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Abstract: Natural products biosynthesized wholly or in part by nonribosomal peptide synthetases
(NRPSs) are some of the most important drugs currently used clinically for the treatment of a
variety of diseases. Since the initial research into NRPSs in the early 1960s, we have gained
considerable insights into the mechanism by which these enzymes assemble these natural
products. This review will present a brief history of how the basic mechanistic steps of NRPSs
were initially deciphered and how this information has led us to understand how nature modified
these systems to generate the enormous structural diversity seen in nonribosomal peptides.
This review will also briefly discuss how drug development and discovery are being influenced
by what we have learned from nature about nonribosomal peptide biosynthesis.
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1. Introduction

Alexander Fleming’s discovery of penicillin in the late
1920s introduced the world to the antibiotic era. Although
not understood at the time, it was also the beginning of the
analysis of peptide antibiotics that are biosynthesized by large
enzyme complexes called nonribosomal peptide synthetases
(NRPSs). While the discovery of nonribosomal peptides
themselves was a result of their medical relevance, the
discovery of the enzymes that assemble these peptides was
due to a more basic biological question concerning the
progenitor of the ribosome. Since these early investigations,
it has been determined that NRPSs, while not progenitors
of the ribosome, are involved in the production of some of
our most important antibacterial, antifungal, antiviral, im-
munosuppressant, and anticancer drugs. The analysis of
NRPS enzymology continues to be of significant interest for
drug development and discovery.
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The goal of this review is to provide background into
NRPS enzymology and how this enzymology produces some
of the most important drugs in medicine. It will also briefly
comment on current and future directions of NPRS research
for drug development and discovery. To cover these points,
this review is divided into four sections. In the first section,
a brief history of NRPS enzymology will be provided to
highlight how the analysis of these fascinating enzymes
progressed from initial anomalies in peptide biosynthesis to
an understanding of their enzymatic elegance at the molecular
level. This will be followed by a discussion of the core
enzymatic domains that make up an NRPS and how they
come together in a modular manner to generate a nonribo-
somal peptide. To put NRPSs in a medical context and
illustrate how they have been harnessed for our benefit, we
will discuss a series of medically relevant nonribosomal
peptides along with the biosynthetic machinery that produces
these natural products. Through these examples, we will
explore the three major types of NRPSs and how our view
of what enzymatic steps constitute an NRPS is evolving.
Finally, we will introduce recent work that focuses on the
discovery and development of new drugs based on NRPS
enzymology.
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2. A Brief History

While this review focuses on medically relevant nonri-
bosomal peptides, it is important to note that much of what
we understand about these systems was initially determined
while investigating the biosynthesis of unusual peptides
produced by Bacillus species. As researchers were beginning
to decipher the mechanism of ribosome-dependent protein
synthesis during the 1950s and 1960s, evidence mounted that
the production of these unusual peptides involved an
enzymatic mechanism distinct from the ribosome. Investiga-
tions by Tatum and colleagues' provided the first evidence
that tyrocidine, a cyclic decapeptide produced by Bacillus
brevis, was biosynthesized by a mechanism independent of
the ribosome. This conclusion was based on the finding that
while protein synthesis was inhibited by the ribosome-
targeting antibiotics puromycin, chloramphenicol, and chlo-
rotetracycline, biosynthesis of tyrocidine was not. Further
work by Tatum’s group on ediene,” along with work by
Laland,>* Otani,” and Kurahashi®’ on gramicidin S and
tyrocidine, and studies by Daniels on polymixin B,® estab-
lished that the production of these peptides was not abolished
by ribosome inhibitors or by the addition of RNases to
eliminate RNA from the reaction. Thus, the production of
these peptides involves a mechanism distinct from peptide
synthesis by the ribosome. One of the initial hypotheses put
forth by Fritz Lipmann was that the enzymes that produce
these peptides were progenitors of the ribosome.” While this
proved not to be correct, Lipmann made considerable
contributions to understanding NRPS enzymology while
testing this hypothesis.

Using partially purified enzymes from B. brevis that
produce the cyclic decapeptide gramicidin S, Lipmann and
colleagues established that the ATP-dependent reaction

(1) Mach, B.; Reich, E.; Tatum, E. L. Separation of the biosynthesis
of the antibiotic polypeptide tyrocidine from protein biosynthesis.
Proc. Natl. Acad. Sci. U.S.A. 1963, 50 (1), 175-81.

(2) Borowska, Z. K.; Tatum, E. L. Biosynthesis of edeine by Bacillus
brevis Vm4 in vivo and in vitro. Biochim. Biophys. Acta 1966,
114 (1), 206-9.

(3) Sparen, U.; Frgholm, L. O.; Laland, S. G. Further studies on
the biosynthesis of gramicidin S and proteins in a cell-free system
from Bacillus brevis. Biochem. J. 1967, 102 (2), 586-92.

(4) Berg, T. L.; Froholm, L. O.; Laland, S. G. The biosynthesis of
gramicidin S in a cell-free system. Biochem. J. 1965, 96, 43—
52.

(5) Yukioka, M.; Tsukamoto, Y.; Saito, Y.; Tsuji, T.; Otani, S.;
Otani, S. Biosynthesis of gramicidin S by a cell-free system of
Bacillus brevis. Biochem. Biophys. Res. Commun. 1965, 19, 204—
8.

(6) Tomino, S.; Yamada, M.; Itoh, H.; Kurahashi, K. Cell-free
synthesis of gramicidin S. Biochemistry 1967, 6 (8), 2552-2560.

(7) Fujikawa, K.; Suzuki, T.; Kurahashi, K. Incorporation of
L-leucine-'*C into tyrocidine by a cell-free preparation of Bacillus
brewvis Dubos strain. J. Biochem. 1966, 60 (2), 216-8.

(8) Daniels, M. J. Studies of the biosynthesis of polymyxin B.
Biochim. Biophys. Acta 1968, 156 (1), 119-27.

(9) Gevers, W.; Kleinkauf, H.; Lipmann, F. The activation of amino
acids for biosynthesis of gramicidin S. Proc. Natl. Acad. Sci.
U.S.A. 1968, 60 (1), 269-76.
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catalyzed by these enzymes incorporates amino acids in a
two-step process. The first step involves the release of PP;,
and the second step releases AMP, with the end result being
an amino acid covalently tethered to the NRPS.”"'! These
data gave the first indication of an amino acid “carrier” being
involved in NRPS enzymology. Furthermore, by adding the
radiolabeled form of the first amino acid in gramicidin S
and tyrocidine biosynthesis to the associated NRPSs, Lip-
mann and colleagues were able to follow the progressive
synthesis of the enzyme-linked peptide via thin-layer chro-
matography as each successive amino acid was added to the
reaction. These elegant experiments demonstrated that the
nonribosomal peptide is assembled one amino acid at a
time and that the growing peptide chain remains tethered to
the NRPS.°”'® These observations were confirmed by
analogous experiments by Laland and colleagues,'* support-
ing a model for the step-by-step biosynthesis of a nonribo-
somal peptide by the NRPS.

Analysis of the chemical stability of the covalent linkage
between the enzyme and amino acid suggested the amino
acid was thioesterified to the NRPS.'? The development of
hypotheses for whether the site of covalent linkage to the
enzyme was a cysteine, a thiol-containing cofactor, or both
benefited from the work on fatty acid biosynthesis that
established the use of intermediates thioesterfied to a
4'-phosphopantetheinyl (4'-Ppant) cofactor.'> Laland'® and
Lipmann'”'® established that 4'-Ppant was involved in
gramicidin S and tyrocidine biosynthesis; however, at the
time, only a single molecule of 4'-Ppant was thought to be
present per NRPS. Therefore, it was thought there would be
a thiol-exchange reaction between a series of thiols, likely

(10) Gevers, W.; Kleinkauf, H.; Lipmann, F. Peptidyl transfers in
gramicidin S bisoynthesis from enzyme-bound thioester inter-
mediates. Proc. Natl. Acad. Sci. U.S.A. 1969, 63 (4), 1335-42.

(11) Kleinkauf, H.; Gevers, W.; Lipmann, F. Interrelation between
activation and polymerization in gramicidin S biosynthesis. Proc.
Natl. Acad. Sci. U.S.A. 1969, 62 (1), 226-33.

(12) Roskoski, R., Jr.; Gevers, W.; Kleinkauf, H.; Lipmann, F.
Tyrocidine biosynthesis by three complementary fractions from
Bacillus brevis (ATCC 8185). Biochemistry 1970, 9 (25), 4839—
45.

(13) Roskoski, R., Jr.; Kleinkauf, H.; Gevers, W.; Lipmann, F.
Isolation of enzyme-bound peptide intermediates in tyrocidine
biosynthesis. Biochemistry 1970, 9 (25), 4846-51.

(14) Froshov, O.; Zimmer, T. L.; Laland, S. G. The nature of the
enzyme bound intermediates in gramicidin S biosynthesis. FEBS
Lett. 1970, 7 (1), 68-71.

(15) Lynen, F.; Oesterhelt, D.; Schweizer, E.; Willecke, K. In Cellular
compartmentalization and control of fatty acid metabolism; Gran,
F. C., Ed.; Academic Press: Oslo, Sweden, 1968; p 1.

(16) Gilhuus-Moe, C. C.; Kristensen, T.; Bredesen, J. E.; Zimmer,
T.; Laland, S. G. The presence and possible role of phospho-
pantothenic acid in gramicidin S synthetase. FEBS Lett. 1970, 7
(3), 287-90.

(17) Kleinkauf, H.; Gevers, W.; Roskoski, R., Jr.; Lipmann, F.
Enzyme-bound phosphopantetheine in tyrocidine biosynthesis.
Biochem. Biophys. Res. Commun. 1970, 41 (5), 1218-22.

(18) Lee, S. G.; Roskoski, R., Jr.; Bauer, K.; Lipmann, F. Purification
of the polyenzymes responsible for tyrocidine synthesis and their
dissociation into subunits. Biochemistry 1973, 12 (3), 398-405.
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Figure 1. (A) Schematic of the historical “thiotemplate” mechanism for NRPSs. The E1 represents the
4'-Ppant-containing portion of the enzyme, with the 4'-Ppant represented by the squiggled line. E2 and E3 represent
modules of the NRPS that contain a corresponding aminoacyl thioester. E1 is used repeatedly through the
biosynthesis of the nonribosomal peptide, while the individual modules such as E2 and E3 are used once. (B)
Schematic of the “multiple carrier model” mechanism for NRPSs. E1, E2, and E3 represent individual modules
containing individual aminoacylthioesters that are condensed in a directional manner to generate the nonribosomal

peptide product.

cysteine residues, and a single 4'-Ppant. Another observation
Lipmann noted was a correlation of approximately 70-75
kDa of protein existed per amino acid activated by an
NRPS.'®'” Based on these observations, Lipmann hypoth-
esized that NRPSs are a set of modular catalytic subunits
with one subunit for each amino acid incorporated into the
nonribosomal peptide.

This modularity, when combined with the predicted thiol
exchange reactions, led to the proposal of the “thiotemplate
mechanism” for NRPS enzymology in one form or another
by Lipmann,®® Laland,*" and Kurahashi*? (Figure 1A). This
mechanism involves the thioesterification of each amino acid
onto an enzyme-bound thiol, most likely cysteine, found in
each NRPS module. The most upstream amino acid then
becomes thioesterfied to the single 4'-Ppant cofactor likely
through a transthiolation reaction, and peptide biosynthesis
starts with this aminoacylthioester functioning as the initial
donor substrate. A transpeptidation reaction occurs whereby
the amino group from the downstream, or accepting, cys-
teine-tethered aminoacylthioester attacks the carbonyl of the
thioester from the 4'-Ppant-tethered donor. Peptide bond
formation results in the release of the 4'-Ppant cofactor,
freeing its thiol for further catalysis. The free 4'-Ppant
cofactor then catalyzes a transthiolation reaction with the
product of the transpeptidation reaction. This results in an
aminoacylthioester product, tethered to the single 4'-Ppant

(19) Lipmann, F. Nonribosomal polypeptide synthesis on polyenzyme
templates. Acc. Chem. Res. 1973, 6 (11), 361-7.

(20) Lipmann, F. Attempts to map a process evolution of peptide
biosynthesis. Science 1971, 173 (4000), 875-84.

(21) Laland, S. G.; Zimmer, T. L. The protein thiotemplate mechanism
of synthesis for the peptide antibiotics produced by Bacillus
brevis. Essays Biochem. 1973, 9, 31-57.

(22) Kurahashi, K. Biosynthesis of small peptides. Annu. Rev.
Biochem. 1974, 43, 445-59.

cofactor, that is one amino acid longer than when it started.
Repeating this transpeptidation and transthiolation with the
individual NRPS modules results in the directional synthesis
of the nonribosomal peptide.

The concept of a modular enzymatic mechanism for
NRPSs was invaluable in interpreting genetic information
once DNA sequencing became routine. Marahiel, Zuber, and
colleagues led the effort to sequence the biosynthetic gene
clusters coding for the NRPSs that generate the unusual
peptides from Bacillus species that initiated the analysis of
this type of enzymology.>**” They noted that the NRPSs
commonly contained repeating protein sequences equivalent
in number to the number of amino acids activated by the
NRPS subunit. This was consistent with the earlier bio-
chemical studies that suggested modular enzymology. Se-
quence information for a variety of NRPSs involved in

(23) Weckermann, R.; Fiirbass, R.; Marahiel, M. A. Complete
nucleotide sequence of the tycA gene coding the tyrocidine
synthetase 1 from Bacillus brevis. Nucleic Acids Res. 1988, 16
(24), 11841.

Kritzschmar, J.; Krause, M.; Marahiel, M. A. Gramicidin S
biosynthesis operon containing the structural genes grsA and grsB
has an open reading frame encoding a protein homologous to
fatty acid thioesterases. J. Bacteriol. 1989, 171 (10), 5422-9.
Mittenhuber, G.; Weckermann, R.; Marahiel, M. A. Gene cluster
containing the genes for tyrocidine synthetases 1 and 2 from
Bacillus brevis: evidence for an operon. J. Bacteriol. 1989, 171
(9), 4881-7.

Nakano, M. M.; Magnuson, R.; Myers, A.; Curry, J.; Grossman,
A. D.; Zuber, P. srfA is an operon required for surfactin
production, competence development, and efficient sporulation
in Bacillus subtilis. J. Bacteriol. 1991, 173 (5), 1770-8.
Mootz, H. D.; Marahiel, M. A. The tyrocidine biosynthesis
operon of Bacillus brevis: complete nucleotide sequence and
biochemical characterization of functional internal adenylation
domains. J. Bacteriol. 1997, 179 (21), 6843-50.
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B-lactam biosynthesis*®* and the NRPS involved in en-
terobactin from Escherichia coli** soon followed, and these
systems are genetically and biochemically the most well
characterized NRPSs.*>’ The sequence information from
all of these systems led to the discovery that each module
of catalytic domains involved in the activation of an amino
acid contained its own 4'-Ppant cofactor,®*° in contrast to
the earlier proposal of a single 4'-Ppant cofactor for the entire
NPRS.

(28) Diez, B.; Gutiérrez, S.; Barredo, J. L.; van Solingen, P.; van der
Voort, L. H.; Martin, J. F. The cluster of penicillin biosynthetic
genes. Identification and characterization of the pchAB gene
encoding the alpha-aminoadipyl-cysteinyl-valine synthetase and
linkage to the pcbC and penDE genes. J. Biol. Chem. 1990, 265
(27), 16358-65.

(29) Gutiérrez, S.; Diez, B.; Montenegro, E.; Martin, J. F. Charac-
terization of the Cephalosporium acremonium pcbAB gene
encoding alpha-aminoadipyl-cysteinyl-valine synthetase, a large
multidomain peptide synthetase: linkage to the pcbC gene as a
cluster of early cephalosporin biosynthetic genes and evidence
of multiple functional domains. J. Bacteriol. 1991, 173 (7), 2354—
65.

(30) Tobin, M. B.; Kovacevic, S.; Madduri, K.; Hoskins, J. A.;
Skatrud, P. L.; Vining, L. C.; Stuttard, C.; Miller, J. R.
Localization of the lysine epsilon-aminotransferase (lat) and delta-
(L-alpha-aminoadipyl)-L-cysteinyl-D-valine synthetase (pcbAB)
genes from Streptomyces clavuligerus and production of lysine
epsilon-aminotransferase activity in Escherichia coli. J. Bacteriol.
1991, 173 (19), 6223-6229.

(31) Coque, J. J.; Martin, J. F.; Calzada, J. G.; Liras, P. The
cephamycin biosynthetic genes pcbAB, encoding a large mul-
tidomain peptide synthetase, and pcbC of Nocardia lactamdurans
are clustered together in an organization different from the same
genes in Acremonium chrysogenum and Penicillium chrysoge-
num. Mol. Microbiol. 1991, 5 (5), 1125-33.

(32) Smith, D. J.; Earl, A. J.; Turner, G. The multifunctional peptide
synthetase performing the first step of penicillin biosynthesis in
Penicillium chrysogenum is a 421,073 dalton protein similar to
Bacillus brevis peptide antibiotic synthetases. EMBO J. 1990, 9
(9), 2743-2750.

(33) MacCabe, A. P.; van Liempt, H.; Palissa, H.; Unkles, S. E.;
Riach, M. B.; Pfeifer, E.; von Dohren, H.; Kinghorn, J. R. Delta-
(L-alpha-aminoadipyl)-L-cysteinyl-D-valine synthetase from As-
pergillus nidulans. Molecular characterization of the acvA gene
encoding the first enzyme of the penicillin biosynthetic pathway.
J. Biol. Chem. 1991, 266 (19), 12646-12654.

(34) Rusnak, F.; Sakaitani, M.; Drueckhammer, D.; Reichert, J.;
Walsh, C. T. Biosynthesis of the Escherichia coli siderophore
enterobactin: sequence of the entF gene, expression and purifica-
tion of EntF, and analysis of covalent phosphopantetheine.
Biochemistry 1991, 30 (11), 2916-27.

(35) Byford, M. F.; Baldwin, J. E.; Shiau, C. Y.; Schofield, C. J. The
mechanism of ACV synthetase. Chem. Rev. 1997, 97 (7), 2631—
50.

(36) Crosa, J. H.; Walsh, C. T. Genetics and assembly line enzymol-
ogy of siderophore biosynthesis in bacteria. Microbiol. Mol. Biol.
Rev. 2002, 66 (2), 223-49.

(37) Finking, R.; Marahiel, M. A. Biosynthesis of nonribosomal
peptides. Annu. Rev. Microbiol. 2004, 58, 453-88.

(38) Stein, T.; Vater, J.; Kruft, V.; Wittmann-Liebold, B.; Franke,
P.; Panico, M.; Mc Dowell, R.; Morris, H. R. Detection of 4'-
phosphopantetheine at the thioester binding site for L-valine of
gramicidin S synthetase 2. FEBS Lett. 1994, 340 (1-2), 39—44.
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All of this work has led to a subtle revision of the
thiotemplate mechanism, now referred to as a “multiple
carrier model” for NRPS enzymology (Figure 1B).%
Briefly, this model proposes that each amino acid is activated
as an aminoacyl-AMP intermediate, and each amino acid is
subsequently tethered to its own 4'-Ppant cofactor as an
aminoacylthioester. Once these intermediates are formed,
biosynthesis of the nonribosomal peptide proceeds toward
the C-terminus of the NRPS in head-to-tail condensations
of the amino acids by transpeptidation reactions, with no
need for transthiolation reactions. This results in the complete
peptide being tethered to the C-terminal portion of the NRPS.
There is one set of enzymatic domains, or modules, associ-
ated with each amino acid incorporated into the nonribosomal
peptide. The order in which the NRPS modules are arranged
in the enzyme complex usually dictates the peptide sequence.
Once peptide biosynthesis is completed, the NRPS releases
the peptide from the enzyme. The details of each enzymatic
step and the modularity of NRPSs are discussed in the next
section. Additionally, while the multiple carrier model is
accurate for the discussion of one of the major types of
NRPSs (the type A, linear form) two additional types have
also been identified. The details of the similarities and
differences between these types will be discussed below.

3. The Core Catalytic Domains of NRPSs

The assembly of a nonribosomal peptide by an NRPS
involves a series of repeating steps that are catalyzed by the
coordinated actions of three core catalytic domains: the
adenylation, thiolation (or peptidyl carrier protein), and
condensation domains. Together, these three core domains
comprise a minimal NRPS module. For type A, linear
NPRSs, the number of modules indicates the number of
amino acids incorporated into a nonribosomal peptide. A
fourth domain, a thioesterase, is often found at the C-terminus
of the NRPS and catalyzes the release of the peptide from
the NRPS.

3.1. Adenylation (A) Domains. The A domains catalyze
a two-step, ATP-dependent reaction that involves the activa-
tion of the carboxylate group of the amino acid (or for some
initiating substrates, aryl acid) substrate as an aminoacyl-
AMP intermediate and subsequent transfer of the amino acid
to the 4'-Ppant of the neighboring thiolation domain (Figure
2A). Thus, the A domains catalyze the ATP-dependent
reaction that Lipmann and colleagues initially observed
during their studies on gramicidin S and tyrocidine.'®"* A
domains are generally referred to as the “gate keepers” of

(39) Schlumbohm, W.; Stein, T.; Ullrich, C.; Vater, J.; Krause, M.;
Marahiel, M. A.; Kruft, V.; Wittmann-Liebold, B. An active
serine is involved in covalent substrate amino acid binding at
each reaction center of gramicidin S synthetase. J. Biol. Chem.
1991, 266 (34), 23135-41.

(40) Stein, T.; Vater, J.; Kruft, V.; Otto, A.; Wittmann-Liebold, B.;
Franke, P.; Panico, M.; McDowell, R.; Morris, H. R. The
multiple carrier model of nonribosomal peptide biosynthesis at
modular multienzymatic templates. J. Biol. Chem. 1996, 271
(26), 15428-35.
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Figure 2. Schematic representations of the reactions
catalyzed by each of the core domains of NRPSs. The
domain involved in the reaction shown at the right is
highlighted in black on the left: (A) adenylation domain,
catalyzing aminoacyl-AMP formation; (B) thiolation
domain, highlighting the formation of the aminoacyl
thioester; (C) condensation domain, showing the
formation of a peptide bond between two amino-
acylthioester substrates; the T1 and T2 denote the T
domains from neighboring NRPS modules; the “d” and
“a@” shown within the black C domain denote the donor
and acceptor sites, respectively; (D) thioester domain,
catalyzing first aminoacylester formation on the Te
domain followed by either hydrolysis or cyclization of
the peptide. The “X” represents either a nitrogen or
oxygen. The 4'-Ppant cofactor is represented by the SH
bonded to each T domain. From this figure forward,
4'-Ppant cofactor will be represented in this manner.

NRPSs because they select the amino acid to be activated
and incorporated into the nonribosomal peptide and are
therefore the first level of substrate selectivity in the enzyme
system.*'~** One reason for the enormous structural diversity
of nonribosomal peptides is that A domains are not limited
to the standard 20 proteinogenic amino acids. In fact, more

(41) Dieckmann, R.; Lee, Y. O.; van Liempt, H.; von Dohren, H.;
Kleinkauf, H. Expression of an active adenylate-forming domain
of peptide synthetases corresponding to acyl-CoA-synthetases.
FEBS Lett. 1995, 357 (2), 212-6.

(42) Stachelhaus, T.; Marahiel, M. A. Modular structure of peptide
synthetases revealed by dissection of the multifunctional enzyme
GrsA. J. Biol. Chem. 1995, 270 (11), 6163-9.

(43) Haese, A.; Pieper, R.; von Ostrowski, T.; Zocher, R. Bacterial
expression of catalytically active fragments of the multifunctional
enzyme enniatin synthetase. J. Mol. Biol. 1994, 243 (1), 116—
22.

than 300 different precursors have been identified in nonri-
bosomal peptides.**

Crystal structures of two A domains have been determined
to date; one activates L-Phe and is a representative of amino
acid-activating A domains,* while the other activates 2,3-
dihydroxybenzoic acid and represents aryl acid-activating A
domains.*® The key result from these structural studies was
the cocrystallization of the proteins with their respective
amino or aryl acid substrates, thus enabling Marahiel, Conti,
and colleagues to define the residues important for substrate
recognition,* ™’ a finding that was also supported by
Townsend and colleagues.*® By defining an A domain
substrate specificity code, it is now possible to predict what
particular amino acid a given NRPS module incorporates
based on the structure of the nonribosomal peptide. As will
be discussed in the final section of this review, this specificity
code also allows one to predict the nonribosomal peptide
assembled by an uncharacterized NRPS that was identified
solely through bioinformatics analysis, a process now called
genome mining.

3.2. Thiolation (T) Domains. Once the aminoacyl-AMP
intermediate is formed, the A domain works in conjunction
with a partner T (or peptidyl carrier protein, PCP) domain
to form the aminoacylthioester intermediate (Figure 2B). T
domains belong to the same superfamily of proteins as acyl
carrier proteins (ACP) involved in fatty acid and polyketide
biosynthesis, and they all share the same four-helix bundle
structure.**~>! Like ACPs, T domains must be post-transla-

(44) von Dohren, H. Compilation of peptide structures - A biogenetic
approach. In Biochemistry of peptide antibiotics; Kleinkauf, H.,
von Dohren, H., Eds.; de Gruyter: Berlin, New York, 1990; pp
411-506.

(45) Conti, E.; Stachelhaus, T.; Marahiel, M. A.; Brick, P. Structural
basis for the activation of phenylalanine in the non-ribosomal
biosynthesis of gramicidin S. EMBO J. 1997, 16 (14), 4174—
83.

(46) May, J. J.; Kessler, N.; Marahiel, M. A.; Stubbs, M. T. Crystal
structure of DhbE, an archetype for aryl acid activating domains
of modular nonribosomal peptide synthetases. Proc. Natl. Acad.
Sci. U.S.A. 2002, 99 (19), 12120-12125.

(47) Stachelhaus, T.; Mootz, H. D.; Marahiel, M. A. The specificity-
conferring code of adenylation domains in nonribosomal peptide
synthetases. Chem. Biol. 1999, 6 (8), 493-505.

(48) Challis, G. L.; Ravel, J.; Townsend, C. A. Predictive, structure-
based model of amino acid recognition by nonribosomal peptide
synthetase adenylation domains. Chem. Biol. 2000, 7 (3), 211-
24.

(49) Weber, T.; Baumgartner, R.; Renner, C.; Marahiel, M. A.; Holak,
T. A. Solution structure of PCP, a prototype for the peptidyl
carrier domains of modular peptide synthetases. Structure 2000,
8 (4), 407-418.

(50) Koglin, A.; Mofid, M. R.; Lohr, F.; Schéfer, B.; Rogov, V. V,;
Blum, M. M.; Mittag, T.; Marahiel, M. A.; Bernhard, F.; Détsch,
V. Conformational switches modulate protein interactions in
peptide antibiotic synthetases. Science 2006, 312 (5771), 273—
6.

(51) Samel, S. A.; Schoenafinger, G.; Knappe, T. A.; Marahiel, M. A.;
Essen, L. O. Structural and functional insights into a peptide
bond-forming bidomain from a nonribosomal peptide synthetase.
Structure 2007, 15 (7), 781-792.
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tionally modified with a 4'-Ppant group. Activation of the T
domain to its holo form is achieved by the addition of the
4'-Ppant on a conserved seryl residue at the center of the T
domain by a 4'-Ppant transferase.’> The terminal thiol of
the 4'-Ppant group attacks the carboxyl group of the
aminoacyl-AMP intermediate resulting in the formation of
the aminoacyl thioester, making the T domain the site of
aminoacylthioester formation noted by the Lipmann and
Laland groups in the 1960s.

T domains play a central role in the function of NRPSs
as they must interact not only with A domains in the context
of aminoacylthioester formation but also with other catalytic
domains involved in peptide bond formation, peptide modi-
fication, or peptide release from the NRPS. This requires
the T domain to interact with multiple partners in an
exquisitely timed sequence. Structural work by Dotsch,
Marahiel, and colleagues using NMR spectroscopy of T
domains from tyrocidine biosynthesis detected three distinct
conformations of these domains (A state, H state, and an
intermediate A/H state).’® In the process of transitioning
between these states, there is a significant repositioning of
the 4'-Ppant cofactor. In addition to providing the first
detailed evidence of the 4'-Ppant “swinging arm” motion
necessary for shuttling peptide intermediates down the NRPS,
this work also provides insights into the conformational
changes needed for the interactions between a T domain and
its protein partners.

3.3. Condensation (C) Domains. The C domains are most
commonly located at the beginning of each NRPS module,
precisely positioned for catalyzing peptide bond formation
between two substrates tethered to the adjacent modules
(Figure 2C). The current model proposes the existence of
two distinct substrate-binding sites. One site binds the amino
acid tethered to the corresponding T domain of the module.
Since this aminoacyl thioester will accept the growing peptide
from the preceding module, its binding site is referred to as
the acceptor site. The second site binds the aminoacyl
thioester substrate tethered to the preceding module. Since this
aminoacylthioester will be donated down the NRPS to the
next module, its binding site is referred to as the donor site.
Of the two sites, the acceptor site appears to be more
selective for the correct substrate.”>>° Although the donor

(52) Quadri, L. E.; Weinreb, P. H.; Lei, M.; Nakano, M. M.; Zuber,
P.; Walsh, C. T. Characterization of Sfp, a Bacillus subtilis
phosphopantetheinyl transferase for peptidyl carrier protein
domains in peptide synthetases. Biochemistry 1998, 37 (6), 1585—
1595.

(53) Belshaw, P. J.; Walsh, C. T.; Stachelhaus, T. Aminoacyl-CoAs
as probes of condensation domain selectivity in nonribosomal
peptide synthesis. Science 1999, 284 (5413), 486-9.

(54) Ehmann, D. E.; Trauger, J. W.; Stachelhaus, T.; Walsh, C. T.
Aminoacyl-SNACs as small-molecule substrates for the con-
densation domains of nonribosomal peptide synthetases. Chem.
Biol. 2000, 7 (10), 765-72.

(55) Linne, U.; Marahiel, M. A. Control of directionality in nonri-
bosomal peptide synthesis: role of the condensation domain in
preventing misinitiation and timing of epimerization. Biochem-
istry 2000, 39 (34), 10439-47.
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site appears to have a higher degree of substrate flexibility,
the stereochemistry of the amino acid thioesterifed to the
4'-Ppant moiety of the donor T domain still appears to be
important for selectivity.

Crystal structures of two C domains have been solve
Each structure shows two large substrate channels that meet
at the proposed active site, which contains a signature amino
acid motif (HHxxxxDG)>® that is known to be essential for
catalysis.””®® The absence of substrate bound to the C
domains, however, leaves open questions concerning residues
important for substrate recognition. Importantly, the structural
information combined with site-directed mutagenesis and
recent pH profiles suggests the mechanism of peptide bond
formation does not involve acid—base catalysis as originally
proposed but likely involves ionic interactions that stabilize
catalytic intermediates.”’ This mechanism is similar to the
recently revised mechanism of ribosome-catalyzed peptide
bond formation.®!

3.4. Thioesterase (Te) Domains. The C-terminus of the
final NRPS module typically contains a Te domain. This
domain catalyzes either the hydrolysis of the nonribosomal
peptide from the NRPS or the intramolecular cyclization and
release of the peptide from the NRPS (Figure 2D). Intramo-
lecular cyclization can occur by amide or ester bond
formation. Amide bonds are formed with the amino group
of the a-carbon of the first residue (e.g., tyrocidine), a side
chain amino group from an available residue in the peptide
chain (e.g., bacitracin), or an amino group from a -amino
lipid (e.g., bacillomycin D). Ester bond formation is possible
with the oxygen of the ester bond coming from an amino
acid side chain (e.g., daptomycin), a hydroxylated lipid (e.g.,
surfactin), or a hydroxyl group from polyketide portions of
hybrid nonribosomal peptide and polyketide molecules (e.g.,
epothilone).

d.57’58

(56) Luo, L.; Kohli, R. M.; Onishi, M.; Linne, U.; Marahiel, M. A.;
Walsh, C. T. Timing of epimerization and condensation reactions
in nonribosomal peptide assembly lines: kinetic analysis of
phenylalanine activating elongation modules of tyrocidine syn-
thetase B. Biochemistry 2002, 41 (29), 9184-96.

(57) Keating, T. A.; Marshall, C. G.; Walsh, C. T.; Keating, A. E.
The structure of VibH represents nonribosomal peptide syn-
thetase condensation, cyclization and epimerization domains. Nat.
Struct. Biol. 2002, 9 (7), 522-6.

(58) Samel, S. A.; Schoenafinger, G.; Knappe, T. A.; Marahiel, M. A.;
Essen, L. O. Structural and functional insights into a peptide
bond-forming bidomain from a nonribosomal peptide synthetase.
Structure 2007, 15 (7), 781-92.

(59) De Crécy-Lagard, V.; Marliere, P.; Saurin, W. Multienzymatic
non ribosomal peptide biosynthesis: identification of the func-
tional domains catalysing peptide elongation and epimerisation.
C. R. Acad. Sci. 111 1995, 318 (9), 927-36.

(60) Stachelhaus, T.; Mootz, H. D.; Bergendahl, V.; Marahiel, M. A.
Peptide bond formation in nonribosomal peptide biosynthesis.
Catalytic role of the condensation domain. J. Biol. Chem. 1998,
273 (35), 22773-27781.

(61) Bieling, P.; Beringer, M.; Adio, S.; Rodnina, M. V. Peptide bond
formation does not involve acid—base catalysis by ribosomal
residues. Nat. Struct. Mol. Biol. 2006, 13 (5), 423-8.
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For either hydrolysis or cyclization, Te domains first
catalyze the formation of an ester-linked intermediate
between the terminal carboxyl group of the nonribosomal
peptide and a conserved seryl residue of the Te domain. The
site of ester formation is part of a catalytic triad that cleaves
the peptide from the final 4'-Ppant cofactor and transfers it
to the seryl residue of the Te. The first crystal structure of
an NRPS Te domain was from surfactin biosynthesis®* and
included the substrate bound to the enzyme. Based on this
structure and substrate specificity studies,*>°® Te domains
that catalyze cyclization reactions appear to be flexible in
the substrate they cyclize. Substrate selectivity is limited to
the nonribosomal peptide residues that bind at or near the
site of the conserved seryl residue. There is also some
selectivity based on the size of the cyclized product and
the secondary structure formed by the peptide. As will be
discussed in the final section, this substrate flexibility is being

(62) Bruner, S. D.; Weber, T.; Kohli, R. M.; Schwarzer, D.; Marahiel,
M. A.; Walsh, C. T.; Stubbs, M. T. Structural basis for the
cyclization of the lipopeptide antibiotic surfactin by the thioesterase
domain SrfTE. Structure 2002, 10 (3), 301-10.

(63) Tseng, C. C.; Bruner, S. D.; Kohli, R. M.; Marahiel, M. A.;
Walsh, C. T.; Sieber, S. A. Characterization of the surfactin
synthetase C-terminal thioesterase domain as a cyclic depsipep-
tide synthase. Biochemistry 2002, 41 (45), 13350-13359.

(64) Trauger, J. W.; Kohli, R. M.; Mootz, H. D.; Marahiel, M. A.;
Walsh, C. T. Peptide cyclization catalysed by the thioesterase
domain of tyrocidine synthetase. Nature 2000, 407 (6801), 215—
218.

(65) Trauger, J. W.; Kohli, R. M.; Walsh, C. T. Cyclization of
backbone-substituted peptides catalyzed by the thioesterase
domain from the tyrocidine nonribosomal peptide synthetase.
Biochemistry 2001, 40 (24), 7092-7098.

(66) Kohli, R. M.; Takagi, J.; Walsh, C. T. The thioesterase domain
from a nonribosomal peptide synthetase as a cyclization catalyst
for integrin binding peptides. Proc. Natl. Acad. Sci. U.S.A. 2002,
99 (3), 1247-52.

(67) Kohli, R. M.; Trauger, J. W.; Schwarzer, D.; Marahiel, M. A.;
Walsh, C. T. Generality of peptide cyclization catalyzed by
isolated thioesterase domains of nonribosomal peptide syn-
thetases. Biochemistry 2001, 40 (24), 7099-108.

(68) Kohli, R. M.; Walsh, C. T.; Burkart, M. D. Biomimetic synthesis
and optimization of cyclic peptide antibiotics. Nature 2002, 418
(6898), 658-61.

exploited to generate cyclic peptide libraries using chemoen-
zymatic approaches. It is not yet clear whether Te domains
that hydrolyze linear peptides from an NRPS have significant
substrate specificity.

3.5. Modularity of NRPSs. Three of the domains dis-
cussed above are grouped together and referred to as an
NRPS module, with each module containing the domains
ordered as C-A-T. Thus, a module defines the domains
involved in the activation and thioesterification of one
precursor and one peptide bond formation with the thioes-
terified substrate from the upstream module. Additional
domains that modify the growing peptide chain can be part
of an NRPS module; however, the minimal NRPS module
involves the three domains C-A-T. We will use the NRPS
that assembles tyrocidine to illustrate this concept (Figure
3). It is important to note that this is an example of a type
A, linear NRPS. This nomenclature indicates that each
enzymatic domain, and thus each module, is used once during
the biosynthesis of the nonribosomal peptide. Type B,
iterative NRPSs use all of their modules more than once
during the biosynthesis of a single nonribosomal peptide,
while type C, nonlinear NRPSs deviate from the C-A-T rule
of module formation with certain domains working more than
once during the biosynthesis of a single nonribosomal
peptide. Examples of each type of NRPS will be discussed
in this review.

Tyrocidine is a cyclic decapeptide biosynthesized by B.
brevis.®® The tyrocidine NRPS consists of 10 modules
contained on three separate proteins (Figure 3).>” Analysis
of the complete NRPS shows the repeating C-A-T modular
architecture of the NRPS, with the terminal module contain-
ing the Te domain. However, modules 1 and 4 deviate from
the typical C-A-T repeat. First, there is no C domain in
module one, a finding that is common for initiating modules
because there is no preceding substrate for peptide bond
formation. Module 1 also includes an additional enzymatic
domain, an epimerization (E) domain. Though this domain
shows extensive sequence similarity with C domains, it does

(69) Paladini, A.; Lyman, C. C. The chemistry of tyrocidine. III. The
structure of tyrocidine A. J. Am. Chem. Soc. 1954, 76 (3), 688—
692.
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not catalyze peptide bond formation, but rather converts
amino acids between the L- and D- isomers.**’%’! The
presence of this domain in module one is consistent with
the first residue in tyrocidine being D-Phe. Module 4 also
contains an E domain and explains the mechanism for the
formation of D-Phe for residue 4. Module 10 of the NRPS
terminates in a Te domain that catalyzes the intramolecular
cyclization of the peptide. The o-amino group of residue 1
functions as the nucleophile to attack residue 10 while it is
esterified to the Te domain. Thus, the 10-module tyrocidine
NRPS catalyzes the activation and thioesterification of 10
amino acids, the epimerization of residues 1 and 4 from their
L- to D-forms, the condensation of the amino acids in a
directional manner to form the decapeptide, and the release
of the peptide from the NRPS using intramolecular cyclization.

Nature has harnessed the basic C-A-T module architecture
to generate enormous structural diversity in nonribosomal
peptides. The structural diversity of natural products pro-
duced by NRPS enzymology is based on the number of
modules used, the amino acids activated by their A domains,
and the addition of modifying domains such as E domains.
These peptides can also differ in whether or not the peptide
is cyclized, and if it is cyclized, the residues involved in
cyclization can differ. Additionally, nonribosomal peptides
can be decorated by assorted modifying enzymes, including
glycosyltransferases,’* carbamoyltransferases,”> and oxi-
dases” to name a few, which can further vary the structures
of the final products after release from the NRPS.

4. Medically Relevant Nonribosomal
Peptides and the Associated NRPSs

This is not meant to be a comprehensive review of all
medically relevant NRPSs. Rather, NRPSs discussed below
were chosen to highlight the basic enzymology of NRPSs
and how subtle or extensive modifications to the basic C-A-T
module repeat enable the formation of the enormous

(70) Fuma, S.; Fujishima, Y.; Corbell, N.; D’Souza, C.; Nakano,
M. M.; Zuber, P.; Yamane, K. Nucleotide sequence of 5’ portion
of srfA that contains the region required for competence
establishment in Bacillus subtilus. Nucleic Acids Res. 1993, 21
(1), 93-7.

(71) Stachelhaus, T.; Walsh, C. T. Mutational analysis of the
epimerization domain in the initiation module PheATE of
gramicidin S synthetase. Biochemistry 2000, 39 (19), 5775-5787.

(72) van Wageningen, A. M.; Kirkpatrick, P. N.; Williams, D. H.;
Harris, B. R.; Kershaw, J. K.; Lennard, N. J.; Jones, M.; Jones,
S. J.; Solenberg, P. J. Sequencing and analysis of genes involved
in the biosynthesis of a vancomycin group antibiotic. Chem. Biol.
1998, 5 (3), 155-162.

(73) Thomas, M. G.; Chan, Y. A.; Ozanick, S. G. Deciphering
tuberactinomycin biosynthesis: isolation, sequencing, and an-
notation of the viomycin biosynthetic gene cluster. Antimicrob.
Agents Chemother. 2003, 47 (9), 2823-2830.

(74) Samson, S. M.; Belagaje, R.; Blankenship, D. T.; Chapman, J. L.;
Perry, D.; Skatrud, P. L.; VanFrank, R. M.; Abraham, E. P.;
Baldwin, J. E.; Queener, S. W.; et al. Isolation, sequence
determination and expression in Escherichia coli of the isopeni-
cillin N synthetase gene from Cephalosporium acremonium.
Nature 1985, 318 (6042), 191-194.
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structural diversity seen in natural products using this type
of enzymology. The order in which the natural products are
discussed progresses from the straightforward biosynthesis
of the tripeptide backbone of S-lactam antibiotics to the more
complicated enzymology involved in the biosynthesis of
bleomycin, a molecule synthesized in large part by an NRPS
that differs greatly from the classic C-A-T module architec-
ture. We also note that this review focuses on NRPSs that
form some of the most important drugs used in medicine.
Equally interesting is the finding that many pathogenic
microorganisms use NRPS enzymology to assemble small
molecules that enable them to survive in the host environment
and cause disease. For example, many pathogenic microor-
ganisms access iron from the host environment by biosyn-
thesizing, secreting, and reabsorbing iron-chelating molecules
called siderophores. The production and reacquisition of these
metabolites can be essential for an organism to cause disease.
Due to this, there is intense interest in developing small
molecule inhibitors of these NRPSs to provide a new target
for drug development.”®> Thus, NRPS enzymology has been
harnessed by us to treat an infection, but has also been
harnessed by microorganisms to enable an infection. Due to
space limitations, we will focus our attention on NRPSs that
produce medically relevant drugs.

4.1. f-Lactams (Type A, Linear NRPSs). The f3-lactams
are a large class of antibiotics which includes the penicillins
and the cephalosporins. It was estimated that in 1996 the
world market for S-lactam antibiotics was $15 billion,
accounting for more than half of all prescribed antibiotics
worldwide.”®”” The mechanism of action is through
inactivation of the transpeptidation reaction of cell wall
biosynthesis, leading to cell lysis.”® These antibiotics have
stayed clinically relevant because some species of bacteria
have remained sensitive to the natural penicillins and
cephalosporins. Additionally, the generation of semisyn-
thetic derivatives that regain antibacterial activity against
resistant strains has been largely successful, extending the
lifetime of the S-lactams.”®

The penicillin and cephalosporin antibiotics are produced
by fungi in the genera Penicillium, Cephalosporium, and
Aspergillus and by bacteria including Streptomyces, Nocar-
dia, Flavobacterium, and Lysobacter species.77 Regardless
of the producing microorganism, the biosynthesis of the

(75) Miethke, M.; Marahiel, M. A. Siderophore-based iron acquisition
and pathogen control. Microbiol. Mol. Biol. Rev. 2007, 71 (3),
413-51.

(76) Elander, R. P. Industrial production of -lactam antibiotics. Appl.
Microbiol. Biotechnol. 2003, 61 (5-6), 385-92.

(77) Paradkar, A. S.; Jensen, S. E.; Mosher, R. H. Comparative
genetics and molecular biology of f(-lactam biosynthesis. In
Biotechnology of antibiotics; Strohl, W. R., Ed.; Marcel Dekker,
Inc.: New York, 1997; Vol. 82, 241—277.

(78) Walsh, C. T. Antibiotics: actions, origins, resistance; ASM Press:
Washington, DC, 2003; p 335.

(79) Demain, A. L.; Elander, R. P. The S-lactam antibiotics: past,
present, and future. Antonie Van Leeuwenhoek 1999, 75 (1-2),
5-19.
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natural derivatives of penicillin and the cephalosporin
involves the formation of the common intermediate isopeni-
cillin N (Figure 4). This intermediate is formed by the
modification of the tripeptide L-a-aminoadipate-L-Cys-D-Val
(ACV) by isopenicillin N synthase, which catalyzes the
formation of the -lactam and thiazolidine rings of isopeni-
cillin N. The assembly of this tripeptide is catalyzed by an
NRPS, commonly referred to as the ACV synthetase.

The biochemical and molecular analysis of ACV syn-
thetase has played a prominent role in deciphering how
NRPSs catalyze nonribosomal peptide biosynthesis.>> One
reason for this is that the assembly of ACV by ACV
synthetase is straightforward. Three amino acids are con-
densed together, and an E domain in the last module
accomplishes the conversion of the final amino acid from
the L- to the D-isomer. ACV synthetases are large (~420
kDa), single polypeptides with a simple three-module
architecture (Figure 4). Module 1 is a two-domain initiating
module (A-T) that activates and covalently tethers L-o-
aminoadipate. Module 2 has the standard C-A-T tridomain
architecture to activate and thioesterify L-Cys to the T
domain. This is followed by directional peptide bond
formation with L-oi-aminoadipate to generate a dipeptide on
the T domain of module 2. Module 3 contains the enzymatic
information for the activation of L-Val, formation of the
tripeptide on the final T domain, epimerization of the L-Val
of the tripeptide to D-Val, and hydrolysis of the linear
tripeptide from the NRPS (Figure 4). In this scheme, each
enzymatic domain and module is used once for the generation
of ACV. Therefore, ACV synthetase is a type A, linear NRPS
and provides an excellent example of the elegant simplicity
of this type of NRPS enzymology.

The biosynthesis of the tripeptide backbone of all penicil-
lins and cephalosporins follows this same NRPS biosynthetic
route. Additionally, these pathways also share the isopeni-
cillin N synthase-dependent oxidative conversion of ACV

(80) Fawcett, P. A.; Usher, J. J.; Huddleston, J. A.; Bleaney, R. C.;
Nisbet, J. J.; Abraham, E. P. Synthesis of delta-(alpha-aminoa-
dipyl)cysteinylvaline and its role in penicillin biosynthesis.
Biochem. J. 1976, 157 (3), 651-60.

to isopenicillin N (Figure 4).°% Thus, the structural
differences in the penicillins versus the cephalosporins do
not come from variations in the NRPS enzymology or the
subsequent biosynthetic step. Instead, the structural changes
are due to enzymes that modify the isopenicillin N interme-
diate. Once isopenicillin N is formed, an acetyltranferase
replaces the a-aminoadipate moiety with a phenyl acetate
or phenyloxy acetate to generate penicillin G and V,
respectively, depending on which component is in the growth
medium.®* For the cephalosporins, the L-o-aminoadipate is
converted to D-0-aminoadipate®**> and the thiazolidine ring
is converted to a dihydrothiazine ring,®® followed by
hydroxylation®”*® and acetylation® to generate cephalosporin
C (Figure 4).

(81) Sawada, Y.; Baldwin, J. E.; Singh, P. D.; Solomon, N. A.;
Demain, A. L. Cell-free cyclization of delta-(L-alpha-aminoad-
ipyl)-L-cysteinyl-D-valine to isopenicillin N. Antimicrob. Agents
Chemother. 1980, 18 (3), 465-70.

(82) Hollander, I. J.; Shen, Y. Q.; Heim, J.; Demain, A. L.; Wolfe,
S. A pure enzyme catalyzing penicillin biosynthesis. Science
1984, 224 (4649), 610-2.

(83) Jensen, S. E.; Demain, A. L. Beta-lactams. In Genetics and
biochemistry of antibiotic production; Vining, L. C., Stuttard,
C., Eds.; Butterworth-Heinemann: Newman, MA, 1995; pp 239—
281..

(84) Konomi, T.; Herchen, S.; Baldwin, J. E.; Yoshida, M.; Hunt,
N. A.; Demain, A. L. Cell-free conversion of delta-(L-alpha-
aminoadipyl)-L-cysteinyl-D-valine into an antibiotic with the
properties of isopenicillin N in Cephalosporium acremonium.
Biochem. J. 1979, 184 (2), 427-30.

(85) Usui, S.; Yu, C. A. Purification and properties of isopenicillin
N epimerase from Streptomyces clavuligerus. Biochim. Biophys.
Acta 1989, 999 (1), 78-85.

(86) Kohsaka, M.; Demain, A. L. Conversion of penicillin N to
cephalosporin(s) by cell-free extracts of Cephalosporium acre-
monium. Biochem. Biophys. Res. Commun. 1976, 70 (2), 465—
73.

(87) Dotzlaf, J. E.; Yeh, W. K. Copurification and characterization
of deacetoxycephalosporin C synthetase/hydroxylase from Ceph-
alosporium acremonium. J. Bacteriol. 1987, 169 (4), 1611-8.

(88) Jensen, S. E.; Westlake, D. W.; Wolfe, S. Deacetoxycepha-
losporin C synthetase and deacetoxycephalosporin C hydroxylase
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4.2. Daptomycin (Type A, Linear NRPS). Daptomycin,
a cyclic lipopeptide antibiotic, represents the first new class
of antibiotics introduced in 30 years.”® Marketed under the
name Cubicin (Daptomycin-for-injection; Cubist Pharma-
ceuticals), it is approved for the treatment of skin and skin
structure infections caused by Gram-positive pathogens,
including methicillin- and vancomycin-resistant Staphylo-
coccus aureus,”™®! as well as the treatment of bacteremia
and endocarditis.”? Daptomycin works by disrupting bacterial
cell membranes in a calcium-dependent manner, although
the precise mechanism of action is unclear.”*=%°

Daptomycin is produced by the actinomycete Streptomyces
roseosporus NRRL11379 as a minor component of the

(89) Scheidegger, A.; Gutzwiller, A.; Kueenzi, M. T.; Feiechter, A.;
Nueesch, J. Investigation of acetyl-CoA: deacetylcephalosporin
C O-acetyltransferase of Cephalosporium acremonium. J. Bio-
technol. 1985, 3 (1-2), 109-17.

(90) Kirkpatrick, P.; Raja, A.; LaBonte, J.; Lebbos, J. Daptomycin.
Nat. Rev. Drug. Discov. 2003, 2 (12), 943—4.

(91) Baltz, R. H.; Brian, P.; Miao, V.; Wrigley, S. K. Combinatorial
biosynthesis of lipopeptide antibiotics in Streptomyces
roseosporus. J. Ind. Microbiol. Biotechnol. 2006, 33 (2), 66—
74.

(92) Fowler, V. G., Jr.; Boucher, H. W.; Corey, G. R.; Abrutyn, E.;
Karchmer, A. W.; Rupp, M. E.; Levine, D. P.; Chambers, H. F.;
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A21978C complex of lipopeptide antibiotics produced by
this bacterium.”®® The members of this complex share a
13 amino acid cyclic core but vary in the number of carbons
in the lipid portion of their structures, with daptomycin
containing an N-terminal decanoyl lipid (Figure 5). Of the
13 amino acids, six of them are nonproteinogenic, including
three D-isomers of proteinogenic amino acids. The three
remaining nonproteinogenic amino acids are L-ornithine,
3-methylglutamate, and L-kynurenine. L-Ornithine is a com-
mon metabolite in primary metabolism, but 3-methyl-
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glutamate and L-kynurenine are produced specifically for
daptomycin biosynthesis.”>"'%

Sequencing of the daptomycin biosynthetic gene cluster
has provided many insights into the biosynthesis of dapto-
mycin, even prompting a revision of its chemical structure
based on the domain architecture of the NRPS.”® The
biosynthetic gene cluster codes for 13 amino acid-specific
NRPS modules, establishing that the daptomycin NRPS
functions as a type A, linear NRPS (Figure 5). Unlike ACV
synthetase and the tyrocidine NRPS, the daptomycin NRPS
initiates with a C domain rather than an A domain. This is
a common occurrence for NRPSs that assemble peptides
containing an N-terminal lipid.'°"'°* In the case of dapto-
mycin, the addition of the N-terminal lipid is proposed to
involve the concerted actions of DptE and DptF, which are
homologues of acyl-CoA ligases and ACPs, respectively. It
has been proposed that these enzymes work together to tether
the lipid precursor to the 4'-Ppant cofactor of DptF. The
acylated DptF is then the donor substrate for the C domain
of the NRPS. Thus, the DptE-DptF pair can be viewed as a
didomain module that replaces the typical initiating A-T pair.
To be consistent with previously used module nomenclature,
module numbering in Figure 5 begins after the initiation
module (IM). The remainder of the NRPS functions as
anticipated, with a clear repeating C-A-T modular architec-
ture with E domains present in modules 2, 3, and 11 to
change the stereochemistry of the corresponding amino acids.
The Te domain catalyzes cyclization between the hydroxyl
group of residue 4 and the carboxyl group of the terminal
amino acid found in module 13 (Figure 5). The resulting
lipopeptide contains a 10 amino acid ring (residues 4—13)
cyclized by an ester linkage, as well as an exocyclic tail
containing three amino acids and decanoic acid. Thus, once
the precursors are generated, all other biosynthetic steps for
daptomycin assembly are contained within the NRPS.

Of all of the nonribosomal peptides discussed in this
review, daptomycin has proven the most amenable to
combinatorial biosynthesis. The term combinatorial biosyn-
thesis refers to the generation of new structural derivatives
of natural products through metabolic engineering of the

biosynthetic pathway, thereby producing “unnatural” natural
products. The repeating C-A-T architecture of NRPSs makes
them particularly amenable to the construction of hybrid
enzymes consisting of domains or modules from more than
one NRPS. Marahiel, Stachelhaus, and colleagues provided
the first evidence for successful hybrid NRPS construction
by generating a fusion between the NRPS that generates
surfactin and ACV synthetase.'® Combinatorial biosyn-
thesis of daptomycin biosynthesis, lead by Baltz and
colleagues,”’'%4~1% has been particularly successful because
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U.S.A. 2006, 103 (46), 17462-17467.
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daptomycin is structurally related to a number of other cyclic
lipopeptides, in particular calcium-dependent antibiotic and
A54145 (Figure 6), making hybrid NRPS construction
straightforward. Baltz and colleagues have generated hybrid
NRPSs in which modules 8, 11, 12, and/or 13 from
daptomycin have been replaced with the corresponding
modules from calcium-dependent antibiotic and A54145. As
expected, these hybrid NRPSs generated hybrid nonribosomal
peptides (Figure 6). When these hybrid NRPSs are coupled
to targeted-gene disruption of the 3-methylglutamate-forming
methyltransferase and the natural variability in the lipid, a
library of new daptomycin derivatives is generated. These
studies show the power of harnessing the biosynthetic
potential of NRPSs and how it can be used to generate hybrid
antibiotics with activity against resistant strains with reduced
side effects for the patient or better pharmacokinetics. For a
more complete discussion of combinatorial biosynthesis of
natural products biosynthetic pathways, the reader is directed
to a number of recent reviews.'®~'%

4.3. Cyclosporin A (Type A, Linear NRPS). The cy-
closporins are a series of undecapeptides produced by the
fungal species Tolypocladium inflatum, with cyclosporin A
having the most interesting biological activities.''” Cy-
closporin A was initially investigated as a potential fungicide,
but it had too narrow a therapeutic spectrum for further
development.'!! The finding that cyclosporin A has potent

(107) Staunton, J.; Wilkinson, B. Combinatorial biosynthesis of
polyketides and nonribosomal peptides. Curr. Opin. Chem. Biol.
2001, 5 (2), 159-164.

(108) Reeves, C. D. The enzymology of combinatorial biosynthesis.
Crit. Rev. Biotechnol. 2003, 23 (2), 95-147.

(109) Menzella, H. G.; Reeves, C. D. Combinatorial biosynthesis for
drug development. Curr. Opin. Microbiol. 2007, 10 (3), 238—
245.

(110) Dreyfuss, M.; Harri, E.; Hoffmann, H.; Kobel, H.; Pache, W.;
Tscherter, H. Cyclosporin A and C. New metabolites from
Trichoderma polysporum (Link ex Pers.) Rifai. Eur. J. Appl.
Microbiol. 1976, 3, 125-33.

(111) Velkov, T.; Lawen, A. Non-ribosomal peptide synthetases as
technological platforms for the synthesis of highly modified
peptide bioeffectors - cyclosporin synthetase as a complex
example. In Biotechnology Annual Review; El-Gewely, M. R.,
Ed.; Elsevier Science B. V.: Amsterdam, 2003; Vol. 9, pp 151-
197..
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anti-inflammatory and immunosuppressant activity prompted
its clinical use in transplant surgeries to prevent graft
rejection and the treatment of autoimmune diseases.!'>!!?
In both cases, the biological activity comes from the ability
of cyclosporin A to suppress T-cell activation.''

Cyclosporin A is an 11 amino acid cyclic peptide with
the nonproteinogenic amino acids D-Ala, (4R)-4-[(E)-2-
butyl]-4-methyl-L-threonine, and L-2-aminobutyric acid (Fig-
ure 7). In addition to (4R)-4-[(E)-2-butyl]-4-methyl-L-
threonine, six of the eight proteinogenic amino acids are
N-methylated. To assemble cyclosporin A, all of the pro-
teinogenic amino acids and L-2-aminobutyric acid are
siphoned away from primary metabolism, with appropriate
N-methylations occurring concurrently with peptide biosyn-
thesis. The two remaining nonproteinogenic amino acids have
specialized pathways for their synthesis. In contrast to the
NRPS-integrated E domains discussed above, D-Ala for
cyclosporin A is generated by an external L-Ala racemase.' '
(4R)-4-[(E)-2-Butyl]-4-methyl-L-threonine is assembled from
acetyl-CoA, malonyl-CoA, S-adenosylmethionine, and an
amino donor. A polyketide synthase generates 3(R)-hydroxy-
4-(R)-methyl-6-(E)-octenoyl-CoA, an intermediate that is
transformed into the final amino acid product.''®!'"’

The NRPS that assembles cyclosporin A is a single
polypeptide that includes 11 modules, consistent with a type
A, linear NRPS organization (Figure 7). There are, however,
two points of divergence from the standard C-A-T module
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perspectives. Transplant Proc. 1999, 31 (3), 1464-71.
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Actions 1976, 6 (4), 468-75.

(115) Hoffmann, K.; Schneider-Scherzer, E.; Kleinkauf, H.; Zocher,
R. Purification and characterization of eucaryotic alanine race-
mase acting as key enzyme in cyclosporin biosynthesis. J. Biol.
Chem. 1994, 269 (17), 12710-4.

(116) Offenzeller, M.; Santer, G.; Totschnig, K.; Su, Z.; Moser, H.;
Traber, R.; Schneider-Scherzer, E. Biosynthesis of the unusual
amino acid (4R)-4-[(E)-2-butenyl]-4-methyl-L-threonine of cy-
closporin A: enzymatic analysis of the reaction sequence
including identification of the methylation precursor in a
polyketide pathway. Biochemistry 1996, 35 (25), 8401-8412.
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architecture. First, modules 2—5 and 7—11 contain an extra
domain referred to as a methyltransferase (M) domain. This
domain has been shown in other NRPS systems to catalyze
S-adenosylmethionine-dependent N-methylations of amino
acids as they are incorporated by the NRPS into the growing
peptide chain.''®'2° Therefore, it is reasonable to assume
the N-methyl groups seen in the cyclosporin A structure are
introduced by the associated M domains. Biochemical studies
on the cyclosporin A NRPS using photoaffinity labels and
['3C—methyl]-adenosylmethionine, along with the failure of
the NRPS to activate N-methylated amino acids, support this
proposal.'?'~'?3 Thus, additional enzymatic domains, as seen
with E and M domains, can be integrated into the NRPS
modules to further diversify the structure of the nonribosomal
peptide being assembled.

The remaining divergence from standard NRPS modules
is the presence of two “extra” C domains in the first and
eleventh modules. Module 1 initiates in a C domain, and
module 11 terminates in a C domain. The model is that one
or both of these C domains is involved in the cyclization
and release of the peptide from the NRPS, analogous to the
role Te domains usually play. Thus, the donor site of the C
domain(s) recognizes residue 11 of the complete undecapep-
tide, while the acceptor site recognizes not a thioesterified
substrate but rather residue 1 of the peptide. The positioning
of the a-amino group of residue 1 in close proximity to the
carbonyl group of the final thioesterified amino acid would
result in peptide bond formation and release of the cyclic
peptide. This type of cyclization mechanism for C or
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octenoic acid as a key intermediate by enzymatic in vitro
synthesis and by in vivo labeling techniques. J. Biol. Chem. 1993,
268 (35), 26127-26134.

(118) Billich, A.; Zocher, R. N-methyltransferase function of the
multifunctional enzyme enniatin synthetase. Biochemistry 1987,
26, 8417-23.

(119) Schauwecker, F.; Pfennig, F.; Grammel, N.; Keller, U. Construc-
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Biol. 2000, 7 (4), 287-297.
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L.; Crouzet, J.; Blanc, V. Streptogramin B biosynthesis in
Streptomyces pristinaespiralis and Streptomyces virginiae: mo-
lecular characterization of the last structural peptide synthetase
gene. Antimicrob. Agents Chemother. 1997, 41 (9), 1904-9.
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269 (4), 2841-6.
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transferase domains of cyclosporin synthetase. Photochem.
Photobiol. 2003, 77 (2), 129-137.

modified C domains has also been proposed for thaxtomin
A,'?* capreomycin,'*® and gliotoxin biosynthesis.'?®

In summary, the cyclosporin A NRPS is a type A, linear
NRPS as seen with the prior examples. However, this NRPS
introduces N-methylations by a new catalytic domain that
is not seen in tyrocidine, -lactam, or daptomycin systems.
The integration of the M domain within modules introduces
an additional mechanism for structural diversification of the
peptides synthesized by NRPS systems. This is analogous
to the addition of E domains to change the stereochemistry
of incorporated amino acids. In addition to M and E domains,
a variety of other modifying domains such as oxidation,
C-methylation, O-methylation, aminotransferase, reductase,
and cyclization domains have been identified which further
diversify the growing peptide chain and results in modules
that deviate from the standard C-A-T architecture.'?’ Im-
portantly, each of these modifying domains is inserted into
the NRPS polypeptides, making them integral parts of
nonribosomal peptide assembly.

4.4. Glycopeptides (Type A, Linear NRPSs). The gly-
copeptides are a group of natural products that feature a linear
heptapeptide structure with extensive cross-linking between
the side chains of the peptide amino acids. The two clinically
relevant members of this group are vancomycin and teichop-
lanin (Figure 8). Vancomycin, produced by the actinomycete
Amycolatopsis orientalis,"® is used against some methicillin-
resistant S. aureus infections and is also used to treat serious
infections and endocarditis caused by Staphylococcus, Strep-
tococcus, and Corynebacterium.'**'3° Teichoplanin, pro-
duced by the actinomycete Actinoplanes teichomyceticus, is
used in Europe for vancomycin-resistant enterococci but has
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R. The txtAB genes of the plant pathogen Streptomyces
acidiscabies encode a peptide synthetase required for phytotoxin
thaxtomin A production and pathogenicity. Mol. Microbiol. 2000,
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Figure 8. Schematic representation of the chloroeremomycin NRPS and the timing of the oxidative cross-linking of the
heptapeptide backbone. The oxidative cross-linking between residues 2—4, 4-6, and 5-7 are noted. The cross-linking
is shown occurring while the heptapeptide is thioesterified to the T domain of module 7. The “X” on the L-Bht residues
are either H or Cl depending on the timing of chlorination. Abbreviations of nonproteinogenic amino acids: L-Bht,
p-hydroxy-L-Tyr; L-Hpg, L-p-hydroxyphenylglycine; L-Dhp, 3,5-dihydroxy-L-phenylglycine. The structures of vancomycin
and teichoplanin are shown at the bottom right. For these glycopeptides the NRPSs and downstream modifying
enzymes will differ with those seen in chloroeremomycin to reflect the structural differences.

yet to be approved by the FDA.'3! Both antibiotics function
by blocking the transpeptidation or transglycosylation steps
of cell wall biosynthesis in susceptible bacteria by binding
to the D-Ala-D-Ala terminus of the pentapeptide portion of
the growing cell wall. This binding likely prevents the
function of the transpeptidase/transglycosylase through steric
hindrance, resulting in bacterial lysis due to a weakened cell
wall.'3!

While the biosynthetic gene cluster for teicoplanin has
been reported,'*? that for vancomycin biosynthesis has not.
However, the biosynthetic gene clusters for chloroeremo-
mycin’? and balhimycin,'*® glycopeptides with an oxidatively
cross-linked heptapeptide identical to vancomycin, are avail-

(131) Kahne, D.; Leimkuhler, C.; Lu, W.; Walsh, C. Glycopeptide and
lipoglycopeptide antibiotics. Chem. Rev. 2005, 105 (2), 425-48.
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(Pt 1), 95-102.

(133) Pelzer, S.; Sussmuth, R.; Heckmann, D.; Recktenwald, J.; Huber,
P.; Jung, G.; Wohlleben, W. Identification and analysis of the
balhimycin biosynthetic gene cluster and its use for manipulating
glycopeptide biosynthesis in Amycolatopsis mediterranei
DSM5908. Antimicrob. Agents Chemother. 1999, 43 (7),
1565-1573.
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able, and it is reasonable to assume the vancomycin NRPS
will follow the mechanism seen in these other pathways. We
will use the chloroeremomycin pathway as the model for
vancomycin.

A series of nonproteinogenic amino acids must be as-
sembled before NRPS-catalyzed peptide assembly. These
include 4-hydroxy-L-phenylglycine, 3-hydroxy-L-tyrosine,
and 3,5-dihydroxy-L-phenylglycine. All of the enzymes
involved in the formation of these nonproteinogenic amino
acids are coded within the same biosynthetic gene.'**~!3%
This is a classic example of how NRPS systems have evolved
to biosynthesize nonproteinogenic amino acids specifically

(134) Hubbard, B. K.; Thomas, M. G.; Walsh, C. T. Biosynthesis of
L-p-hydroxyphenylglycine, a non-proteinogenic amino acid
constituent of peptide antibiotics. Chem. Biol. 2000, 7 (12), 931—
42.

(135) Chen, H.; Tseng, C. C.; Hubbard, B. K.; Walsh, C. T.
Glycopeptide antibiotic biosynthesis: enzymatic assembly of the
dedicated amino acid monomer (S)-3,5-dihydroxyphenylglycine.
Proc. Natl. Acad. Sci. U.S.A. 2001, 98 (26), 14901-6.

(136) Pfeifer, V.; Nicholson, G. J.; Ries, J.; Recktenwald, J.; Schefer,
A. B.; Shawky, R. M.; Schroder, J.; Wohlleben, W.; Pelzer, S.
A polyketide synthase in glycopeptide biosynthesis: the biosyn-
thesis of the non-proteinogenic amino acid (S)-3,5-dihydroxy-
phenylglycine. J. Biol. Chem. 2001, 276 (42), 38370-7.
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for the construction of a nonribosomal peptide, thus extend-
ing the structural diversity of this class of natural products.

Analysis of the domain and module organization of each
NRPS explains, at one level, the logic of heptapeptide
formation. Each NRPS contains the anticipated seven-module
architecture: module one consists of an A-T didomain
module, five internal modules contain C-A-T (modules 3,
6, and 7) or C-A-T-E (modules 2, 4, and 5) domain
architectures, and the seventh module contains the Te domain
(Figure 8). While the presence of the E domains explains
the stereochemistry of three of the D-amino acids in the final
structures, residue 1 in vancomycin and teichoplanin is the
D-isomer, but the first modules do not contain E domains. It
is not yet clear whether residue 1 is activated as the D-isomer
or whether residue 1 is activated as the L-isomer and
converted by an external epimerase. Another possibility is
that the C domain of module 2 is bifunctional in catalyzing
condensation and epimerization, as seen in arthrofactin
biosynthesis.'**

The initial model for heptapeptide assembly was thought
to proceed via the standard NRPS mechanism followed by
oxidative cross-linking of the aromatic residues to form the
cup-like structure of the heptapeptide backbone.”” Biochemi-
cal studies on a cytochrome P450 oxidase proposed to
catalyze the cross-links between residues 4 and 6 of
vancomycin biosynthesis, however, failed to detect catalytic
activity on the free, linear heptapeptide.'*® Oxidative cross-
linking was only observed when the corresponding peptide
was thioesterified to the T domain of module 6 or 7.'40:!4!
This suggests that oxidative cross-linking is an integral part
of peptide biosynthesis, and these cytochrome P450 oxidases
may be considered auxiliary domains within the NRPS even
though they are not integrated directly into the NRPS.

Oxidative cross-linking may not be the only modification
to occur during formation of the heptapeptide. Many gly-
copeptides contain 3-hydroxytyrosine residues that are

(137) Chen, H.; Hubbard, B. K.; O’Connor, S. E.; Walsh, C. T.
Formation of -hydroxy histidine in the biosynthesis of nikko-
mycin antibiotics. Chem. Biol. 2002, 9 (1), 103-12.

(138) Puk, O.; Bischoff, D.; Kittel, C.; Pelzer, S.; Weist, S.; Stegmann,
E.; Sussmuth, R. D.; Wohlleben, W. Biosynthesis of chloro-
beta-hydroxytyrosine, a nonproteinogenic amino acid of the
peptidic backbone of glycopeptide antibiotics. J. Bacteriol. 2004,
186 (18), 6093-6100.

(139) Balibar, C. J.; Vaillancourt, F. H.; Walsh, C. T. Generation of
D amino acid residues in assembly of arthrofactin by dual
condensation/epimerization domains. Chem. Biol. 2005, 12 (11),
1189-1200.

(140) Zerbe, K.; Woithe, K.; Li, D. B.; Vitali, F.; Bigler, L.; Robinson,
J. A. An oxidative phenol coupling reaction catalyzed by OxyB,
a cytochrome P450 from the vancomycin-producing microorgan-
ism. Angew. Chem., Int. Ed. Engl. 2004, 43 (48), 6709-6713.

(141) Woithe, K.; Geib, N.; Zerbe, K.; Li, D. B.; Heck, M.; Fournier-
Rousset, S.; Meyer, O.; Vitali, F.; Matoba, N.; Abou-Hadeed,
K.; Robinson, J. A. Oxidative phenol coupling reactions catalyzed
by OxyB: a cytochrome P450 from the vancomycin producing
organism. Implications for vancomycin biosynthesis. J. Am.
Chem. Soc. 2007, 129 (21), 6887-6895.

chlorinated at the meta position (Figure 8). Mutational studies
have found that during balhimycin biosynthesis, the chlorina-
tion of S-hydroxytyrosine occurs after the formation of this
amino acid but prior to oxidative cross-linking of the
heptapeptide.'**-!3%142 This raises the possibility that chlo-
rination occurs during biosynthesis of the heptapeptide.
Support for this model comes from work by Walsh, Kelleher,
and colleagues showing that chlorination of the pyrrole ring
of pyoluteorin occurs while the pyrrole is tethered to a T
domain.'® Based on these results, it is reasonable to
hypothesize that the chlorinating enzymes may be considered
auxiliary NRPS enzymes as well.

To complete the biosynthesis of these glycopeptides, the
cross-linked and chlorinated heptapeptides are glycosylated
with various sugars and the N-terminal D-Leu is N-methy-
lated. In the case of teicoplanin, the glucosamine sugar
attached to residue 4 is acylated with a C, fatty acyl chain
(Figure 8). Thus, glycopeptide biosynthesis is an excellent
example of the incorporation of unique precursors, NRPS
biosynthesis utilizing both integrated modifying domains and
auxiliary enzymes and downstream peptide modifications
following the NRPS-catalyzed assembly to generate structural
diversity.

4.5. Quinoxalines (Type B, Iterative NRPSs). The
quinoxaline family of natural products bind to duplex DNA
by bisintercalation, which involves the insertion of two planar
chromophores into the grooves of the DNA.'** The insertion
of these molecules into specific DNA sequences is the reason
for the disruption of cellular functions. For example, thio-
coraline inhibits DNA polymerase o,'*>"'*¢ while echino-
mycin disrupts RNA polymerase.'*” The chromophores that
bisintercalate into the DNA are quinoxaline or quinoline ring

(142) Siissmuth, R.; Pelzer, S.; Nicholson, G.; Walk, T.; Wohlleben,
W.; Jung, G. New advances in the biosynthesis of glycopeptide
antibiotics of the vancomycin type from Amycolatopsis medi-
terranei. Angew. Chem., Int. Ed. Engl. 1999, 38 (13-14), 1976—
1979.

(143) Dorrestein, P. C.; Yeh, E.; Garneau-Tsodikova, S.; Kelleher,
N. L.; Walsh, C. T. Dichlorination of a pyrrolyl-S-carrier protein
by FADH2-dependent halogenase PItA during pyoluteorin biosyn-
thesis. Proc. Natl. Acad. Sci. U.S.A. 2005, 102 (39), 13843-8.

(144) Dawson, S.; Malkinson, J. P.; Paumier, D.; Searcey, M.
Bisintercalator natural products with potential therapeutic ap-
plications: Isolation, structure determination, synthetic and
biological studies. Nat. Prod. Rep. 2007, 24 (1), 109-26.

(145) Romero, F.; Espliego, F.; Peréz Baz, J.; Garcia de Quesada, T.;
Gravalos, D.; de la Calle, F.; Fernandez-Puentes, J. L. Thio-
coraline, a new depsipeptide with antitumor activity produced
by a marine Micromonospora. 1. Taxonomy, fermentation,
isolation, and biological activities. J. Antibiot. 1997, 50 (9), 734—
737.

(146) Erba, E.; Bergamaschi, D.; Ronzoni, S.; Faretta, M.; Taverna,
S.; Bonfanti, M.; Catapano, C. V.; Faircloth, G.; Jimeno, J.;
D’Incalci, M. Mode of action of thiocoraline, a natural marine
compound with anti-tumour activity. Br. J. Cancer 1999, 80 (7),
971-80.

(147) Gause, G. G., Jr.; Loshkareva, N. P.; Zbarsky, I. B. Effect of
olivomycin and echinomycin on initiation and growth of RNA
chains catalyzed by RNA polymerase. Biochim. Biophys. Acta
1968, 166 (3), 752-4.
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on module 5 of the NRPS. The initiating module consists of the proteins Ecm1 and FabC, noted as A and T domains
of module 1, respectively, while the remaining components are on Ecm6 and Ecm7. Abbreviation: Qoa, quinoxaline.

structures that can be decorated with hydroxyl and/or
methoxy groups. While there are no quinoxaline antibiotics
currently in clinical use, members of this natural product
family are of medical interest because they have antitumor
activity (echinomycin, thiocoraline) and anti-HIV potential
(luzopeptins, quinoxapeptins). In fact, thiocoraline is in
preclinical development by PharmaMar as an antitumor
drug.'** Unlike the NRPSs discussed previously, the qui-
noxaline antibiotics are assembled by a type B, iterative
NRPS.

Analysis of chemical structures of two members of this
antibiotic family, echinomycin and thiocoraline, clearly
shows the 2-fold symmetry of the molecules (Figure 9). The
2-fold symmetry occurs because each molecule consists of
two copies of a five-residue peptide that are condensed
together to form the cyclic product. While echinomycin
contains 10 residues in its final structure, the fact that the
molecule is a depsipeptide showing 2-fold symmetry would
suggest a type A, linear NRPS is not involved in its assembly.

The sequencing of the associated biosynthetic gene clusters
and the heterologous production of compounds provided
insights into the biosynthesis of these molecules.'**'*° For
simplicity, we will discuss the details of the echinomycin

(148) Lombd, F.; Velasco, A.; Castro, A.; de la Calle, F.; Brafia, A. F.;
Sanchez-Puelles, J. M.; Méndez, C.; Salas, J. A. Deciphering
the biosynthesis pathway of the antitumor thiocoraline from a
marine actinomycete and its expression in two streptomyces
species. ChemBioChem 2006, 7 (2), 366-76.

(149) Watanabe, K.; Hotta, K.; Praseuth, A. P.; Keketsu, K.; Migita,
A.; Boddy, C. N.; Wang, C. C.; Oguri, H.; Oikawa, H. Total
biosynthesis of antitumore nonribosomal peptides in Escherichia
coli. Nat. Chem. Biol. 2006, 2 (8), 423-428.
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NRPS. The quinoxaline chromophore is derived from L-Trp
by a set of enzymes coded by the associated biosynthetic
gene cluster. The chromophore subsequently functions as the
starter unit incorporated by the NRPS (Figure 9). The
chromophore is recognized by a stand-alone A domain that
is most similar to the aryl acid-activating A domain from
the enterobactin biosynthetic pathway. This domain activates
the chromophore as its corresponding acyl-AMP intermedi-
ate, but instead of a dedicated T domain for thioesterification,
the ACP protein FabC from fatty acid biosynthesis is used.'*’
Therefore, the initiation module is a hybrid system of
enzymes from both primary and secondary metabolism
(Figure 9). Module 2 consists of four domains (C-A-T-E)
that activate and thioesterify L-Ser, condense L-Ser and the
chromophore, and epimerize L-Ser to D-Ser, while module
3 is a standard C-A-T module to incorporate L-Ala and form
the tripeptide. The final two modules of the NRPS incorpo-
rate the two remaining amino acids, and the integrated M
domains between the A and T domains, similar to that seen
for the cyclosporin A NRPS discussed above, catalyze
N-methylations of the corresponding amino acids (Figure 9).

Once the pentapeptide is synthesized, it is esterified to a
seryl residue of the Te domain (Figure 9). This makes the T
domain of the fifth module available for an additional round
of biosynthesis. When the second copy of the pentapeptide
is synthesized and thioesterfied to the final T domain, the
hydroxyl group of D-Ser from the first pentapeptide attacks
the carbonyl of the thioester from the second pentapeptide.
Cyclization and release from the NRPS occurs when the
hydroxyl group of D-Ser from the second pentapeptide attacks
the carbonyl group of the ester bond tethering the first
pentapeptide to the Te of the NRPS. Additional modifications
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carbamoyltransferase CmnL.

to the cyclized and released depsipeptide complete echino-
mycin biosynthesis. As stated above, this is an excellent
example of a type B, iterative NRPS, whereby each domain
and module must be used more than once to assemble the
final product. The model proposed above is based on
extensive biochemical work on the gramicidin S and en-
terobactin NRPS Te domains that catalyze the dimerization
or trimerization of their respective substrates.®>!>-!3!

4.6. Capreomycin (Type C, Nonlinear NRPS). Capreo-
mycin (Capastat Sulfate, Eli Lilly and Co.) is a mixture of
four structurally related nonribosomal peptide antibiotics
produced by the bacterium Saccharothrix mutabilis subsp.
capreolus that are used concomitantly with other antituber-
culosis drugs to treat multidrug-resistant tuberculosis (MDR-
TB). Capreomycin is particularly important for treating
infections that are resistant not only to first-line drugs but
also to the second-line drug streptomycin. Due to its
antibacterial activity against these multidrug-resistant strains
of Mycobacterium tuberculosis, capreomycin is on the World
Health Organization’s “Model List of Essential Medi-
cines”.'”? Recently, this antibiotic was shown to be bacte-
ricidal against not only replicating M. tuberculosis but also
nonreplicating M. tuberculosis.">* For inhibiting replicating
M. tuberculosis, capreomycin is known to target the ribosome

(150) Hoyer, K. M.; Mahlert, C.; Marahiel, M. A. The iterative
gramicidin s thioesterase catalyzes peptide ligation and cycliza-
tion. Chem. Biol. 2007, 14 (1), 13-22.

Shaw-Reid, C. A.; Kelleher, N. L.; Losey, H. C.; Gehring, A. M.;
Berg, C.; Walsh, C. T. Assembly line enzymology by multimo-
dular nonribosomal peptide synthetases: the thioesterase domain
of E. coli EntF catalyzes both elongation and cyclolactonization.
Chem. Biol. 1999, 6 (6), 385-400.

World Health Organization. World Health Organization Model
List of Essential Medicines; World Health Organization, 2007,
pp 1-27..

Heifets, L.; Simon, J.; Pham, V. Capreomycin in active against
non-replicating M. tuberculosis. Ann. Clin. Microbiol. Antimi-
crob. 2005, 1 (4), 6.

(151)

(152)

(153)

of sensitive organisms.'>* Whether the same mechanism is
true for the bactericidal activity against nonreplicating
organisms has yet to be determined.

At the core of capreomycin is a cyclic pentapeptide
consisting of four nonproteinogenic amino acids and one
proteinogenic amino acid (Figure 10). The nonproteinogenic
amino acids are two molecules of L-2,3-diaminopropionate,
one molecule of S-ureidodehydroalanine, and one molecule
of (25,3R)-capreomycidine. The proteinogenic amino acid
can be either L-Ser or L-Ala depending on the derivative.
Labeling studies on capreomycin'>>'%° have established that
L-Ser and L-Arg are the precursors to L-2,3-diaminopropi-
onate and (25,3R)-capreomycidine, respectively, while -ure-
idodehydroalanine is derived from a molecule of L-2,3-
diaminopropionate that is subsequently carbamoylated and
desaturated. Biochemical evidence for the conversion of
L-arginine to (2S,3R)-capreomycidine came from our

group,'>” along with Zabriskie and collegues.'**'> Capreo-

(154) Johansen, S. K.; Maus, C. E.; Plikaytis, B. B.; Douthwaite, S.
Capreomycin binds across the ribosomal subunit interface using
tlyA-encoded 2'-O-methylations in 16S and 23S rRNAs. Mol.
Cell 2006, 23 (2), 173-82.

Wang, M.; Gould, S. J. Biosynthesis of Capreomycin. 2.
Incorporation of L-Serine, L-Alanine, and L-2,3-diaminopropionic
acid. J. Org. Chem. 1993, 58, 5176-5180.

Gould, S. J.; Martinkus, K. J. Studies of nitrogen metabolism
using carbon-13 NMR spectroscopy. 2. Incorporation of L-[guani-
do-"3C,15N2]arginine and pL-[guanido-13C,2-15N]arginine into
streptothricin F. J. Am. Chem. Soc. 1981, 103 (15), 4639—4640.
Ju, J.; Ozanick, S. G.; Shen, B.; Thomas, M. G. Conversion of
(2S)-arginine to (2S,3R)-capreomycidine by VioC and VioD
from the viomycin biosynthetic pathway of Streptomyces sp.
strain ATCC11861. ChemBioChem 2004, 5, 1281-1285.

Yin, X.; McPhail, K. L.; Kim, K.-j.; Zabriskie, T. M. Formation
of the nonproteinogenic Amino Acid 2S,3R-capreomycidine by
VioD from the viomycin biosynthesis pathway. ChemBioChem
2004, 5 (9), 1278-1281.

(155)

(156)

(157)

(158)
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mycins IA and IB contain a sixth amino acid, 3-lysine, that
is derived from L-Lys.

Insights into the genes and enzymes involved in the
biosynthesis of this class of nonribosomal peptides came
from sequence analysis of the capreomycin biosynthetic gene
cluster by our group.'* The development of hypotheses for
capreomycin biosynthesis benefited from our prior analysis
of the biosynthetic gene cluster for viomycin,” a structurally
related antibiotic. A portion of this gene cluster was also
sequenced by Zabriskie and colleagues.'®® Not surprisingly,
the assembly of the cyclic pentapeptide core of capreomycin
was determined to involve an NRPS (Figure 10). While the
NRPS follows many of the standard rules for NRPS
enzymology, there are four aspects of this system that are
proposed to diverge from these rules. First, there are only
four A domains for the five amino acids incorporated into
the cyclic pentapeptide core, while there are the five expected
T domains. Module 4 contains C and T domains, but lacks
a corresponding A domain. Thus, we propose that one of
the A domains may function twice to acylate not only the T
within its own module, but also the T domain of module 4.
The likely A domain for this activity is that from module 1
based on the similarities between the viomycin and capreo-
mycin NRPS systems.”*!'?* Since an enzymatic domain, but
not all of the NRPS domains, is functioning more than once
during the biosynthesis of a single molecule of capreomycin,
the capreomycin NRPS is a type C, nonlinear NRPS. This
is in contrast to the type B, iterative NRPS discussed above
for echinomycin biosynthesis, in which every domain of each
module functions twice during the biosynthesis of a single
echinomycin molecule.

A second alteration from the standard C-A-T repeat is the
presence of a domain of unknown function within module 2
of the capreomycin NRPS. This domain may explain the
variation of either L-Ser or L-Ala at this position of the cyclic
pentapeptide core by providing a mechanism for L-Ser to
L-Ala conversion during peptide biosynthesis.'*> Therefore,
this domain may be a modification domain as discussed for
E and M domains, but this remains to be experimentally
confirmed. The third divergence from the standard C-A-T
repeat is the inclusion of an auxiliary enzyme that may
catalyze the desaturation of one of the L-2,3-diaminopropi-
onate monomers during the biosynthesis of the peptide by
the NRPS. This is analogous to the use of auxiliary enzymes
during glycopeptide assembly to catalyze the oxidative cross-
links of the peptide. Finally, the NRPS does not terminate
in a Te domain, but rather a modified C domain. This
modified C domain is proposed to catalyze the cyclization

(159) Yin, X.; Zabriskie, T. M. VioC is a non-heme iron, a-ketoglu-
tarate-dependent oxygenase that catalyzes the formation of 3S-
hydroxy-L-arginine during viomycin biosynthesis. ChemBioChem
2004, 5 (9), 1274-1277.

(160) Yin, X.; O’Hare, T.; Gould, S. J.; Zabriskie, T. M. Identification
and cloning of genes encoding viomycin biosynthesis from
Streptomyces vinaceus and evidence for involvement of a rare
oxygenase. Gene 2003, 312, 215-224.
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and release of the cyclic pentapeptide core from the NRPS
in a manner similar to that seen for cyclosporin biosynthesis.

Once the cyclic pentapeptide core is synthesized, residue
4 is likely carbamoylated to complete the formation of
[-ureidodehydroalanine. Next, we predict that a monomodu-
lar NRPS catalyzes the addition of $-lysine to the S-amino
group of the second L-2,3-diaminopropionate to generate
capreomycins IA and IB, and the derivatives lacking this
aminoacylation are capreomycins IIA and IIB (Figure 10).
If this model proves correct, the nonribosomal peptide
synthesized by the core NRPS would be acylated by a
separate NRPS, highlighting alternative functions for NRPS
enzymology.

4.7. Bleomycins (Type C, Nonlinear NRPS; Hybrid
NRPS/PKS). The bleomycins are a family of glycosylated
peptides that were found to have anticancer activities in the
1960s by Umezawa and colleagues.'®"'®* The clinical drug
Blenoxane (Bristol-Myers Squibb) contains bleomycins A2
and B2 as the principle constituents (Figure 11). Blenoxane
has been used to treat esophageal cancer, lymphomas,
squamos cell carcinomas, recalcitrant warts, and testicular
cancer.'®*7'%° Bleomycins chelate metal ions, mostly ferrous
iron, and this iron—bleomycin complex reacts with oxygen
to produce reactive free radicals. These free radicals react
specifically by abstracting hydrogen from the C4' of the
deoxyribose of DNA, leading to a single or double strand
break primarily at pyrimidines G-C and G-T.'®®

Structurally, the bleomycins can be divided into four
regions. The N-terminus consists of pyrimidoblamic acid and
a f-hydroxyhistidine that constitute the metal-binding do-
main. The C-terminus contains the bithiazole and terminal
amine that appear to be important for DNA binding. The N-
and C-terminal domains are connected via a linker that
contains an unusual (35,4R)-4-amino-3-hydroxy-2-methyl-
pentanoic acid. Finally, a carbohydrate domain containing
L-gulose and 3-O-carbamoyl-D-mannose is connected to the
p-hydroxyhistidine residue, and it is believed this glycosy-
lation is involved in cellular uptake and metal-ion chelation.
Analysis of the bleomycin structure does not easily reveal
the nonribosomal peptide backbone due to the extensive

(161) Umezawa, H. Bleomycin and other antitumor antibiotics of high
molecular weight. Antimicrob. Agents Chemother. 1965, 5, 1079—
1085.

(162) Umezawa, H.; Maeda, K.; Takeuchi, T.; Okami, Y. New
antibiotics, bleomycin A and B. J. Antibiot. 1966, 19 (5), 200—
9.

(163) Galm, U.; Hager, M. H.; Van Lanen, S. G.; Ju, J.; Thorson, J. S;
Shen, B. Antitumor antibiotics: bleomycin, enediynes, and
mitomycin. Chem. Rev. 2005, 105 (2), 739-58.

(164) Hecht, S. M. Bleomycin: new perspectives on the mechanism
of action. J. Nat. Prod. 2000, 63 (1), 158-68.

(165) Boger, D. L.; Cai, H. Bleomycin: synthetic and mechanistic
studies. Angew. Chem., Int. Ed. 1999, 38 (4), 448-76.

(166) Smith, B. L.; Bauer, G. B.; Povirk, L. F. DNA damage induced
by bleomycin, neocarzinostatin, and melphalan in a precisely
positioned nucleosome. Asymmetry in protection at the periphery
of nucleosome-bound DNA. J. Biol. Chem. 1994, 269 (48),
30587-94.
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Figure 11. Schematic representation of the bleomycin NPRS/PKS megasynthase. The PKS portion of the
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p-alanine; AL, acyl-CoA ligase; Cy, cyclization; A’, inactive A domain. The “?” indicates the unknown function of the

first module.

modifications that occur to the peptide. Additionally, the
backbone is a hybrid nonribosomal peptide and polyketide
resulting in the disruption of the amide bond backbone by
an acetyl moiety in the linker region.

While the bleomycin biosynthetic gene cluster and
the cluster for the structurally related tallysomycin'® have
been identified and sequenced, the exact mechanism of
bleomycin assembly is still being explored. Shen and
colleagues have provided the most complete set of proposals
for the biosynthesis of these molecules.'’'®® The NRPS
portion of bleomycin assembly is a type C, nonlinear system.
Shen and colleagues developed a model based on A domain
amino acid specificity codes, precedent in NRPS and
polyketide synthase (PKS) enzymology, and previously
isolated “derailed” biosynthetic intermediates. The hybrid
NRPS-PKS modules and domains are proposed to function
in the manner shown in Figure 11. Two aspects of this system
are distinctive; the classic C-A-T module architecture is
followed in only 6 of the 10 NRPS domains, and module 7
of the enzyme complex is not an NRPS module but a PKS
module.

167,168

(167) Du, L.; Sanchez, C.; Chen, M.; Edwards, D. J.; Shen, B. The
biosynthetic gene cluster for the antitumor drug bleomycin from
Streptomyces verticillus ATCC15003 supporting functional
interactions between nonribosomal peptide synthetases and a
polyketide synthase. Chem. Biol. 2000, 7 (8), 623-42.

Shen, B.; Du, L.; Sanchez, C.; Edwards, D. J.; Chen, M.; Murrell,

J. M. Cloning and characterization of the bleomycin biosynthetic

gene cluster from Streptomyces verticillus ATCC15003. J. Nat.

Prod. 2002, 65 (3), 422-431.

(169) Tao, M.; Wang, L.; Wendt-Pienkowski, E.; George, N. P.; Galm,
U.; Zhang, G.; Coughlin, J. M.; Shen, B. The tallysomycin
biosynthetic gene cluster from Streptoalloteichus hindustanus
E465-94 ATCC 31158 unveiling new insights into the biosyn-
thesis of the bleomycin family of antitumor antibiotics. Mol.
Biosyst. 2007, 3 (1), 60-74.

(168)

The megasynthase initiates with module 1 containing
domains homologous to acyl-CoA ligase and an ACP, similar
to that seen for daptomycin. Bleomycin, however, does not
contain an N-terminal lipid; thus, it is not clear what role
this module plays although it is proposed to be involved in
the formation of the 3-aminoalaninamide moiety. The second
module contains an A domain with a substrate specificity
code suggesting it activates L-Ser. The dehydration of this
would lead to dehydroalanine, resulting in the C3 being a
target for nucleophilic attack by the o-amino group of the
downstream L-Asn. This leads to a dipeptide tethered to two
neighboring T domains. Aminolysis activity would release
the dipeptide from the T domain of module 2 and cap the
N-terminus of the molecule with an amide. Module 3
contains a modified C domain that is thought to catalyze a
cyclization reaction that initiates the formation of the
pyrimidine ring of the bleomycins. However, prior to this
reaction, module 4 incorporates L-Asn. Thus, prior to transfer
down the NRPS to module 5 and the addition of L-His, the
pyrimidine ring biosynthesis has been completed. This
hypothesis is based on the isolation of a bleomycin inter-
mediate that contains a portion of the bleomycin structure
from the N-terminal amide through the histidinyl residue.
After the addition of L-Ala by module 6, module 7 is a PKS
module that incorporates the acetyl moiety of malonyl-CoA
and catalyzes the methylation of the 5 carbon. With the next
two modules adding L-Thr and f-ala, the linker region
between the N- and C-terminal ends of bleomycin is
complete.

The bithiazole portion of the bleomycins is formed by the
concerted actions of modules 10 and 11, which differ from
the classic C-A-T module in two ways. First, module 11 lacks
a functional A domain; thus, the A domain from the module
10 must catalyze the tethering of L-Cys to the T domain of
module 11. This makes the bleomycin NRPS a type C,
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nonlinear system. Second, cyclization (Cy) domains replace
the expected C domains. Cy domains are homologous to C
domains, but they catalyze peptide bond formation and
intramolecular cyclization to form thiazoline rings (Figure
11). The thiazoline-to-thiazole conversion, at least for
the second thiazoline ring, would be catalyzed by the oxidase
(Ox) domain found in this module. An auxiliary enzyme
coded elsewhere in the biosynthetic gene cluster is proposed
to catalyze the oxidation of the first thiazoline ring. An
additional auxiliary enzyme catalyzes the S-hydroxylation
of the histidine residue at some point prior to product release
from the megasynthase.

Finally, the synthesized product needs to be released from
the megasynthase and amidated. Interestingly, there are two
“stand-alone” C domains coded by the biosynthetic gene
cluster. It has been proposed that these enzymes recognize
soluble amide substrates and catalyze amide bond formation
between the T domain linked bleomycin backbone and the
soluble amide. This results in the release of the product from
the megasynthase. This mechanism is similar to that seen
for vibriobactin biosynthesis whereby a stand-alone C domain
catalyzes amide bond formation that releases the final product
from the vibriobactin-producing megasynthase.'’® Interest-
ingly, the incorporation of a variety of alternative amide
substrates into the bleomycins using directed biosynthesis
demonstrates that the C domains catalyzing these reactions
must have broad specificity for their acceptor sites.'®” This
is in contrast to the general rule that acceptor sites of C
domains have a high level of substrate specificity. Two
glycosyltransferases catalyze the final two steps to complete
the bleomycin biosynthesis.

5. Current and Future Directions

In this review, we have discussed the origins and history
of the class of natural products biosynthesized by NRPSs,
from basic peptide biosynthesis research to applied research.
We have also introduced the basic concepts of NRPS
enzymology, using medically relevant compounds to high-
light how NRPSs produce some of the most important drugs
used in medicine. The diverse applications of these drugs
(e.g., antibiotic, anticancer, immunosuppressant) are due, in
large part, to the enormous structural diversity of this natural
product class. Basic research into NRPS enzymology in the
past few decades has explored the ways by which nature
has generated this diversity; recent and current work is aimed
at exploiting some of nature’s own strategies to accelerate
the development and discovery of new nonribosomal peptides
of medical importance. A few of these approaches are
introduced below.

One of the most promising directions for drug development
is the use of metabolic engineering of biosynthetic pathways
to generate new derivatives of known drugs. We have already

(170) Keating, T. A.; Marshall, C. G.; Walsh, C. T. Vibriobactin
biosynthesis in Vibrio cholerae: VibH is an amide synthase
homologous to nonribosomal peptide synthetase condensation
domains. Biochemistry 2000, 39 (50), 15513-21.
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provided an example of combinatorial biosynthesis of the
daptomycin NRPS with related NRPSs to generate hybrid
peptides. When combined with targeted-gene disruption to
alter the availability of 3-methyl-L-Glu for incorporation into
the peptide, a family of new daptomycin derivatives is
generated (Figure 6). While this example highlights alter-
ations of the residues that are incorporated into the peptide
backbone, equally important is the ability to alter downstream
modifications to a peptide once it has been released by the
NPRS. For example, Zabriskie and colleagues recently
showed that a strain disrupted in a gene that codes for a
hydroxylase involved in viomycin production produced a
nonhydroxylated viomycin derivative.'”" While this provides
an example of using targeted-gene disruption to remove an
unwanted moiety, there is also the ability to add modifica-
tions that do not naturally occur. For example, Baltz and
colleagues introduced a glycosyltransferase from the van-
comycin biosynthetic pathway into the bacterium that
produces the teichoplanin analog A47934, generating a
glycosylated A47934."7> Thus, through metabolic engineer-
ing, hybrid NRPSs can alter the peptide structure, targeted-
gene disruption can alter the availability of precursors for
NRPS utilization or remove unwanted moieties, and enzymes
from other biosynthetic pathways can introduce new moi-
eties. When these approaches are combined with traditional
techniques such as directed biosynthesis and semisynthetic
synthesis, unprecedented structural diversity of natural
products is possible.

It is important to note that one of the requirements of
combinatorial biosynthesis is the production of the nonri-
bosomal peptide of interest in a genetically tractable host.
While this is true for many producing strains, it is not always
the case. For example, S. mutabilis subsp. capreolus, which
produces capreomycin, is not genetically tractable. To
circumvent this issue, we have heterologously produced
capreomycin in the genetically tractable host Streptomyces
lividans."*> What makes this particularly attractive is the
ability to genetically engineer the biosynthetic pathway first
in Escherichia coli, followed by mobilization into S. lividans
for production of the new metabolites. Watanabe, Oikawa,
and colleagues have taken this a step further by engineering
the echinomycin biosynthetic gene cluster from Streptomyces
lasaliensis to be expressed in E. coli, resulting in an E. coli
strain capable of producing echinomycin.'*® The benefit of
this approach is eliminating the need to mobilize the pathway
into the much slower growing heterologous host S. lividans.
Finally, we note that the bleomycin producing strain Strep-
tomyces verticillus ATCC15003 is not genetically tractable.
However, Shen and colleagues recently identified and

(171) Fei, X.; Yin, X.; Zhang, L.; Zabriskie, T. M. Roles of VioG and
VioQ in the incorporation and modification of the Capreomy-
cidine residue in the peptide antibiotic viomycin. J. Nat. Prod.
2007, 70 (4), 618-22.

(172) Solenberg, P. J.; Matsushima, P.; Stack, D. R.; Wilkie, S. C.;
Thompson, R. C.; Baltz, R. H. Production of hybrid glycopeptide
antibiotics in vitro and in Streptomyces toyocaensis. Chem. Biol.
1997, 4 (3), 195-202.
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sequenced the tallysomycin biosynthetic gene cluster from
Streptoalloteichus hindustanus E465-94 ATCC 31158.'%°
Tallysomycin is a member of the bleomycin family of
antitumor antibiotics, thereby providing additional informa-
tion on the biosynthesis of this class of antibiotics. Equally
important is that this strain is genetically tractable, opening
the door to combinatorial biosynthesis of the bleomycins.
These are just three examples of using heterologous hosts
for production and engineering purposes. The search for
appropriate heterologous hosts for pathways from a number
of microbial sources is an active area of research.'”*!7*

While combinatorial biosynthesis relies on the ability to
manipulate the entire pathway, another area of research
utilizes specific enzymes from other pathways to generate
new drugs through a chemoenzymatic approach. This ap-
proach couples synthetic synthesis with enzymatic synthesis.
One of the more successful examples of this approach was
the use of the Te domain from the tyrocidine NRPS for the
cyclization of a library of linear peptides that were syntheti-
cally generated and then immobilized on a solid-phase
support.®® The resulting library of peptides was then screened
to identify cyclic peptides with enhanced therapeutic utility.
A similar approach has been used to generate new dapto-
mycin derivatives'”> and derivatives of cryptophycin, an
anticancer natural product.'”®

Finally, while the topics reviewed up to now have focused
on the understanding and manipulation of the biosynthesis
of known nonribosomal peptides, our understanding of NRPS
enzymology can be combined with genomic approaches in
drug discovery efforts. One approach involves whole-genome
sequence “mining” for genes coding NRPSs of unknown
function. Using knowledge of NRPS enzymology and the
A domain specificity codes, the structures of putative
nonribosomal peptides produced by these NRPSs can be
predicted, enabling purification and biological activity analy-
sis. For example, such an approach was used to discover
the iron-chelating molecule coelichelin from Streptomyces

(173) Thomas, M. G.; Bixby, K. A.; Shen, B. Combinatorial biosyn-
thesis of anticancer natural products. In Anticancer agents from
natural products, Gragg, G. M., Kingston, D. G. 1., Newman,
D. J., Eds.; CRC Press: Boca Roton, 2005; pp 519-51..

(174) Van Lanen, S. G.; Shen, B. Microbial genomics for the
improvement of natural product discovery. Curr. Opin. Micro-
biol. 2006, 9, 252-60.

(175) Kopp, F.; Grunewald, J.; Mahlert, C.; Marahiel, M. A. Chemoen-
zymatic design of acidic lipopeptide hybrids: new insights into
the structure-activity relationship of daptomycin and A54145.
Biochemistry 2006, 45 (35), 10474-81.

(176) Beck, Z. Q.; Aldrich, C. C.; Magarvey, N. A.; Georg, G. L;
Sherman, D. H. Chemoenzymatic synthesis of cryptophycin/
arenastatin natural products. Biochemistry 2005, 44 (41), 13457—
66.

coelicolor'” and the syringafactin biosurfactants from
Pseudomonas syringae pv tomato.'®> Additionally, recent
genomic analysis of marine actinomycete Salinispora tropica
determined ~10% of the genome coded for natural product
biosynthetic enzymes and led to discovery of a mixed NRPS-
PKS gene cluster coding for the enzymes that likely produce
the lympohocyte kinase inhibitor lymphostin.'”® With hun-
dreds of microbial genomes available in the public data
banks, it is clear we have vastly underestimated the potential
for nonribosomal peptide production in even the most well
studied antibiotic-producing bacteria such as S. coelicolor'”
and the industrial strain S. avermitilis."® As more genomes
become available, particularly from microorganisms known
to produce antibiotics or that are phylogenically close to
antibiotic producers, it is expected that genome approaches
to drug discovery will become more significant. Thus, the
analysis of NRPSs has progressed from investigations into
a progenitor of the ribosome to the forefront of drug
development and discovery.
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