Chem. Rev. 2005, 105, 715-738 715

Molecular Mechanisms Underlying Nonribosomal Peptide Synthesis:
Approaches to New Antibiotics

Stephan A. Sieber and Mohamed A. Marahiel*

Philipps-Universitdt Marburg, Fachbereich Chemie/Biochemie, Hans-Meerwein-Strasse, 35032 Marburg, Germany

Contents
1. Introduction 715
1.1. NRPS Synthesis 715
1.2. Product Diversity Assisted by NRPS 716
2. NRPS Factory 718
2.1. Activation by the Adenylation Domain 719
2.2. Intermediates Transport by the Peptidyl 721
Carrier Protein
2.2.1. Misacylation and Regeneration 722
2.3. Peptide Elongation by the Condensation 722
Domain

2.4. Editing Domains 723
2.4.1. Epimerization 723
2.4.2. Methylation 724
2.4.3. Further Modifications 724
2.5. Peptide Release 725
2.5.1. Diversity by Cyclization 726
2.6. Quaternary Architecture 728
2.7. NRPSs in Higher Eucaryotes 729
3. Approaches to New Antibiotics 729
3.1. Genetic Engineering Approaches 729
3.2. Chemoenzymatic Approaches 731
3.2.1. Chemoenzymatic Potential of TE 731

Domains

3.2.2. Chemoenzymatic Route to New Drugs 733
and Peptide Antibiotics

3.2.3. Expanding the TE Tool Box 733

3.2.4. Synthetic Utility of TEs: Chemical vs 735
Enzymatic Cyclization

4. Conclusions 736

5. Acknowledgments 736

6. References 737

1. Introduction

1.1. NRPS Synthesis

Research into bioactive natural products began
when A. Fleming discovered the antibiotic activity
of the peptide derivative penicillin produced by the
fungal host organism Penicillium notatum.! Since
then microorganisms have attracted considerable
attention as a new source for pharmaceutical agents,
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and screening of microbial extracts has afforded a
very large number of new compounds with antimi-
crobial, antiviral, immunosuppressive, and antitumor
activities. These secondary metabolites were opti-
mized for their dedicated function over eons of
evolution and now represent promising scaffolds for
the development of new drug leads.

Among these substances small peptide molecules
represent a large subclass of bioactive natural prod-
ucts, which contain unique structural features such
as heterocyclic elements, D-amino acids, and glyco-
sylated as well as N-methylated residues. Moreover,
in contrast to proteins produced by ribosomal syn-
thesis, small peptide products contain not only the
common 20 amino acids but also hundreds of differ-
ent building blocks, suggesting a nonribosomal origin
of biosynthesis. In the 1970s Lipmann et al. reported
a nucleic-acid-independent synthesis of the peptide
antibiotics gramicidin S and tyrocidine A from Bacil-
lus sp. by large enzyme complexes similar to fatty
acid synthases.? In the following years more and
more peptidic natural products were shown to be
assembled by such large enzymes, referred to as
nonribosomal peptide synthetases (NRPS). Signifi-
cant progress has been made in the past decades
toward understanding the molecular principles of
bioactive peptide synthesis in microorganisms, and
this has been the subject of extensive recent re-
views.?~® While research first focused on elucidating
the chemical structure of the assembled molecules
and characterizing the architecture of the associated
multienzymes, later work focused on the identifica-
tion of their biosynthetic gene clusters. More recent
biochemical investigations also revealed high-resolu-
tion structures of some of the central catalytic core
enzymes. Moreover, genetic and chemoenzymatic
approaches were developed to reprogram natural
peptide sequences by the combined action of rational
enzyme design and chemical peptide synthesis fol-
lowed by subsequent enzyme catalysis. This review
aims to give a global overview of our understanding
of natural nonribosomal peptide synthesis and of
progress in genetically engineered and chemoenzy-
matic synthesis of nonribosomal peptide products. In
the natural synthesis section major emphasis will
be given to recent progress made on structure deter-
mination and mechanistic predictions. The genetic
and chemoenzymatic section will complement this
section by providing approaches to novel peptide
antibiotics.
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1.2. Product Diversity Assisted by NRPS

Natural peptide products synthesized by NRPSs
can be grouped according to their biological activities.
A major class comprises antibiotic and antifungal
activities including, for example, the peptides tyro-
cidine, bacitracin, surfactin, pristinamycin, vanco-
mycin, and fengycin.?71% Their biological function-
ality is strictly associated with their chemical
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structure, which constrains the peptide sequence in
its biologically active conformation and ensures spe-
cific interaction with a dedicated molecular target.
This structural rigidity is achieved by either cycliza-
tion or oxidative cross-linking of side chains, which
contribute to stability. Moreover, the great diversity
of chemical modifications, such as incorporation of
fatty acid chains, D-amino acids, glycosylated amino
acids, and heterocyclic rings, adds much to these
specific interactions (Figure 1).

For many natural peptide products the relation
between structural features and biological activities
has been investigated. Some of these, such as baci-
tracin from Bacillus licheniformis and gramicidin S
form Bacillus brevis, act also nonspecifically as
membrane-inserting cationic hydrophobic species.16719
In addition to the macrocyclic ring, bacitracin con-
tains a small thiazoline ring that supports the specific
cation-dependent complexation of the membrane
phosphate moiety of the Css lipid phosphate. This
complexation leads to inhibition of the lipid cycle.?20-21
Amphiphilic lipopeptides, such as the surface tension
reducing agent surfactin and the antifungal myco-
subtilin, both produced by Bacillus subtilis, are also
thought to penetrate and disrupt the cell mem-
brane, a process where the lipo chain seems to play
a key role.?2724 In addition to the exceptional sur-
factant power provided by its amphiphilic se-
quence, surfactin has been reported to exhibit hemo-
lytic, antiviral, antibacterial, and antitumor proper-
ties.1® Also, in the case of the cytotoxic molecule
syringomycin from Pseudomonas syringae, which
exhibits toxicity against plant tissues, the amphi-
phatic nature of the polar peptide head and hydro-
phobic fatty acid tail allows insertion into the plant
plasma membrane and formation of transmem-
brane pores, permitting ions to flow freely across
the membrane.?526 Moreover, as seen for the Strep-
tomyces lipopeptidelactones CDA and daptomycin,
metal ions such as Ca?" trigger antibiotic activity
also.2”73% These complexes may exert their antibac-
terial activity through membrane seeking, surface-
active behavior. Another close relationship between
peptide structure and function is observed for the
glycopeptide antibiotics of the vancomycin family
produced by Streptomyces. Vancomycin is a linear
heptapeptide whose backbone is constrained by oxi-
dative cross-linking. This unique structure sequesters
substrate peptidoglycan-pD-Ala-D-Ala termini units
with five hydrogen bonds and shuts down the
transpeptidation reaction.'? A different cellular target
is attacked by the antibiotic pristinamycin from
Streptomyces pristinaespiralis, which blocks polypep-
tide translation by binding the 50S subunit of bac-
terial ribosomes at 23S rRNA sites. Investigations
revealed interaction with the ribosome via the 3-hy-
droxy picolinic acid residue of pristinamycin, empha-
sizing the importance of nonproteinogenic residues
for antibiotic activity.?!

Cyclosporin produced by Tolypocladium niveum
exhibits immunosuppressive and toxic properties due
the formation of a specific complex with cyclophilin
which inhibits, in turn, the protein phosphatase
calcineurin, responsible for T-cell activation.32734
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Figure 1. Natural peptidic products. A selection of nonribosomally synthesized peptides. Characteristic structural features

are highlighted.

Cyclosporin is highly lipophilic, and 7 of its 11 amino
acids are N-methylated. This high degree of meth-
ylation protects the peptide from proteolytic digestion
but complicates chemical synthesis due to low coup-
ling yields and side reactions.?® In an iron-deficient
environment some bacteria such as E. coli, B. subtilis,
and Vibrio cholerae synthesize and secrete iron-
chelating molecules known as siderophores that
scavenge Fe®" with picomolar affinity, important for
host survival.3$37 Three catechol ligands derived from
2,3-dihydroxybenzoyl (DHB) building blocks in bacil-
libactin, enterobactin, and vibriobactin complex iron
by forming intramolecular octahedra.

Many nonribosomal peptide products presented
here show distinct chemical modifications, important
to specifically interact and inhibit certain cellular
functions, which are essential for survival. The high
toxicity of the peptide products could therefore also
become a problem for the producer organism unless
strategies for its own protection and immunity have
been coevolved with antibiotic biosynthesis. This
immunity is achieved by several strategies including

efflux pumps, temporary product inactivation, and
modifications of the target in the producer strain.?
The latter strategy is used by vancomycin-producing
Streptomycetes by changing the D-Ala-D-Ala terminus
of the peptidoglycan pentapeptide precursor to a
D-Ala-D-lactate terminus, which reduces binding af-
finity to vancomycin 1000-fold.'2

Due to their exceptional pharmacological activities,
many compounds such as cyclosporin and vancomy-
cin have been synthesized nonenzymatically.?%3 Re-
gio- and stereoselective reactions require the use of
protecting groups as well as chiral catalysts. More-
over, macrocyclization and coupling of N-methylated
peptide bonds are difficult to achieve in satisfying
yields, indicating an advantage of natural vs syn-
thetic strategies. Structural peculiarities of these
complex peptide products suggested early on a nucleic-
acid-independent biosynthesis facilitated by multiple
catalytic domains expressed as a single multidomain
protein. The diverse chemical reactions mediated by
distinct enzymatic units will be the focus of the
following sections.
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for the incorporation of seven amino acids. Twenty-four domains of five different types (C, A, PCP, E, and TE) are responsible
for the catalysis of 24 chemical reactions. Twenty-three reactions are required for peptide elongation, while the last domain

is unique and required for peptide release by cyclization.
2. NRPS Factory

Although structurally diverse, most biologically
produced peptides share a common mode of synthe-
sis, the multienzyme thiotemplate mechanism.?640
According to this model peptide bond formation takes
place on large multienzyme complexes, which simul-
taneously represent template and biosynthetic ma-
chinery. Sequencing of genes encoding NRPSs of
bacterial and fungal origin provided insights into
molecular architecture and revealed a modular or-
ganization.® A module is a distinct section of the
multienzyme that is responsible for the incorporation
of one specific amino acid into the final product.3¢4!
It is further subdivided into a catalytically indepen-
dent set of domains responsible for substrate recogni-
tion, activation, binding, modification, elongation,
and release. Domains can be identified at the protein
level by characteristic highly conserved sequence
motifs. Thus far, 10 different domains are known
within NRPS templates which catalyze independent
chemical reactions and will be introduced in more
detail in the following sections. As an example to
illustrate basic principles, Figure 2 shows a prototype

NRPS assembly line for the cyclic lipoheptapeptide
surfactin.?

The carboxy group of amino acid building blocks
is first activated by ATP hydrolysis to afford the
corresponding aminoacyl—adenylate. This reactive
intermediate is transferred onto the free thiol group
of an enzyme-bound 4'-phosphopantetheinyl cofactor
(ppan), establishing a covalent linkage between
enzyme and substrate. At this stage the substrate
can undergo modifications such as epimerization or
N-methylation. Assembly of the final product then
occurs by a series of peptide bond formation steps
(elongation) between the downstream building block
with its free amine and the carboxy—thioester of the
upstream substrate. The ppan cofactor facilitates the
ordered transfer of thioester substrates between
catalytically active units with all intermediates co-
valently tethered to the multienzyme until the prod-
uct is released by the action of the C-terminal
thioesterase (TE) domain (termination). This strategy
minimizes side reactions as well as diffusion times.
Type I polyketide synthases (PKS) and fatty acid
synthases (FAS) similarly display a multienzymatic
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Figure 3. Domain-catalyzed reactions. Domains in action are indicated in red. (A) Recognition and activation of a dedicated
amino acid with ATP by the A domain. (B) Covalent attachment of the activated aminoacyl adenylate onto the free thiol
group of the PCP-bound ppan cofactor. (C) Peptide elongation by the C domain which catalyzes an attack of the nucleophilic
amine of the acceptor substrate onto the electrophilic thioester of the donor substrate.

organization and catalyze a repetitive reaction cycle
involving decarboxylative condensation of smaller
acyl groups.4344

2.1. Activation by the Adenylation Domain

Each nonribosomal peptide synthesis is initiated
by specific recognition and activation of the relevant
dedicated amino acid from a pool of substrates by the
ca. 550 amino acid long adenylation domain (A
domain). For example, each amino acid found in the
heptapeptide surfactin is directly selected for incor-
poration into the growing peptide chain by one of the
seven A domains of the surfactin synthetase (Figure
2). Substrate activation is achieved in a two-step
chemical reaction. First, after binding of the cognate
amino acid, the enzyme catalyzes the formation of
an aminoacyl adenylate intermediate at the expense
of Mg?"—ATP and release of PP; (Figure 3A). Second,
the amino acid—O—AMP oxoester is converted into
a thioester by a nucleophilic attack of the free thiol—
ppan cofactor of the adjacent PCP domain, which will
be discussed below (Figure 3B). This mechanism
resembles amino acid activation catalyzed by ami-
noacyl—-tRNA synthetases, although these enzyme
families share neither sequence nor structural simi-

larity.®> Many A domains can be heterologously
expressed in E. coli, and their activity as well as
substrate specificity can be assayed in vitro by an
equilibrium ATP—PP; exchange assay with radio-
labeled PP;.46

Sequence alignments of A domains revealed early
on an adenylate (AMP) binding motif that is con-
served in a superfamily of so-called adenylate-form-
ing enzymes, which include 4-coumerate—CoA
ligases, acetyl—CoA synthetases, and oxidoreduc-
tases.*” Several crystal structures of members of this
family have been solved. These include the oxi-
doreductase luciferase from Photinus pyralis,*® the
acetyl—CoA synthetase (Acs) of primary metabo-
lism,* the phenylalanine-activating A domain (PheA)
of the first module of gramicidin S synthetase of B.
brevis,? and the 2,3-dihydroxybenzoate (DHB) acti-
vating A domain (DhbE) of B. subtilis.’! All crystal
structures possess low sequence identity but exhibit
an almost identical fold. They consist of a large N-ter-
minal subdomain and a small C-terminal subdomain
(the term subdomain means a stable tertiary fold
within the structure) with the active site at the junc-
tion between them. All NRPS A domains share ca.
30—60% sequence identity,*” which allowed identifi-
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cation of 10 “core motifs” that serve as functional
anchors. In combination with the A-domain crystal
structures it could be shown that many amino acid
residues of these motifs are responsible for, i.e., ATP
binding, hydrolysis, and adenylation of the substrate
carboxy moiety.’? Cocrystallization of PheA with
phenylalanine and AMP revealed specific interac-
tions of the AMP phosphate moiety with a conserved
Lysb517 (Figure 4A). The substrate binding site has

C-terminal domain

N-terminal domain

Figure 4. Crystal structures of catalytic core domains. (A)
Crystal structure of the phenylalanine-activating A domain
(PheA) of the first module of gramicidin S synthetase of B.
brevis. (B) Structure of the PCP domain derived from the
third module of the B. brevis tyrocidine synthetase. (C)
Crystal structure of VibH, a stand alone C domain of the
V. cholerae vibriobactin synthetase.

a channel-like entrance, and phenylalanine is bound
in a hydrophobic pocket with the carboxy group
interacting with Lys517 and the a-amino group with
Asp235. Mutation of these residues confirmed their
relevance for catalysis.5354 Nature uses the important
catalytic function of the conserved lysine residue in
related acetyl—CoA synthetase (Acs) for regulation
of acetyl—CoA production in primary metabolism.5?
Similar to A domains, Acs synthesizes acetyl—CoA
from acetate, ATP, and CoA through an acetyl—-AMP
intermediate. This synthesis is regulated by post-
translational acylation of Lys609, which blocks the
formation of the adenylate intermediate. Reactivation
of the acetylated enzyme requires the NAD-depend-
ent protein deacetylase activity of a CobB Sir2
protein type as shown recently in S. enterica.?® This
mode of regulation was speculated to modulate
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activity for all adenylate-forming enzymes including
NRPS A domains.

The large diversity of building blocks found in
nonribosomally produced peptides corresponds to the
variations in structure and sequence of A-domain
binding pockets as seen for the aryl-acid-activating
A-domain DhbE.5! The substrate pocket is shallower
than that in PheA, and 2,3-dihydroxybenzoic acid is
coordinated by its two hydroxy groups, which interact
with Ser240 and Asn235, and by the carboxy moiety,
which interacts with two residues Lys517 and His234.
This binding mode contrasts with the situation in
PheA where a second interaction is provided to the
o-amino group and reflects differences in protein-
ogenic vs nonproteinogenic amino acid activation. By
comparing the residues lining the binding pockets of
PheA and DhbE with the corresponding residues in
other A domains, general rules for substrate specific-
ity were developed. These rules, also referred to as
the “nonribosomal code”, were tested by mutations
in specificity conferring residues in different A do-
mains, which lead to the conclusion that sub-
strate specificity can be predicted with fairly high
accuracy.?256-58

The first crystal structures of adenylate-forming
enzymes primarily provided insight into the adeny-
lation half reaction, while a recent crystal structure
of Acs bound to adenosine-5'-propyl phosphate and
coenzyme A (CoA) has also shed light on the second
reaction step, thioester formation with coenzyme A.%°
This is particularly interesting since aminoacyl—
AMP transfer onto the ppan cofactor of NRPS has
largely been the subject of speculation until now.55051
It was observed that the C-terminal domain of Acs
is rotated by ca. 140 ° relative to its conformation in
DhbE and PheA. This domain movement exposes a
new set of residues to the active site and relocates
Lys609, important for the adenylation half reaction,
as it coordinates the carbonyl group of acetate. This
conclusion was also supported by experiments in
which acetylation of Lys609 was shown to inhibit
adenylation but had no effect on catalysis of the
second half reaction, the acylation of CoA. This result
suggests the existence of two sets of catalytic residues
corresponding to two different reaction steps and to
two different structural orientations.*?*> Moreover,
the structural rearrangement appropriately positions
the CoA thiol for nucleophilic attack on the acetyl—
AMP intermediate. Since crystal structures only
provide snapshots of individual states in a dynamic
multiple-step process, the findings suggest that mem-
bers of the adenylate-forming family of enzymes
adopt two different orientations to catalyze their two
half reactions.

In contrast to ribosomal protein synthesis, which
shows very accurate proof reading, less stringent sub-
strate selection and incorporation is observed for
some nonribosomal peptides.’? However, new studies
on the mode of substrate selection of NRPS A do-
mains have revealed an intrinsic ATPase activity
which is enhanced in the presence of noncognate
amino acid substrates.’® In turn, less pronounced
variations in ATPase activity are observed in A do-
mains with relaxed amino acid specificity. The cyclic
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Figure 5. Phosphopantetheinylation: Apo to holo enzyme conversion. (A) The phosphopantetheine moiety of coenzyme
A (red) is covalently attached to an invariant serine residue of PCP by Sfp, a dedicated phosphopantheteine transferase.
(B) Crystal structure of Sfp with its substrate coenzyme A and Mg2*.

decapeptide tyrocidine consists of a mixture of four
compounds that vary in two positions,’® whereas
about 30 variants are known for the immunosuppres-
sive drug cyclosporin.3? With this simple strategy the
diversity of natural products can be readily increased.

2.2. Intermediates Transport by the Peptidyl
Carrier Protein

The only NRPS domain without autonomous cata-
Iytic activity is the peptidyl carrier protein (PCP),
also referred to as thiolation domain (T). The protein
comprises ca. 100 amino acids and is located down-
stream of the A domain. Within the NRPS assembly
line PCP is responsible for transportation of sub-
strates and elongation intermediates to the catalytic
centers. As discussed in the previous section, the A
domain catalyzes the transfer of the activated ami-
noacyl—adenylate substrate onto the terminal cys-
teamine thiol group of the ppan cofactor bound to
PCP in its second half reaction (Figure 3B). In
nonribosomal peptide synthesis the combination of
A domain and PCP is defined as an initiation module
since both domains are required to activate and
covalently tether the first building block for subse-
quent peptide synthesis. The activity of recombinant
A domains with adjacent holo-PCPs can be assayed
in vitro by an aminoacylation assay with ATP and
radioactive amino acids.*® In contrast to ribosomal
protein synthesis with tRNA-bound ester intermedi-
ates, nonribosomal peptide synthetases exploit more
reactive PCP—thioesters. This difference in reactivity
is due to the lower mesomeric stabilization of the
thioester, which forms less stable p,~p,. double bonds
and emphasizes that the initial activation energy
provided by the A domain is preserved here for
subsequent catalytic reactions such as condensation,
hydrolysis, and cyclization (see below).5!

A 20 A long prosthetic ppan moiety of coenzyme A
is covalently tethered to the side chain of a strictly
conserved PCP serine residue and serves as a crane
for building-block delivery.62-% Transfer of ppan onto
apo-PCP is catalyzed by NRPS-specialized 4'-phos-
phopantetheinyl transferases such as Sfp and Gsp
from B. subtilis and B. brevis, respectively®>6667 (Fig-
ure 5A). The conversion of inactive apo-PCP into its
active ppan—PCP holo form was monitored in vitro
with recombinant Sfp and PCPs from the surfactin
synthetase. These studies revealed the very low
selectivity of Sfp for the carrier proteins.®® Sfp was
shown to efficiently phosphopantetheinylate not only
apo-PCPs from various NRPS templates but also acyl
carrier proteins from fatty acid and polyketide syn-
thases.%6%9 Furthermore, recent results suggest a
broad acyl—CoA tolerance. Various synthetic pepti-
dyl—CoAs were covalently attached to apo-PCPs
under catalysis of Sfp, albeit with reduced efficiency.
This relaxed specificity of Sfp has proved useful for
preparative applications, which will be presented be-
low.”®" Insights into how Sfp mediates binding and
protein recognition were provided by a crystal struc-
ture in complex with its substrate CoA™ (Figure 5B).
The structure of the 224 amino acid comprising Sfp
monomer shows a pseudo-2-fold symmetry which
divides the protein into two similar folds of almost
identical size. The CoA substrate is bound in a bent
conformation within a pocket formed by the two Sfp
halves. The 3'-phospho-5-ADP moiety of CoA is well
defined in the electron density map and coordinated
by several Sfp residues and Mg?", while the main
part of the ppan arm shows no interactions with Sfp
and points out into bulk solvent. This unique type of
CoA coordination is in complete agreement with the
observed binding tolerance for peptidyl—CoA sub-
strates (and acyl—CoA) in which the peptide compo-
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nent presumably does not interact with the enzyme
(section 3.2.3).%8 PCP cofactor modification was sug-
gested to occur via Sfp—Glul51-mediated deproto-
nation of the serine hydroxy group of PCP and its
subsequent nucleophilic attack on the -phosphate
of CoA, leading to holo-PCP and 3',5'-ADP as a by-
product. Several mutational analyses of Sfp con-
firmed this type of CoA binding and revealed several
residues in a loop region between 34—a5 in the PCP
binding region.”

The first solution structure of a PCP was solved
using NMR spectroscopy with the PCP of the third
module of the B. brevis tyrocidine synthetase™ (Fig-
ure 4B). PCP is a distorted four-helix bundle with
an extended loop between the first two helices, which
is probably important for interaction with Sfp. The
invariant serine residue, the site of cofactor binding,
is located at the interface between this loop and the
second helix. The cofactor shows no interactions with
the protein and is accommodated in the solvent. No
peptide-binding pocket was observed, which is in
agreement with the lack of substrate selectivity. The
fold is well defined between residues 8 and 82, and
the structural core was defined to be a region span-
ning 37 amino acids in both directions from the
conserved serine. PCPs have a function similar to
acyl carrier proteins (ACP) from fatty acid and
polyketide synthases. Sequence homologies between
PCPs and ACPs only exist in the immediate neigh-
borhood of the invariant serine residue, although all
proteins possess an almost identical structural
fold.”» 7" The most obvious difference between ACPs
and PCPs is the overall charge of the proteins. While
ACPs have predominantly acidic side chains on their
surface, the PCPs surface is much less polar. This
corresponds to the charges of the corresponding
ppan—transferases AcpS and Sfp. While AcpS exclu-
sively primes ACP and not PCP, it was observed that
Sfp is promiscuous enough to serve both ACP and
PCP. A crystal structure of a complex from B. subtilis
ACP and AcpS™ throws light on the importance of
the charged residues and explains why AcpS only
interacts with ACP. Acidic residues of the ACP helix
3 interact specifically by the formation of salt bridges
with the first helix of AcpS. This positions the serine
residue in the right orientation for the priming
reaction. In PCPs one of the interacting acidic
residues is exchanged by a basic residue, which might
explain the inability of AcpS to prime PCPs. On the
basis of these results a novel hybrid PCP was
constructed by replacing the B. brevis TycCs PCP
helix 2 with the corresponding helix of B. subtilis
ACP which contains the interacting residues.” This
hybrid enzyme was stoichiometrically phosphopan-
tetheinylated in vitro by both AcpS and Sfp.

2.2.1. Misacylation and Regeneration

The promiscuity of Sfp also causes undesired
misacylation of PCPs within NRPS assembly lines
since not only CoA but also acyl—CoAs can serve as
cofactor donors. To regenerate these misprimed
NRPS templates, nature has developed specific en-
zymes which catalyze hydrolysis of the undesired acyl
group. These so-called thioesterase II domains (TEII)
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were shown to be specific for acyl—PCPs in in vitro
assays, while there was no hydrolysis observed for
acyl—ACPs, which are essential in primary fatty acid
metabolism.” Comparison of the catalytic properties
of TEIl-mediated aminoacyl— or peptidyl—PCP hy-
drolysis vs acetyl—-PCP showed a strong preference
for the latter substrate, which indicates that this
proofreading enzyme is important for NRPS activity.
Deblocking of misacetylated PCPs was also confirmed
by TEII knockout studies.

2.3. Peptide Elongation by the Condensation
Domain

After activation and covalent binding of the first
amino acid substrate by the A—PCP initiation mod-
ule, peptide synthesis proceeds by stepwise conden-
sation with amino acid building blocks bound to PCPs
of the downstream elongation modules (C—A—PCP),.
Peptide bond formation is mediated by a ca. 450
amino acid long condensation domain (C domain).
The C domain catalyzes the nucleophilic attack of the
downstream PCP-bound acceptor amino acid with its
free a-amino group on the activated thioester of the
upstream PCP-bound donor amino acid or peptide®®
(Figure 3C).

Biochemical characterization of different C do-
mains from the B. brevis tyrocidine and E. coli
enterobactin synthetases revealed insights into their
substrate specificities. Probing substrate specificity
in the natural synthetase is difficult because the
upstream donor and downstream acceptor substrates
are defined by restrictive A domains. To directly
evaluate C-domain specificity, various aminoacyl—
CoA substrates were synthesized and attached via
an Sfp-catalyzed reaction to the apo-PCPs of a
minimal, bimodular NRPS enzyme composed of mod-
ule 1 from B. brevis gramicidine synthetase and
module 2 from tyrocidine synthetase. Mischarging of
PCPs from both modules in condensation assays
revealed that the C domain of tyrocidine module 2
seems to possess an acceptor position for the down-
stream PCP-bound nucleophile that discriminates
against the noncognate D-enantiomer as well as
differences in the side chain. By contrast, low side-
chain selectivity was observed for the donor position
of the upstream PCP-bound electrophile. Interest-
ingly, a preference for cognate D-enantiomers was
observed.®® This was confirmed by further investiga-
tions with the C domain of tyrocidine elongation
module 5, which revealed that the donor position
exclusively selects a tetrapeptide with the cognate
D-configuration of the C-terminal residue for conden-
sation reactions.”™ This shows that besides A domains
and TEII domains C domains also represent a
selectivity filter in nonribosomal peptide synthesis.
Selection of the correct downstream nucleophile by
the acceptor position prevents the formation of
product mixtures and facilitates peptide synthesis in
a directed manner. Assays with amino acids attached
to N-acetylamine (SNAC) support the previously
mentioned results and show that these soluble mim-
ics of the ppan arm can serve as substrates for C
domains, allowing the first kinetic studies at the
acceptor site on C domains. Analogous experiments
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at the donor site have not been possible however due
to low turnover.8!

Sequence alignments of several C domains revealed
a highly conserved HHXXXDG motif that is also
found in acyltransferases such as chloramphenicol
acetyltransferase (CAT), NRPS epimerization, and
heterocyclization domains.?28 Mutations in residues
His147 in the conserved motif of the C domain of
tyrocidine module 2 and His138 in enterobactin
synthetase module F abolished activity in condensa-
tion assays,?% providing evidence of an active role
of the conserved histidine in catalysis. A recent
crystal structure of VibH revealed insights into the
architectural organization of this enzyme®? (Figure
4C). VibH of the Vibrio cholerae vibriobactin syn-
thetase is a very unusual NRPS C domain since it
catalyzes peptide bond formation between a PCP-
bound DHB donor and a freely diffusible norspermi-
dine acceptor substrate.8 Moreover, VibH represents
one of the few NRPS C domains which are not
covalently attached to a NRPS module. VibH is a
monomer with two pseudodimeric domains consisting
of an oo sandwich. The conserved HHXXXDG motif
is located in a loop at the interface between the two
domains, which provides access to His126 from two
different faces of the enzyme. His126 could function
as a base to activate the free o-amino-group of the
downstream acceptor substrate for nucleophilic at-
tack on the upstream thioester. By analogy to struc-
tural data on CAT, it was postulated that the
C-terminal face of VibH would bind the donor DHB
substrate with its ppan arm extending into a solvent
channel. Norspermidine could then nucleophilically
attack the thioester from the opposite N-terminal
site. In other NRPS C domains with donor and
acceptor presented on PCPs, both ppan arms would
be extended into the solvent channel from opposing
open ends, which would represent binding sites for
the two PCP proteins. In contrast to the tyrocidine
C domain and EntF C domain, mutation of the same
conserved histidine in the C domain VibH resulted
in little reduction in catalytic activity, which may
reflect its specialized catalytic requirements.52

The heterocyclization domain (Cy), which can
replace C domains in NRPS templates and catalyzes
peptide elongation as well as heterocyclization by a
more complex mechanism, is structurally and mecha-
nistically related to the C domain. Five-membered
heterocyclic rings such as oxazoline in vibriobactin
and thiazoline in bacitracin are common structural
features of nonribosomal peptides and important for
chelating metals or interaction with proteins, DNA,
or RNAS®7 (Figurel). The first reaction step promoted
by Cy domains is the nucleophilic attack of a PCP-
bound cysteine, threonine, or serine acceptor sub-
strate onto the thioester of the donor substrate.
Recent mutational studies of the bacitracin Cy do-
main demonstrated that the free a-amino group is
the nucleophile in this step, as observed for C
domains.® In the next step the side chain hydroxy
or thiol group carries out a nucleophilic attack onto
the a-carbonyl C atom of the donor amino acid,
forming a five-membered heterocyclic ring, which is
subsequently dehydrated to form the final oxazoline
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or thiazoline product. Further insights into the
mechanism of catalysis were provided by the vibrio-
bactin synthetase, which contains two adjacent Cy
domains. Analysis revealed that Cy domain 2 was
responsible for the condensation step while Cy do-
main 1 carried out the heterocyclization and dehy-
dration steps. This result indicates separate mech-
anisms for catalysis of condensation and heterocycli-
zation.%¢ These investigations as well as more general
structural similarities indicate that Cy domains are
evolutionarily specialized C domains.

2.4, Editing Domains

While the amino acid is covalently tethered onto
the PCP, several editing domains can carry out
further modifications to increase the diversity of the
final product. Incorporation of D-amino acids and
methylated amide bonds increases the stability of the
peptide against proteolytic digest and also favors
population of unique conformations important for
biological activity.

2.4.1. Epimerization

Almost every nonribosomally synthesized peptide
contains D-configurated amino acids to a various
extent. NRPSs utilize two different strategies for
their incorporation. The most common route involves
epimerization of L-amino acids by integrated 450-
amino-acid-long epimerization domains (E).%% The
latter promote epimerization of the C,-carbon of the
PCP-tethered aminoacyl substrate to afford a D/L
equilibrium.®® Racemization in vitro can either occur
from L to D or D to L. Rapid quench kinetics revealed
that this equilibrium is achieved within seconds.?!
Specific incorporation of only the D-amino acid into
the growing peptide chain is ensured by the enantio-
selective donor site of the downstream condensation
domain.®® This principle is also used in the surfactin
synthetase in modules 3 and 6 to incorporate D-Leu
twice in the final product. The combination of D- and
L-amino acids contributes to the unique conformation
of surfactin that is important for its biological activ-
ity.19 A second strategy of D-amino acid incorporation
is often observed in fungal systems:3? The A domain
of cyclosporin synthetase, for example, exclusively
incorporates D-Ala, which is provided by an external
racemase."?

Biochemical characterization of E-domain sub-
strate specificity also revealed that noncognate amino
acids were racemized but with lower efficiency.®
Further studies showed that artificial E-domain
constructs without a preceding C domain (as ob-
served in the native initiation module) could epimer-
ize aminoacyl—PCP. In contrast, identical constructs
with a preceding cognate C domain (as in an elonga-
tion module) did not show epimerization activity for
the bound aminoacyl—S—ppan substrate. This ob-
servation led to the conclusion that C domains tightly
bind aminoacyl—PCP in the acceptor site until con-
densation occurs. The resulting peptidyl—PCP has a
lower binding affinity for the acceptor site and is then
transferred to the subsequent E domain or next C
domain.”>? These investigations contributed to an
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) substrate adenylation by A-domain

@ loading of PCP

@ binding in C-domain acceptor site and peptide bond formation

@ reduced binding affinity in acceptor site and movement to E-domain - epimerization
@ binding of D-conformer in C-domain donor site

Figure 6. Directionality of peptide elongation. Reaction
sequence (1—5) within an NRPS elongation module (shown
in gray) containing an epimerization domain. AA = amino
acid; AAx = upstream amino acid or peptidyl chain.

understanding of timing and directionality in nonri-
bosomal peptide synthesis (Figure 6).

Although a crystal structure of an E domain is not
yet available, sequence alignments indicate their
similarity to C and Cy domains.?? C and E domains
share a conserved HHXXXDG motif, the second His
of which seems to be involved in catalysis.®3% Similar
to C domains, it is assumed that this residue de- and
subsequently reprotonates the C, carbon atom (one
base mechanism). Sequence alignments and struc-
tural comparison with the VibH C domain revealed
that E domains have an insertion at the C-terminal
end of the solvent channel, indicating that this face
may be blocked and PCP binding may occur from the
N-terminal face only.52

Moreover, it was shown that E domains play a
crucial role in NRPS protein—protein recognition,
mainly in bacterial systems.?> For example, two
subunits in surfactin synthetase have terminal E
domains which communicate intermolecularly (in
trans) with the C domain of the adjacent subunit
(Figure 2). Moreover, product formation between
two modules of the tyrocidine synthetase in trans
was only observed if the free-standing module 1
(A—PCP—E) harbored the cognate E domain. A
recent sequence analysis of the operon-encoding
linear gramicidin A revealed the presence of 7 E
domains, one of which surprisingly attached to a
glycine-incorporating module. Since this E domain,
which carries mutations in core motifs, is at an in
trans junction of the synthetase, it may only be re-
quired for mediating protein—protein recognition.%

2.4.2. Methylation

Some nonribosomal peptides such as cyclosporin,®’
enniatin,®® actinomycin,? and pristinamycin!-% have
N-methylated peptide bonds. This modification is
introduced by a ca. 420 amino acid comprising
N-methylation domain (N-Mt) which is inserted into
the accompanying A domain. The N-Mt domain
catalyzes the transfer of the S-methyl group of
S-adenosylmethionine (SAM) to the a-amino group
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of the thioesterified amino acid releasing S-adeno-
sylhomocysteine as a reaction byproduct. In compari-
son to other NRPS domains discussed previously, less
is known about N-Mt domains. It was shown for
actinomycin synthetase a valine-activating A domain
in module 2 could be replaced by a methyl—valine-
activating A—N—Mt domain. This construct pro-
moted peptide bond formation with acyl threonine,
which is in agreement with the observed relaxed
donor site specificity of C domains. In the absence of
the appropriate acceptor only methyl—valine was
observed, indicating that N-methylation occurs before
peptide bond formation.%?

SAM-dependent C-methylating domains (C-Mt) are
also known. In yersiniabactin synthetase a thiazoline
ring is C-methylated.!°’ Recently, a new type of SAM-
dependent methyl transferases was identified. Melithi-
azol synthetase from the myxobacterium Melit-
tangium lichenicola lacks the conserved SAM binding
signature sequence of N-Mt domains.'2 This enzyme
is involved in an unusual methylation of a carboxy
acid to form an ester, which represents the last step
in melithiazol biosynthesis.

2.4.3. Further Modifications

Besides epimerization and methylation further
modifications can be introduced into the peptide
sequence. The oxidation state of oxazoline and thia-
zoline rings can be altered under catalysis of ad-
ditional oxidation (Ox) or reduction (R) domains. The
ca. 250 amino acids comprising oxidation domains are
observed, e.g., in the NRPS modules of bleomycin,
epothilone, or myxothiazol synthetases.!%3715 Two
different organizations of the flavine—mononucle-
otide (FMN) containing domains have been reported.
In myxothiazol synthetase one Ox domain is C-
terminally fused to the PCP while another Ox domain
is incorporated within the A domain.!®® Recent bio-
chemical characterization of a recombinant Ox do-
main from the epothilone synthetase revealed that
this enzyme retains autonomous activity, catalyzing
the oxidation of thiazoline to thiazole. Molecular
oxygen was required in these experiments to reoxi-
dize reduced FMN.% Similar experiments were
carried out with an Ox domain from bleomycin.!%6
Recently, it was shown that an in-frame deletion of
an Ox domain from myxothiazol synthetase did not
alter the final product from a thiazole into a thiazo-
line derivative. It was therefore speculated that the
other Ox domain of the synthetase would oxidize both
thiazolines.!%” An interesting oxidation strategy is
also realized in the biosynthesis of melithiazol and
myxothiazol.192107 Glycine is incorporated as the last
amino acid into the myxothiazol precursor and sub-
sequent hydroxylation by a monoOx domain leads to
the release of the myxothiazol amide and PCP-bound
glyoxylic acid. While the terminal amide of myxothi-
azol is the final product, the terminal amide of
melithiazol is processed further by enzymatic hy-
drolysis and methylation (see N-methylation).

Nature has also developed an opposite strategy
which allows reduction of heterocycles by addition of
two electrons as seen in one of the rings in yersinia-
bactin and pyochelin. Reduction is catalyzed by
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Figure 7. Peptide release by the TE domain. Depending on the identity of the NRPS template, product release can be
carried out either by the external nucleophile water to give the linear acid product (A), as observed in case of the vancomycin
TE, or by an internal nucleophile to yield a cyclic product as seen for tyrocidine TE (B).

NADPH-dependent R domains which catalyze the
reduction of thiazoline into thiazolidine.'® R domains
are also involved in peptide release as discussed later.

A key characteristic of many nonribosomally pro-
duced peptides such as surfactin, mycosubtilin, and
fengycin is the N-terminally fused lipo acid. Thus far,
it is not well understood how this lipoinitiation is
mediated. Since all initiation modules in these syn-
thetases start with a C domain it is assumed that
an acyl transferase provides the acyl chain for the C
domain donor site.!342

Another modification of the N-terminal peptide end
is N-formylation catalyzed by a N-formyltetrahydro-
folate-dependent formyltransferase domain (F) as
observed in anabaenopeptilid 90-A and linear grami-
cidine A.%6:109

2.5. Peptide Release

All catalytic domains discussed so far are repeating
units of the enzymatic template and contribute to the
synthesis of a linear peptide molecule tethered to the
multienzyme. To reactivate the multienzyme for a
next synthesis cycle the mature peptide has to be
cleaved once it reaches the end of the assembly line.
This reaction is usually accomplished by a ca. 280
amino acid long thioesterase domain (TE domain)
fused to the C-terminal module, also referred to as a
termination module. In the last step of peptide
assembly an active site serine of the TE domain
carries out a nucleophilic attack on the PCP—peptidyl
thioester to form a covalent acyl—enzyme intermedi-
ate. Depending on the NRPS template and hence on
the TE domain, this intermediate can either be re-
leased by hydrolysis as a linear acid or by an intra-
molecular reaction with an internal nucleophile to
give a cyclic peptide (Figure 7). Hydrolytic release is
observed for peptides such as vancomycin, whose
peptide backbone is constrained by further postsyn-

thetic oxidative cross-linking reactions, whereas the
tyrocidine and surfactin backbones become directly
constrained by TE-mediated macrocyclization (Figure
2 and Figure 7A).12:110

Alternatively, peptide release can also occur con-
comitant with reduction of the carboxy group cata-
lyzed by the NADPH-dependent reduction domain (R)
to give linear aldehydes or alcohols such as in the
yeast biosynthetic pathway for the essential amino
acid lysine!'! and in the biosynthesis of linear grami-
cidin A in B. brevis® or by head-to-tail condensation
mediated by the C domain as seen in cyclosporin
synthetase. Many other cyclization strategies have
been uncovered which give rise to a large and diverse
set of cyclic or cyclic branched molecules with distinct
biological activities. Thioesterase domains that cata-
lyze a cyclization reaction are also referred to as
peptide cyclases.

The broad variety of cyclization strategies is en-
coded by the three-dimensional architectures of TE
domains. Recent access to the crystal structure of the
surfactin TE (Srf TE) domain has afforded deeper
ingight into the mechanism of cyclization.!'? The
crystal structure represents a very prominent o,-
hydrolase fold which is characteristic of a large family
of proteases, lipases, and esterases (Figure 8A). The
o,3-hydrolase fold also provides a stable scaffold
for the active sites of a variety of other TE do-
mains which share only low sequence identities of
10—15%.4113 This high flexibility in primary sequence
reflects the broad spectrum of activities mediated by
these enzymes which need a rigid fold to ensure
precise alignment for catalytic action. The crystal
structure of Srf TE revealed several catalytic residues
and regions which were assumed to play a crucial
role in catalysis. A putative PCP domain interaction
site ensures docking and presentation of the ppan-
bound substrate in the active site via a cleft in the
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*" Pro:
Figure 8. Structure of Srf TE. (A) Crystal structure of
Srf TE (a,5-hydrolase fold) together with an upstream PCP
domain (shown in yellow) at a putative interaction site. A
modeled posphopantetheine arm points from the invariant
PCP serine residue (*) into the Srf TE active site cavity
(circled). (B) Magnification of the binding pocket reveals
the catalytic triad (Ser80, His207, and Asp107) shown in
yellow. The cavity is lined predominantly by hydrophobic
residues with the exception of two positively charged side
chains of Lys111 and Argl120 (yellow).

surface of the TE (Figure 8A). The active site cavity
is bowl shaped and lined with predominantly hydro-
phobic and aromatic residues with the exception of
two positively charged residues Lys111 and Arg120
(Figure 8B). This hydrophobic environment matches
the hydrophobic peptide sequence of surfactin, while
the two positive charges in the active site were
postulated to mediate recognition and alignment by
coordination of Glul and Asp5 in the surfactin
sequence. Mutations of these residues to Ala con-
firmed their role in catalysis.!'® The three residues
Ser80, His207, and Asp107 exhibit the right geom-
etry and distance required for a catalytic triad.
Mutation of all three residues confirmed that serine
forms a covalent acyl—enzyme intermediate after
deprotonation by His.!1° This acyl—enzyme interme-
diate was first identified by mass spectrometry in the
enterobactin TE after mutation of the triad residue
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His to Ala. No such behavior was observed for the
same mutation in Srf TE, which indicates different
reactivity profiles in different TE domains. Better
understanding of the Srf TE substrate-binding mode
was then achieved by cocrystallization studies with
a boronic acid inhibitor.!1? The cocrystal structure
confirmed previous mutational studies and revealed
binding of the boronic acid by the triad residue Ser80.
Moreover, the structure revealed distinct recognition
and binding of the C-terminal residues Leu7 and
D-Leub6 of the surfactin peptide in hydrophobic pock-
ets while the rest of the peptide seemed to be less
ordered and constrained by the enzyme. Cyclization
of lipopeptides may be triggered by a pronounced
hydrophobic pocket which is present in the Srf TE
active site close to the predicted fatty acid position.
Binding of the fatty acid in this pocket might ensure
a precise positioning of the S-hydroxy group required
for a nucleophilic attack on the serine—peptide oxo-
ester. This assumption is supported by investigations
with the CDA TE domain where longer fatty acid
chains increased not only cyclization yields dramati-
cally but also the regioselectivity of the cyclization
reaction.”™

Although all members of the o,5-hydrolase enzyme
family possess a similar structural fold, the mode by
which the acyl—enzyme intermediate breaks down
can be substantially different. While some TE do-
mains such as vancomycin TE and lipases catalyze
hydrolysis of the enzyme—substrate oxoester to give
linear acids, other TE domains catalyze cyclization.
A critical stage of the two different paths is encoded
by the oxyanion hole. Two amide bonds stabilize the
negatively charged tetrahedral intermediate in the
release reaction. The structural integrity in the Srf
TE domain is ensured by a rigid proline residue
adjacent to one of the stabilizing amide bonds. This
proline is highly conserved in cyclizing TE domains.
In contrast, a flexible glycine is at this position in
hydrolyzing lipases, which may ease the entry of
water during a critical step of catalysis. Mutation of
Pro26 to Gly in the Srf TE confirmed this hypothesis,
dramatically increasing the amount of hydrolysis
product formed. This residue may therefore represent
a switch between cyclic or linear products in different
enzyme families.

2.5.1. Diversity by Cyclization

Macrocyclization is a key structural feature of
many nonribosomal peptide products which con-
strains the flexible peptide chain in a biologically
active conformation. Rigidity in the peptide backbone
facilitates specific interactions with dedicated cellular
targets (section 1). In turn, many linear analogues
of cyclic peptides display no or only diminished
activities.!* The huge variety of cyclic nonribosomal
peptides is achieved by a diverse set of TE domains.
Their high degree of specificity allows cyclization
reactions to occur in the presence of other nucleo-
philes without the use of protecting groups. Contrary
to the situation in solution where the peptide chain
has to find the right conformation for cyclization by
various rotations, the TE domain active site guides
the folding of the peptide chain. TE domains can
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specifically select one residue from a source of nu-
cleophiles to catalyze regio- and stereoselective cy-
clization reactions. These nucleophiles always attack
to the C-terminal end of the peptide; no side-chain-
to-side-chain or N-terminal-amine-to-side-chain cy-
clizations have ever been observed. In basic head-to-
tail cyclizations, as seen for tyrocidine (B. brevis), the
free N-terminal amine is connected to the C-termi-
nus, yielding a lactam product (Figure 9). Surfactin
and mycosubtilin (B. subtilis) are examples of a
branched chain lactone and lactam, respectively
(Figure 9). The TE mediates ring closure by connect-
ing a -hydroxy fatty acid for surfactin and a f-amino
fatty acid for mycosubtilin to the peptide C-terminus.
Both lipoheptapeptides share similarities in size,
activity, and mode of synthesis as well as in the
precursor f3-keto fatty acid. In the case of surfactin
the ketone is reduced to a hydroxy group, while in
mycosubtilin several catalytic domains convert the
ketone into an amino group. This processing of the
same precursor in different ways leads to an increase
in structural diversity. A change in the nucleophile
from a hydroxy group to an amine seems to alter the
chemoselectivity of the corresponding TE. Experi-
ments revealed that it is not possible to cyclize a
B-amino analogue of either surfactin or mycosubtilin

directly with Srf TE, which demonstrates that alter-
native nucleophiles are not tolerated.!'® Similar
results were observed for CDA TE.” Srf TE is specific
only for the (R)-configured hydroxy fatty acid, em-
phasizing a high degree of chemo-, stereo-, and
regioselectivity also observed for the analogous fengy-
cin, CDA, and syringomycin TE domains.”0115.116
Besides functionalized fatty acid residues, amino acid
side chains can also be involved in cyclization. The
TE domains of fengycin, syringomycin, and CDA
synthetases specifically select dedicated tyrosine,
serine, and threonine side-chain nucleophiles for
connection with the C-terminus (Figure 9).

In many NRPSs the modular enzymatic template
is collinear with the peptide product sequence. In
these linear type A NRPS assembly lines TE domains
only catalyze one reaction step, either cyclization or
hydrolysis of the linear precursor.”? However, in
iterative NRPS type B templates, the TE domains
have an additional function which allows the enzyme
to repeat the collinear synthesis once or twice. In this
case the TE has to count the monomers stalled at
the end of the assembly line and initiates release by
cyclic dimer or trimer formation only once the desired
length is achieved. This strategy is observed for
gramicidin S, enterobactin, and bacillibactin peptides
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(Figure 9). Less is known about the mechanism and
structure of iterative TEs. Detailed mass spectro-
metric analysis was carried out for the last module
of the enterobactin assembly line (EntF) containing
a C-terminal TE domain which catalyzes cyclotrim-
erization of three 2,3-dihydroxybenzoyl serine (DHB—
Ser) units to give the cyclic trilactone enterobactin.!”
It was demonstrated that this TE is involved in two
reactions: acyl chain growth and cyclization.

Macrocyclization is not exclusively mediated by TE
domains. In cyclosporin A the final peptide bond is
formed by a putative condensation domain!!® instead
of a TE domain, emphasizing that nature developed
additional enzyme species capable of catalyzing
product release by cyclization. A PCP—C didomain
can also catalyze oligomerization as observed for the
trilactone enniatin.!'® Recently, a new type of head-
to-tail macrocyclization was reported for nostocyclo-
peptide from the terrestrial cyanobacterium Nostoc
sp. The C-terminal residue of the linear peptide is
reduced by the action of an R domain to give an
aldehyde, which is then intramolecularly captured
by the a-amino group of the N-terminal amino acid
residue to give a cyclic imine'?° (Figure 9).

2.6. Quaternary Architecture

Many enzymes catalyzing sequential metabolic
reactions aggregate by noncovalent linkage of identi-
cal or nonidentical subunits to form multienzyme
complexes. The fatty acid synthases (FAS) of eukary-
otes and the modular polyketide synthases (PKS) are
well-known examples of a class of enzymes that forms
complexes composed of two identical subunits (Figure
10).121-123 A double-helical structure model for modu-

NRPS

FAS

Monomer*

Dimer

Figure 10. Quaternary structures of NRPS, PKS, and
FAS multienzyme complexes. While FAS and PKS fold into
homodimeric enzymes with domains communicating across
the dimeric interface, no such interaction was found for
several NRPSs (* except VibF).

lar PKS has been proposed.'?? According to this model
the enzyme subunits are orientated head-to-head and
folded in an interwound helical manner. Ketosyn-
thase (KS), acyl carrier protein (ACP), and acyltrans-
ferase (AT) domains form a core which is necessary
for the observed interaction between KS and ACP
domains from different strands (Figure 10). Optional
domains such as the ketoreductase domain (KR) are
accommodated in outside loops. The model for FAS
enzymes also requires functional interactions be-
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tween both subunits to explain the results of cross-
linking studies.!?4125

The related organization and chain elongation logic
of PKS and NRPS as well as the existence of
naturally occurring hybrids that produce natural
products such as epothilone has led to the assumption
of a similar quaternary structure for both enzyme
families.** In contrast to PKS and FAS enzymes, not
much was known about the quaternary organization
of NRPS for a long time. Although high-resolution
structures of NRPS core domains are now available,
structural insights into multidomain organization
have remained elusive. Structural differences in the
oligomeric states of NRPS and PKS enzymes were
first revealed by comparison of their respective
thioesterase domains.!2113 While the crystal struc-
ture of the erythromycin PKS TE domain clearly
shows a leucine-rich hydrophobic dimer interface,
only a monomeric structure is observed for the
surfactin NRPS TE domain. A monomeric organiza-
tion has been similarly postulated® for the NRPS C
domain VibH.

The first global analysis of the quaternary archi-
tecture of NRPS was carried out with various NRPS
multidomain modules derived from tyrocidine, gram-
icidin S, enniatin, and enterobactin synthetases using
strategies which were previously successfully applied
to establish a dimeric interaction in FAS and PKS
enzymes.!?6127 Biophysical methods such as gel filtra-
tion, chemical cross-linking, and analytical ultracen-
trifugation revealed a monomeric organization of all
enzymes investigated. For the larger dimodular
enzyme TycBs_3 (A—PCP—C—A—-PCP—E) a dimeric
species was observed during ultracentrifugation at
high nonphysiological concentrations, which was
speculated to be an evolutionary relic. Biochemical
experiments such as mutant complementation and
affinity tag labeling also supported the monomeric
state of the tested NRPS enzymes.126 On the basis of
these results, an overall monomeric structure of
NRPSs was suggested. The existence of NRPS—PKS
hybrids lead to the assumption that the PKS portion
of the protein dimerizes while the NRPS part is in a
monomeric form. In contrast to dimeric FAS and
PKS, the monomeric structure of many NRPS en-
zymes emphasizes that there is no mechanistic
requirement for them to function as dimers. In a
recent publication Smith and co-workers showed that
there is no such mechanistic requirement for FAS!28
either, in contrast to previous belief. Full inactiva-
tion of one polypeptide chain in a dimer did not
abolish FAS activity, indicating that one functional
subunit in a heterodimer is sufficient for product
assembly. The dimeric state therefore seems to
contribute predominantly to enzyme stability and
integrity, since monomeric FASs are functionally
inactive.

Recent ultracentrifugation and mutant comple-
mentation studies of the NRPS module VibF, which
has the unusual domain organization Cy—Cy—A—C—
PCP—C, revealed a dimeric state.!?® In contrast to
cold labile FAS, the VibF dimers dissociate at el-
evated temperatures, which suggests a different
pattern in dimer breakdown and reformation. Since
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the accompanying free-standing C-domain VibH was
shown to be monomeric, two oligomeric states in the
vibriobactin biosynthetic template can be assumed,
similar to the postulated situation in NRPS—PKS
hybrid enzymes. This may also indicate that NRPS
enzymes are able to display two different modes of
structural organization. Knowledge of the quaternary
structure of NRPSs is not only important for under-
standing reactions occurring on or between enzymes
but may also contribute to engineering of more
efficient new hybrid enzymes. A structural model of
intramolecular domain interactions within a mono-
mer must await high-resolution structures of a mul-
tidomain system.

2.7. NRPSs in Higher Eucaryotes

Until recently, NRPSs were only observed in
bacteria, fungi, and yeast, but two recent publications
provide evidence that a NRPS-like assemblage is also
formed in higher eukaryotes.'3%13! In Drosophila the
three-domain multienzyme Ebony (A—PCP—AS) was
shown to be involved in histamine neurotransmitter
metabolism at the photoreceptor synapse of the eye.
Its postulated function is to ensure rapid removal of
histamine from the synaptic cleft, which is essential
to excite the postsynaptic cell by disinhibition. His-
tamine is trapped by Ebony via peptide bond forma-
tion with f-alanine. Experimental data with a 879
amino acid long recombinant form of Ebony revealed
a novel two-step reaction mechanism involving amino
acid activation by an A domain, covalent attachment
to the ppan group of the PCP, followed by peptide
bond formation via a C-terminal domain with an as
yet unknown mechanism.® In vitro assays showed
that the Ebony A domain exclusively activates f3-ala-
nine and transfers it subsequently to PCP. The novel
C-terminal AS domain presumably then catalyzes the
nucleophilic attack of primary amines such as his-
tamine onto the $-alanine thioester. Given the exist-
ence of Ebony in Drosophila, NRPSs in higher
organisms cannot be excluded. This conclusion was
confirmed by a recent publication of Kato and co-
workers, who described a 1100 amino acid long
multienzyme from mouse, U26, which contains an A
domain, PCP, and seven pyrroloquinoline quinone
(PQQ) binding motifs.’®! In mammals U26 seems to
be involved in lysine degradation by oxidation of
2-aminoadipic 6-semialdehyde by PQQ to 2-aminoa-
dipic acid. Interestingly, in yeast lysine is synthesized
by the reverse pathway from the NRPS enzyme Lys2
and Lys5. Lys2 has NADPH-dependent 2-aminoadi-
pic acid reductase activity, and Lys5 catalyzes 4'-
phosphopantetheinylation of Lys2.11! A homologue of
Lys5 has been identified in humans, raising the
question as to whether a structural analogue of Lys2
exists in animals. In addition, the human 4'-phos-
phopantetheinyl transferase was capable of priming
prokaryotic PCP and ACP domains, indicating that
in humans a single enzyme with broad specificity is
responsible for all posttranslational priming reac-
tions.’? These recent developments indicate that
NRPS activity has been preserved throughout evolu-
tion to higher eukaryotes.
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3. Approaches to New Antibiotics

One of the current challenges in NRPS research is
to re-engineer natural products in order to increase
or alter their biological activities. Research of the past
few years has revealed that NRPS and NRPS—PKS
hybrids can produce biologically active compounds
and have outstanding potential for new drug discov-
ery. A prominent example is the mixed NRPS—PKS
product epothilone which is a promising candidate
for combating cancer.!33"135 One goal is to improve
natural-product-based drugs by rational protein en-
gineering of these enzymes (e.g., by module and
domain swapping). Recently, a second strategy has
evolved which exploits a combination of chemistry
and enzymology to create libraries of novel com-
pounds. Solid-phase peptide chemistry is a well-
established method to produce linear peptides in good
yield. Cyclization of these molecules, however, poses
some challenges,?® which can often be solved by enzy-
matic means. The chemoenzymatic approach can also
contribute to a better understanding of NRPS natural
product assembly in general and of individual do-
mains. Knowledge gained from such studies is es-
sential for further biological or chemical engineering.

3.1. Genetic Engineering Approaches

Nature utilizes the modular assembly line meth-
odology to produce a large set of small bioactive
peptides with a huge variety of building blocks and
modifications. The order and domain composition of
modules are the result of a careful selection during
evolution to synthesize a peptide molecule with the
best bioactivity. As a consequence, several hundred
NRPS building blocks are known which are incorpo-
rated by the same number of specific modules. Once
the logic and mechanisms of NRPS assembly had
been explored, interest developed in rationally rede-
signing the NRPS template to synthesize new peptide
products.

Redesign was initially attempted at the genetic
level, and several strategies have been examined to
alter product outcome, including exchange of A—PCP
units, artificial fusion of modules, module swaps, and
deletions. The first reported genetic re-engineering
experiment involved the terminal module of the
surfactin synthetase which incorporates leucine in
the natural system. This module exhibits the domain
composition C—A—PCP—TE. To alter the amino acid
specificity, the activating and covalent attachment
domains (A—PCP) were exchanged by A—PCP units
from bacterial and fungal origin with various amino
acid specificities. Novel surfactin variants with ali-
phatic (Val), charged (Orn), and aromatic (Phe)
residues at position 7 were created and confirmed by
mass spectrometry.'®® All these new variants dis-
played the same hemolytic activity as the native
surfactin. However, low yields of the peptide products
(0.1-0.5% in comparison to the parent strain) were
observed probably because of the high selectivity of
C domains in the acceptor site for the cognate amino
acid substrate.®%-8!1 Moreover, disruption of essential
amino acids at domain borders could cause additional
problems, and further attempts to obtain variants by
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domains. (B) Construction of a bimodular hybrid NRPS template derived from module 2 and module 10 (shown in red) of

the tyrocidine synthetases Tyc B and Tyc C. Modules were defined as C—A—PCP.

domain swapping of surfactin synthetase module 2
were unsuccessful.'¥” Domain borders generally seem
to be crucial determents of multienzyme activity.
Biochemical studies, sequence analysis, and struc-
tural information revealed linker regions between
NRPS domaing®%7482138 which correspond to short
nonfunctional stretches of ca. 15 amino acids bearing
predominantly small and hydrophilic side chains
with an almost random distribution. The sequence
flexibility and their location between domains make
such linkers suitable targets for artificial fusions
without disrupting enzymatic integrity (Figure 11A).
This strategy was first tested for tyrocidine syn-
thetase by fusion of Pro-activating module 2 with
Orn-activating module 9 or Leu-activating module
10138 (Figure 11B). These two hybrid enzymes were
then incubated with D-Phe-activating module 1 to
yield artificial D-Phe-Pro-Orn and D-Phe-Pro-Leu
tripeptides. Catalyzed tripeptide release was only
observed when a TE domain was present at the
C-terminal end of the last module. The catalytic
potential of TE domains to increase the rate of
product formation in engineered synthetases was
explored in more detail by fusion of six different TEs
to module 2 of the tyrocidine synthetase. All TEs
were active in hydrolyzing dipeptide products from
the enzymatic template, albeit with variable turnover
rate after incubation with module 1.139 Interestingly,
an artificial NRPS—PKS hybrid enzyme, which was
generated by fusion of the DEBS TE, also yielded
active protein, demonstrating that engineering within
the two enzyme families can be successful. The
promiscuity of TE domains at hydrolyzing diverse
products in artificial synthetases was further utilized
in a recent approach for production of the dipeptide
a-Asp-Phe, which is a precursor of the sweetener
Aspartame. Asp-Phe represents the first example in
which redesign of a NRPS was guided by a specific
application. Although many NRPS biosynthetic clus-
ters have been sequenced, no biosynthetic template
is known where Asp- and Phe-activating modules are
organized one after the other. Consequently, six
hybrid NRPS enzymes were created in which A—PCP
or A—PCP—C units of Asp-activating module 5
derived from the surfactin synthetase were fused via
their linker regions to A—PCP, C—A, A—PCP, or A
units of Phe-activating modules 1 or 3 of the tyroci-
dine synthetase.'®® The best hybrid enzyme com-
posed, of A—PCP from surfactin module 5, C—A from

tyrocidine module 3, and PCP—TE from tyrocidine
module 10, displayed good chemoselectivity for the
desired product a-Asp-Phe. However, the turnover
rate of 0.7 min~! limits the practicality of technical
applications and requires further optimization.

Many natural peptide products display small het-
erocyclic elements which are associated with their
bioactivity. Synthesis and incorporation of heterocy-
clic compounds such as thiazoline or oxazoline are
therefore desired for the synthesis of new pharma-
ceutical lead compounds. Recently, a genetic ap-
proach to these compounds was introduced by con-
struction of new hybrid NRPSs using heterocycliza-
tion domains (Cy).®8 In this study the Ile-acti-
vating A—PCP module 1 of bacitracin synthetase
was fused either to a Thr-activating Cy—A—PCP
module of mycobactin synthetase or to a Cys-activat-
ing Cy—A(Ox)—PCP module of myxothiazole syn-
thetase.®® The latter module carries an oxidation
domain which further modifies the thiazoline product
to give a thiazole. To ensure product release, both
hybrids were again equipped with the tyrocidine TE
domain at the C-terminus. As predicted from the
selectivity of the corresponding A domains, the two
expected products are Ile-Thr-oxazoline and oxidized
Ile-Cys-thiazole. In case of the latter, Ile-Ser-oxazole
was the preferred product, demonstrating tolerance
for different amino acid substrates. The model studies
show that heterocyclization can be achieved in engi-
neered synthetases, although low yields of the cor-
responding products are typically encountered.

In addition to module and domain swapping, inser-
tion and deletion of modules within their defined
linker regions could contribute to alterations in the
product sequence. To this end, deletion of the Leu-
incorporating module 2 from surfactin synthetase
was engineered.'*! Genetic manipulation and fer-
mentation in the natural producer strain B. subtilis
afforded the predicted surfactin product deprived of
the second Leu residue in about 10% yield (in
comparison to the parent strain). This represents a
major improvement compared to initial engineering
studies on surfactin module 2 and 7 and points to
the importance of precise linker surgery.'36:137 This
conclusion is further supported by results obtained
from an exchange of Leu-activating module 2 of
surfactin synthetase with Leu-activating module 10
of tyrocidine synthetase. Using the same linker
strategy as in the deletion studies, surfactin produc-
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tion could be improved to a 19% yield (in comparison
to the parent strain).

The recombination of whole modules represents a
rather drastic intervention in NRPS biosynthesis
which usually results in reduced catalytic efficiency
and product yield. A more conservative strategy
involves manipulating the A domain’s specificity
through point mutations of substrate-coordinating
amino acid residues according to the “nonribosomal
code” (see A-domain section). For example, the sub-
strate specificity of the Glu-activating module 1 of
surfactin synthetase was rationally altered in this
way. A single point mutation changed the specificity
from Glu to Gln without a decrease in catalytic
efficiency. A second specificity change in module 5
from Asp to Asn yielded the expected surfactin
derivative in vivo.?”

The exploration and definition of linker regions and
C- and A-domain specificities has enabled substantial
progress in the field of genetic NRPS engineering.
However, the ultimate goal of mixing and matching
diverse modules to synthesize peptides of any desired
sequence has not yet been achieved. High-yield
production of bioactive peptides with unusual struc-
tural elements such as D-amino acids and heterocyclic
elements by fermentation would be an economic
alternative to expensive chemical synthesis.

3.2. Chemoenzymatic Approaches

One goal of modern drug design is to identify new
pharmacophores by rapid synthesis and bioactivity
screens. NRPS peptides are promising scaffolds for
such drug leads and have attracted much attention
for applications in medicine, as the example of
cyclosporin illustrates. Genetic manipulation is one
way to create potential new NRPS drug leads, but it
requires much labor and effort to generate the
desired peptide product. To ensure rapid synthesis
of large peptide libraries, chemical solid-phase syn-
thesis seems to be superior. However, a limitation of
this technique is the weak tendency of linear peptides
to macrocyclize by chemical means due to the high
entropic cost of populating the conformation with the
right geometry cyclization. As a consequence, chemi-
cal synthesis often suffers from low cyclization
yields.?5142143 A recent chemoenzymatic approach
combines the strength of synthetic peptide synthesis
with the strength of regio- and stereoselective TE-
domain cyclization in high yields.!*445 Once a new
lead drug has been identified by this rapid synthetic
method, genetic engineering may provide the enzy-
matic synthesis template to allow high-yield fermen-
tation of the desired drug.

3.2.1. Chemoenzymatic Potential of TE Domains

To evaluate the chemoenzymatic potential of TE
domains, characterization of substrate specificity,
tolerance, and enzymatic restrictions have to be
performed. These specific TE-domain investigations
cannot be performed with the whole multienzyme
complex because its large size causes preparative
problems. Instead, an easy in vitro assay system was
devised by cloning TE domains from the tyrocidine
and surfactin synthetases and producing them as
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isolated enzymes. To test weather these excised TEs
are active outside their natural synthetase context,
their cognate decapeptide and heptapeptide sub-
strates were synthesized by chemical means. In this
approach the complete linear enzymatic peptide
synthesis machinery, composed of a repeating set of
catalytic domains, was replaced by solid-phase pep-
tide synthesis (Figure 12A). Both methods share a
similar strategy of precursor activation and tethering
on a solid support, which facilitates rapid and ordered
synthesis of desired products in high yields. One
advantage of chemical synthesis is the huge diversity
which can be incorporated into the linear peptide
chain in order to create a variety of substrate
analogues for biochemical studies of excised TE
domains. In the natural synthetase peptide sub-
strates are activated as ppan thioesters which ensure
acylation of the TE domain active site. To provide
similar recognition and activation for the artificial
system, the thiol component of the natural ppan
cofactor N-acetylcysteamine (SNAC) was attached to
the C-terminus of a synthetic peptide (Figure 12B).
Incubation of artificial tyrocidine and surfactin SNAC
substrates with the cognate TE domains resulted in
cyclization and hydrolysis.!10:115.146 The cyclic product
was formed in as high as 85% yield, and the turnover
rate for tyrocidine TE was 59 min~!, sufficient for
more specific investigations.

A set of experiments was designed to evaluate the
general utility of TE domains for catalyzing diverse
cyclization reactions. With regard to general utility
as a cyclization tool, broad substrate tolerance would
be desirable. Enzymatic recognition elements of Srf
TE and Tyc TE were first investigated by systematic
alteration of each amino acid in the hepta- and
decapeptide sequences. In the case of tyrocidine, each
amino acid in the substrate was replaced by alanine
and the resulting 10 SNAC variants were incubated
with the TE. This amino acid scan revealed a broad
substrate tolerance. Only amino acids at the C- and
N-termini seem to be recognized, leaving space for
alterations in the middle of the peptide (Figure 13).
Identity and stereochemistry of the N-terminal D-Phe
is essential for enzyme activity, although an ex-
change of the free amine by a hydroxy group was
tolerated and led to macrolactonization. Alterations
in peptide length gave cyclic hexa- and dodecapep-
tides, and cyclodimerization of two pentapeptides was
also tolerated.’® Tyc TE thus seems to be a very
promiscuous cyclization catalyst, tolerant to changes
which are desired in the generation of new peptide
products. Alterations of the tyrocidine peptide back-
bone yielded a minimal recognition model for ex-
plaining cyclization activity.4” Similar investigations
on the substrate tolerance of Srf TE also showed the
importance of the N- and C-terminal residues in the
peptide!'!® (Figure 13). Cocrystallization with a bo-
ronic acid inhibitor confirmed the biochemical data,
providing evidence for two hydrophobic binding pock-
ets which can accommodate the two C-terminal Leu
residues of surfactin. In contrast to Tyc TE, however,
alterations in the nucleophile and substrate length
were not tolerated. The f-sheet content of the two
peptides may provide an explanation for the observed
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mode, which requires larger fatty acids for improved
activity,’”® may account for the observed differences
in substrate tolerance. The broader specificity of Tyc
TE makes it a promising candidate for biosynthetic
applications.

3.2.2. Chemoenzymatic Route to New Drugs and Peptide
Antibiotics

Many cyclic peptide antibiotics act on bacterial cells
by insertion into the membrane, followed by disrup-
tion of osmotic and ionic regulation. Studies with
small synthetic peptides revealed that alternating D-
and L-amino acids as well as the presence of posi-
tively charged side chains contribute much to the
overall activity against negatively charged prokary-
otic cell membranes.'*® Many nonribosomal peptides
such as tyrocidine exhibit low selectivity for prokary-
otic vs eukaryotic cells, which limits their application
as antibiotic drugs. To improve the preference for
bacterial targets as well as the spectrum of activity
against common bacterial pathogens, Walsh and co-
workers introduced a solid-phase combinatorial syn-
thesis of novel tyrocidine analogues.'®® A library of
peptides with natural and nonnatural amino acid
substituents introduced at two positions was con-
structed on a solid support (PEGA resin) by parallel
synthesis. Enzymatic on-resin cyclization and sub-
sequent analysis of the antibiotic activity of the
reaction products against B. subtilis revealed potency
for those peptides carrying a positively charged
D-amino acid at the D-Phe4 position with 30-fold
selectivity for bacterial membranes. Two of the best
analogues also gained activity against Gram-negative
organisms (Figure 14A). The improved tyrocidine
variants which have been identified via this combi-
natorial chemoenzymatic approach can now be trans-
lated back into a modular engineered NRPS template
for large-scale production by fermentation.

The chemoenzymatic potential of Tyc TE was
subsequently used to generate small molecules with
different therapeutic potential: peptide inhibitors of
integrin receptors and hybrid peptide/polyketides
(Figure 14B and C). Many natural ligands for inte-
grins contain an Arg-Gly-Asp (RGD) sequence motif
that is believed to be important for receptor interac-
tion. Peptides containing the RGD motif are potent
inhibitors and therefore potential therapeutic leads.
Because interaction with the receptor is improved by
incorporation of S-turns, a large number of changes
in Tyc TE was required to produce the desired
inhibitor substrate. In the end, only the Tyc TE
minimal recognition elements were retained. Al-
though 7 of 10 cognate residues were replaced in
some cases with amino acids of opposite stereochem-
istry, Tyc TE was still capable of cyclizing the
substrate, albeit with reduced yield.'* Products were
shown to be inhibitors of ligand binding by integrin
receptors with cyclization as an important contribu-
tor to nanomolar potency. The broad substrate toler-
ance of Tyc TE was further utilized to mediate
cyclization of hybrid polyketide—tyrocidine substrates
as well as (E)-alkene—dipeptide isostere peptido-
mometics. The first approach contributes signifi-
cantly to the synthesis of novel hybrid peptide/
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polyketides with therapeutic potency,'®® while the
second method allows the peptide backbone to be
modified postsynthetically by chemical metathesis.!5?
Natural hybrids such as epothilone and bleomycin
already exhibit cytostatic activity which could be
further optimized via the chemoenzymatic route.

3.2.3. Expanding the TE Tool Box

In previous sections the utility of chemoenzymology
was illustrated predominantly through studies with
tyrocidine thioesterase. To expand the scope of mac-
rocyclization catalysts, thioesterases from other NRPS
enzymes were cloned and overexpressed. Surpris-
ingly, no activity was observed for fengycin, myco-
subtilin, and syringomycin TEs upon incubation with
SNAC substrates, indicating limitations in the
chemoenzymatic potential of these cyclases.’® Two
reasons might account for the observed inactivity of
these TE domains. First, the enzymes could have
been misfolded and were unable to reconstitute their
activity after heterologous expression. Alternatively,
substrate presentation by the short SNAC leaving
group might have been insufficient. To rule out the
second possibility, a new strategy was employed
which allowed Sfp-catalyzed loading of peptidyl—
CoAs onto apo PCPs mimicking the natural substrate
presentation as close as possible (Figure 14A). Re-
markably, Sfp was promiscuous enough to tolerate
peptidyl—CoA substrates instead of CoA and acetyl—
CoA. This observation is explained by the crystal
structure, which shows specific interactions with the
adenine base but the ppan arm pointing into solution
(Figure 5B). This binding mode ensures enough space
and freedom for the attached peptide chain. Loading
fengycin—CoA onto the fengycin PCP—TE didomain
indeed gave rise to both cyclization and hydrolysis
activity, which had not been previously observed with
SNACs. This result demonstrated that the PCP-
tethered ppan arm is necessary to direct the sub-
strate into the enzyme active site and guarantees
appropriate alignment for nucleophilic attack of the
active site serine.'®® This approach additionally il-
lustrates the high regioselectivity of fengycin TE.

Recently, other C and R domains have been exam-
ined with respect to the possibility of bypassing
NRPS specificity by directly loading peptidyl—CoA
on any apo-PCP within an assembly line.”>% How-
ever, the single turnover nature of the reaction has
proved to be a limitation (Figure 14A). After product
release, the cofactor ppan remains attached to the
PCP—TE didomain cyclase, which blocks further Sfp-
catalyzed transfer of additional peptidyl—CoAs onto
ppan—PCP.

To force multiple rather than single turnover cycles
a new strategy was developed to expand the utility
of peptidyl—CoA loading. It is known that amino acid
thioesters undergo trans-thioesterification reactions
when exposed to thiol-containing compounds.'?* In
principle, such a thioester exchange reaction between
the free ppan—PCP thiol and a soluble thioester—
peptide substrate could enable both chemical reload-
ing of substrate onto the ppan—PCP—-TE dido-
main'?41%% and natural substrate presentation by the
ppan arm. Inspired by expressed protein ligation,!%®
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the peptide was activated as a thioester with thiophe-
nol, which has favorable leaving-group properties. In
the course of these studies it became obvious that
soluble fengycin thiophenol directly acylated the TE
active site serine rather than the free ppan thiol
(Figure 14B).16 The rapid direct acylation of the
active site serine confirmed the autonomous activity
of the excised enzyme. Moreover, this result showed
that contrary to previous belief, natural cofactor
recognition elements as displayed in SNAC or CoA
substrates are not necessary for enzyme acylation but
can be replaced by a suitable reactive leaving group.

The results of these experiments further suggested
that nature might have developed peptide cyclases
with different catalytic activities. While tyrocidine TE
and surfactin TE show activity directly with SNAC
substrates, mycosubtilin, fengycin, and syringomycin
TEs appear to be completely inactive. A 15-fold
increase in catalytic activity was observed for Srf TE
when the SNAC leaving group was replaced by
thiophenol. Recently, a similar increase in activity
was reported for CDA—thiophenol compared to CDA—
SNAC for CDA cyclase.” The thiophenol leaving
group increases the velocity of the acylation step.
While the acylation step depends on substrate pre-
sentation, as seen in the peptidyl—CoA experiments,
deacylation is an intrinsic property of the acyl—
enzyme intermediate, as shown by comparable cy-
clization-to-hydrolysis ratios irrespective of whether
SNAC or thiophenol substrates are used. Undesired
hydrolytic byproducts were observed in thiophenol-
based in vitro studies, presumably due to spontane-
ous cleavage of the highly activated substrate in
solution. The ratio of cyclization to hydrolysis was
most favorable when cognate thiophenol substrates
that fit precisely into the enzyme active site were
used. Not much is known about the hydrolysis rate
of natural NRPS templates, but it is likely that the
multienzyme complexes also produce hydrolyzed
byproducts to a certain extent. In general, however,
selective enzyme acylation can be achieved for dedi-
cated peptide cyclases with substrates activated with
a variety of leaving groups.

3.2.4. Synthetic Utility of TEs: Chemical vs Enzymatic
Cyclization

To evaluate the utility and potential of enzyme-
catalyzed cyclization reactions, a comparison with
established chemical methods is necessary. In prin-
ciple, the chemical formation of macrocyclic rings is
difficult because of energetically disfavored ecliptic
and transannular interactions.®! In solution, only a
few conformers have the right geometry to allow
intramolecular attack of a nucleophilic group on the
C-terminal carboxy group. The entropic costs of
populating these few productive conformations by
several C—C bond rotations are high and therefore
disfavored. To ensure regioselective cyclization, un-
desired competing nucleophiles such as hydroxy or
amino groups have to remain protected while the
desired nucleophile needs to be deprotected, which
requires orthogonal protecting-group strategies. Side
reactions, including intermolecular peptide bond
formation and subsequent cyclo-oligomerization, may
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predominate since peptide bonds are usually trans-
configured and favor a higher population of linear
precursors. To minimize intermolecular reactions,
high dilution conditions are applied (10741075 M)
which make large-scale reactions difficult. Alterna-
tively, a peptide can be cyclized while it is still
attached to the resin. Because the peptide chains are
physically separated, intramolecular reactions are
favored.!?® Turn-inducing elements such as bD-amino
acids, proline, glycine, or N-alkyl amino acids can also
favor cyclization in solution, illustrating the impor-
tance of preorganization of the linear precursor for
efficient ring closure, something that has also been
observed for some NRPS products.’*” Another prob-
lem of chemical cyclization is the activation of the
C-terminal carboxy group without amino acid race-
mization. Coupling reagents such as BOP and TBTU
permit rapid cyclization but suffer from C-terminal
racemization.'”® Less reactive coupling reagents mini-
mize racemization but prolong reaction times. Better
results were achieved with HOAt and DPPA . 142157159
Typically, with the above-mentioned chemical cy-
clization methods a 30—40% yield of cyclic peptide
products can be obtained.35142143,157 Reaction times
range from several hours to days.

By contrast, enzymatically catalyzed cyclization
reactions do not require protecting groups or high
dilution conditions due to enzymatic specificity. In
the literature, enzymatic methods for head-to-tail
peptide cyclization have been predominantly re-
ported. Cyclization of linear peptide esters was first
described for the subtilisin mutant subtiligase.!6°
Subtiligase cyclizes peptide esters longer than 12
residues with yields of 30—88% in a regioselective
head-to-tail fashion. Hydrolysis and dimerization are
observed byproducts. Head-to-tail cyclization with-
out byproducts was reported for an intramolecular
cyclization using split-inteins, allowing the genera-
tion of backbone-cyclized peptides in vitro and in
vivo.161

Several NRPS enzymes, including surfactin, my-
cosubtilin, fengycin, and syringomycin TE, were
shown to regiospecifically catalyze branched chain
cyclization between one dedicated nucleophile and
the activated C-terminal peptide residue in the
presence of other potential competing nucleophiles.
No oligomerization or C-terminal racemization was
observed. The advantage of enzymatic vs chemical
cyclization is illustrated by the example of tyrocidine
A synthesis. While chemical, on-resin cyclizations
typically occur in only 30% yield, enzymatic cycliza-
tion gives 85% product.!46:162 Because ring formation
competes with the production of linear hydrolytic
byproducts due to competing nucleophilic attack of
water molecules, typical yields of TE-mediated cy-
clization reactions range from 40% to 91%; observed
reaction times are several minutes to hours.

Since these recombinant peptide cyclases are usu-
ally embedded in a hydrophobic multienzyme com-
plex, their production as isolated TE or PCP—TE
domains may enhance the exposure of the active site
to water. Moreover, substrate analogues used in in
vitro studies often lack structural features, like long-
chain fatty acyl chains, which are important for a
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perfect fit into the enzyme binding pocket as seen for
CDA but are difficult to incorporate synthetically.”
The latter point is illustrated by in vivo studies with
a genetically engineered surfactin synthetase lacking
module 2.*! While it was not possible to detect
hydrolyzed surfactin product in the supernatant of
the wild-type producer cells, hydrolysis was observed
for the shorter surfactin variant produced by the
engineered strain. This result indicates that hydroly-
sis can also occur in vivo, where the TE domain is
embedded in a functional multienzyme complex.
Therefore, presentation of the dedicated substrate
seems to be a key step to minimize hydrolysis by TE
domains. Moreover, artificial thioester leaving groups
such as SNAC and thiophenol are short mimics of
the natural cofactor ppan—PCP and may therefore
be less effective of blocking water from the active site
and hence more susceptible to hydrolysis. The nu-
cleophilic side reaction with water could be mini-
mized by enzyme catalysis in organic solvents.'®3 The
high enzymatic selectivity for cognate substrates can
also be a disadvantage when the cyclization of
substrate analogues is desired. Substitutions of resi-
dues, especially at the C- and N-terminal ends of the
peptide sequence, can decrease or completely abolish
cyclization yields. Nevertheless, with the current set
of active peptide cyclases, diverse cyclization reac-
tions such as head-to-tail and branched chain lac-
tamization and lactonization of various substrates
can already be performed.

In comparison to organic synthesis, the chemoen-
zymatic approach minimizes time and side reactions
and maximizes purity and yield of cyclic peptide
production. The current chemoenzymatic applications
of TEs are summarized in Figure 15. Biochemical
prerequisites such as enzyme characterization and
leaving-group technology have been solved which will
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Figure 15. TE domains as versatile catalysts with a
potential for the synthesis of new bioactive compounds by
a variety of strategies. With recent progress in charging
TE domains with activated substrates, a large catalytic
toolbox of enzymes awaits chemoenzymatic application for
the generation of novel antibiotics. Substrates can be
presented to the TE either bound to a PCP or an artificial
solid support or by soluble thioester leaving groups.
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now allow for applications such as formation of
various cyclic peptide libraries.’™ In the future,
further exploration of structurally diverse peptide
cyclases will help to generate a tool kit of cyclization
catalysts which in combination with protein evolution
are likely to broaden the applications and increase
the utility of enzymatic peptide cyclization. These
proteins may rival the utility of lipases as catalysts
for stereoselective transformations of diverse sub-
strate molecules.

4. Conclusions

NRPSs are highly sophisticated natural nanoma-
chines that were optimized for the biosynthesis of
compounds that cannot be produced by the ribosomal
machinery and were selected during evolution for
diverse structures and for broad biological activities.
Recently, a wealth of information about the three-
dimensional structure of several NRPS core domains
in combination with detailed biochemical, chemoen-
zymatic, and genetic studies has not only facilitated
the construction of hybrid NRPS but also accelerated
the speed by which such bioactive cyclic peptides can
be produced. However, some NRPS global structural
aspects remain still elusive. One current challenge
is the crystallization of modules comprising a mul-
tidomain structure that can provide information
about domain interaction and the overall architecture
within these building blocks of such megaenzymes.
Moreover, such structural information could contrib-
ute to a precise definition of interdomain linker
regions and possible protein—protein interaction sites
between the catalytic domains during the concerted
action of this assembly line mechanism. This knowl-
edge will have a direct influence on the success of
rational engineering attempts, which at present
suffer from the lack of this information. In contrast
to the well-studied essential domains (A, C, PCP, TE),
very little is known about the mechanisms of chemi-
cal reactions catalyzed by tailoring domains such as
peptide heterocyclization, N-methylation, oxidation,
reduction, formylation, epimerization, etc. The en-
zymatic domains carrying out these reactions act
within the NRPS assembly line in high precision and
efficiency, a fact that makes them attractive for
synthetic applications. Chemoenzymatic cyclization
by TE domains has already proven this notion and
is now established for a set of excised TE domains.
Future research will show if this new single-domain
catalysis is suitable and potent enough to identify
novel drug leads by large cyclic library screens. The
utility certainly depends on enzymatic substrate
tolerance, turnover, and product yield. In many cases
this will need to be optimized by directed protein
evolution efforts. Enzyme engineering will further
show if other NRPS core and tailoring domains will
exhibit the same tolerance in vitro for their desired
chemical reactions
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