold font.
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Proposed mechanistic description of heterocycle formation in MccB17. A) Cyclodehydration
of a Gly-Ser-Cys moiety provides an oxazoline-thiazoline. Dehydrogenation and aromatization
affords the oxazole-thiazole pair. B) Mechanism for the McbB-catalyzed formation of
thiazoline from a Gly-Cys dipeptide. C) Mechanism for McbC-catalyzed reduction of the

thiazoline to thiazole.
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Proposed post-translational processing steps for patellamide A, some of which parallel those

in MccB17 maturation.
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Figure 11.
Additional cyanobactins generated by patE variants.
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Figure 12.

Microcins that lack heterocyclic scaffolds. A) A depiction of MccE492m. Only the eleven C-
terminal residues of the 84 aa MccE492m ribosomal peptide are shown. B) MccC7. The C-
terminal post-translational modifications are shown in red. C) Sequence of MccJ25. The eight
N-terminal residues of the lariat knot are shown in green and the 13-residue C-terminal tail in
blue. The bond between Gly1 and Glu8 is depicted in pink. D) Three-dimensional structure of
McclJ25 (PDB ID: 1Q71).
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Left: Transport and antibiotic mechanism of action of MccC7. Right: Structure of the toxic

aspartyl-AMP analogue. The N—P bond provides hydrolytic stability.
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Page 37

Mechanism of MccB-catalyzed N—P bond formation and the Asn7 to isoAsn7 transformation
in MccC7 maturation. The first six residues of MccA are removed for clarity. The first and

second ATP equivalents are indicated in blue and red, respectively.
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Figure 15.

Pathway for MccE492m maturation based on in vitro characterization of MceCDIJ by using a
model system comprised of monoglycosylated enterobactin and the C-terminal decapeptide of
MccE492. Only the last eleven residues of MccE492 are shown above. Abbreviations: Ent,
enterobactin; MGE, monoglycosylated enterobactin; lin-MGE, linear monoglycosylated
enterobactin; UDP-Glc, UDP-glucose.
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Figure 16.
Mechanism of C-terminal activation and glycosyl ester formation by McelJ. Only the C-
terminal serine residue of MccE492 and a truncated depiction of MGE are shown for clarity.
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Page 40

Nonribosomal peptide antibiotics

¢ HS-pant-P-templated as T domains in
protein modules

* Aminoacyl-AMP activated monomers
+ >200 nonproteinogenic amino acids
* Chain growth as peptidyl-S-pant-NRPS

* Hydrolytic or macrocyclization or
reductive release

!

Post-assembly line
Tailorings

Comparison of ribosomal and nonribosomal peptide antibiotic synthesis. “Pant” stands for

“phosphopantetheinyl.”
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Figure 18.

Domains and modules in a prototypic NRPS assembly line. The initiation module (leftmost
AT) in simple NRPS assembly lines lacks a C domain because there is no condensation with
an upstream monomer unit. The TE domain provides hydrolytic release of the elongated peptide
chain.
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Figure 19.

Chain growth and release of ACV on the ACV synthetase assembly line. A) Post-translationally
primed ACV synthetase. B) Structure of the phosphopanthetheinyl arm. C) ACV Chain
elongation and release. Further enzymatic modification of ACV affords isopenicillin N. “E”
stands for epimerase domain.
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Figure 20.

Conversion of ACV to isopenicillin N and deacetoxycephalosporin C (DAOC) by the
successive action of two nonheme iron oxygenases IPNS and DAOC synthase.
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Figure 21.

Chain growth and crosslinking on the vancomycin synthetase assembly line and post-assembly
line glycosylation. The aryl ether and carbon—carbon bond crosslinks that are formed by the
action of three P450 oxygenases are highlighted in grey.
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Figure 22.
Structure of tecioplanin. The four crosslinks are highlighted by grey ovals.
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Figure 23.

Truncated depiction of the daptomycin assembly line illustrating modules 1 and 13.
Macrocyclization of the 13-mer peptide by the TE domain results in chain release and
daptomycin formation.
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Figure 24.

Depiction of the andrimid assembly line illustrating N-acylation of $-Phe and formation of the
methylsuccinimide precusor chain. Abbreviations: TG=transglutaminase-like enzyme;
KS=ketosynthase.
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