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Polyketides and nonribosomal peptides constitute a large and
diverse set of natural products with biological activity in
microbial survival and pathogenesis, as well as broad pharma-
cological utility as antineoplastics, antibiotics or immunosu-
pressants. These molecules are biosynthesized by the ordered
condensation of monomer building blocks, acyl-CoAs or amino
acids, leading to construction of linear acyl chains. Many of
these natural products are constrained to their bioactive
conformations by macrocyclization whereby, in one of the
terminal steps of biosynthesis, parts of the molecule distant in
the constructed linear acyl chain are covalently linked to one
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another. Typically, macrocyclization is catalyzed by a thioester-
ase domain at the C-terminal end of the biosynthetic assembly
line, although alternative strategies are known. The enzymology
of these macrocyclization catalysts, their structure, mechanism,
and catalytic versatility, is the subject of this review. The
diversity of macrocyclic structures accessed by enzyme cata-
lyzed cyclization of linear acyl chains as well as their inherent
substrate tolerance suggests their potential utility in reprogram-
ming natural product biosynthesis pathways or accessing novel
macrocyclic structures.

Introduction

Biologically active natural products must present the proper
functionality in the precise orientation required for interaction
withamolecular target. A common strategy employed by nature
to achieve thisaim isto constrain amolecule to alimited set of
conformations by covalent linkage of distant parts of the
molecule, lowering the entropic cost of populating an active
conformation.1 For many diverse natural products, including
polyketides and nonribosomally synthesized peptides, covalent
constraints are selectively achieved in densely functional
molecules by enzymatic cyclization of linear acyl chains.

Polyketide natural products are assembled from acyl mono-
mer units activated as thioesters. The fundamental chain
elongation step is C—C bond formation mediated by attack of an
enzyme-generated carbon nucleophile upon an upstream bio-
synthetic intermediate. In type| polyketide synthases (PKS) the
elongated acyl chain is trandocated from upstream to down-
stream carrier protein domains that contain the tethering thiol
group. Intypell PKS, the elongated acyl chain stays tethered to
the same carrier protein while the acyl monomersare on distinct
subunits and the chain elongation is iterative. Nonribosomal
peptides are assembled by paralel logic to the type | PKS.
Peptidyl chains grow by consecutive addition of activated
aminoacyl monomer units. The fundamental chain elongation
step is peptide bond formation and the elongated chain is
translocated each time from upstream to downstream carrier
proteins during chain elongation.

In both PK'S and nonribosomal peptide synthetases (NRPS),
once the acyl chain reaches its full length on the most
downstream carrier protein, it has to be released from its
covalent thioester tether. Typically, themost C-terminal domain
in these protein assembly lines is a thioesterase (TE) domain
whose role is to catalyze the chain disconnection reaction,
although alternative enzymatic solutions are known. While
hydrolysisis one common product of enzymatic chain termina
tion, intramol ecular macrocyclization reactions are catalyzed by
several PKS and NRPS terminal domains. The nature of these
macrocyclization catalysts and the reactions they catalyze are
the subject of this review.
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Macrocyclic polyketides, peptides and proteins

Examination of the myriad structures accessed by macro-
cyclization of linear acyl chains makes evident the versatility of
enzymatic macrocyclization catalysts. Examples can be found
of amost all permutations of ahost of factors—the nature of the
acyl chain (polyketide, polypeptide or hybrid), the nature of the
linkage formed (macrolactone, macrolactam, cyclooligomer),
and the type of cyclic structure formed (closed cycles or lariat
structures).

In PKS assembly lines, macrolactone formations occur from
acyclic precursors with regiospecific attack by a particular
hydroxyl group from afolded conformer of the linear acyl chain
(Scheme 1). Cyclic lactones with 12, 14 and 16 atoms in the

Scheme 1 Macrolactone PKS products with bonds formed during
macrocyclization highlighted by shading. (1) 10-deoxymethynolide, (2)
6-deoxyerythronolide B, (3) tylactone, (4) methymycin, (5) erythromycin
A, (6) tylosin.

macrocycle are well known, in such scaffolds as 10-deox-
ymethynolide 1, 6-deoxyerythronolide B 2 and tylactone 3, that
then become further decorated by tailoring enzymes that
hydroxylate and glycosylate regio- and stereospecifically
producing methymycin 4, erythromycin A 5 and tylosin 6,
respectively.2-5

Several species of fungi and bacteria elaborate cyclic
peptides and peptidolactones, with most examples arising by
NRPS enzymatic machinery (Scheme 2). Peptide natural
products offer many possible sources of nucleophiles that can
be used in constraining macrocyclization reactions. Cyclic
peptides include the head-to-tail cyclized decapeptide tyr-
ocidine A 7, that arises from linkage of the amino-terminal NH,
of p-Phel with the C-terminal Leul0.67 The dodecapeptide
bacitracin A 8, used as a topical antibiotic, instead has a lariat
structure, with the macrocycle arising from enzyme-directed
capture of the carbonyl of Asn12 by the e-NH,, of the Lys6 side
chain.8 Additionally, the nucleophilein the cyclization reaction
may be derived from a f3-amino fatty acid as in mycosubtilin
9.9

Cyclic peptidolactones are biosynthesized analogously by
nonribosomal depsipeptide synthetases, where the attacking
nucleophile in macrocyclization is an intramolecular hydroxyl
substituent (Scheme 3). This can be the side chain of a
proteinogenic f-OH-amino acid such as Thr4 in the bio-
synthesis of daptomycin 10, or of a nonproteinogenic 3-OH
amino acid, such as f-OH-Asn2 in the formation of the
macrocyclic structure of the antibiotic ramoplanin 11.1011
Peptidolactones such as daptomycin and ramoplanin are often
enzymatically acylated or glycosylated during enzymatic as-

298 | CHEM. COMMUN., 2003, 297-307

o l\[r
Hal NH . /ﬁ HN S0
oy
Ho" o o NH;

o

Scheme 2 Macrolactam NRPS products. (7) tyrocidine A, (8) bacitracin A,
(9) mycosubtilin.
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Scheme 3 Macrolactone NRPS products: daptomycin (10), ramoplanin
(112), surfactin A (12).

sembly. The fatty acyl substituent of a f-OH-fatty acid can
additionally be the macrocyclization nucleophile, as in the
assembly of surfactin A 12.12

In iron-deficient microenvironments, bacteria synthesize and
secrete NRPS-derived iron chelators known as siderophores
that scavenge iron by binding Fe3+ with picomolar affinity.13.14
The enterobactin 13 and bacillibactin 14 siderophores from



H
N\/&O o o)
~
‘ : o) D 9 0
RS RN
o H o M N
o *\0
|, HaN o &
SUSPES:
Syt N
S OH H

Scheme4 Products of cyclooligomerization: enterobactin (13), bacillibactin
(14), gramicidin S (15).

Escherichia coli and Bacillus subtilis (Scheme 4), are cyclic
trilactones that arise, respectively, from cyclotrimerization of
2,3-dihydroxybenzoyl (DHB)-seryl thioesters or DHB-glycyl-
threonyl thioester precursors yielding 12-membered trilac-
tones.1516 These siderophores present three intramolecular
catechol ligands for avid chelation of ferric iron. Similar
oligomerization and cyclization is seen in the biosynthesis of
the symmetric decapeptide antibiotic gramicidin S 15 produced
by Bacillus brevis.1?

There are adistinct class of cyclic peptides that are produced
on ribosomes by traditional protein biosynthesis as larger
precursors, and then cyclized while undergoing processing.18
These include microcin J25, a 21-residue cyclic peptide from
certain E. coli strains, and bacteriocin AS-48, a pore-forming
70-residue cyclic peptide from Enterococcus faecalis.19.20 A
family of plant insecticidal cyclotides, from 28-37 amino acids
in length, are produced with three Cys—Cys disulfides imposed
on the circular backbone to yield highly constrained, knotted
structures.2l Mammalian circular peptides are also known,
including the rhesus 6 defensins (RTD) comprised of 18 amino
acids cyclized into a single beta-sheet that is further rigidified
by three disulfide bonds.2223 Unlike the cyclotides, which are
derived from a single transcript, some of the 6 defensins are
derived from two linear precursors. For these families of
ribosomally derived cyclic peptides, however, little is known
about the processing of the linear precursors by enzymatic
cyclization and neither will be discussed further in this
review.

We will note in the next section the parallel enzymatic
assembly-line logic and modular organization for building
polyketides and nonribosomal peptides and for their enzymatic
cyclization.2425 There are natural products that are obvious
polyketide/nonribosomal peptide hybrids (Scheme 5). The
antineopl astic epothilones 16 and the anti-infective pristinamy-
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Scheme 5 Macrocyclic hybrid PKS/NRPS products: epothilone D (15),
pristinamycin 11B (16).

cins 17 stand as examples of such hybrid macrocycles.2627 The
hybrids arise from assembly-line convergence, the mixing and
matching of PKS and NRPS modules into a single hybrid
assembly line.28

Assembly-line enzymatic machinery: initiation,
elongation and termination modules

The enzymatic catalysts that perform the macrocyclization
reactions are the most downstream domains in the multi-
domain, modular assembly lines of polyketide synthases and
nonribosomal peptide synthetases. To understand the function
of these cyclases in release of the full-length polyketide and
polypeptide chains we note some conserved features of the
enzymatic logic and organization common to both type | PKS
and NRPS assembly lines.

The protein modules of NRPS assembly lines are organized
into chain initiation, chain elongation and chain termination
modules, proceeding from N-termina to C-termina modules,
respectively (Fig. 1).2930 The carrier protein domain within
each module contains a phosphopantetheine prosthetic group
that provides a terminal thiol group for attachment to the acyl
chains in thioester linkages.31:32 The most upstream, initiation
module selects the first monomer and attaches it to the carrier
protein, known also as athiolation (T) domain, via a thioester
linkage. In NRPS assembly lines, the amino acid monomer is
selected and activated by an adenylation (A) domain, so the
typical initiation module is a two-domain A—T module. The
subsequent modules downstream also have A-T domains for
activation and tethering of each amino acid added to the chain,
but additionally have a peptide-bond-forming condensation (C)
domain, for a typical C-A—T elongation module organization.
The most downstream module in NRPS assembly lines serves
asachain termination module. Typicaly, aTE domainisfound,
in the canonical order C-A—T-TE, where the TE functions to
disconnect the coval ent thioester linkage between the full length
peptidyl chain and the last T domain in the assembly line.
Alternative chain termination strategies will be discussed later
in this review, including terminal condensation domains which
are proposed to act as macrocyclization catalysts.33

PKS assembly lines follow analogous multidomain, multi-
modular logic with a carrier protein T domain in each module
embedded among various catalytic domains.2434 Since the
elongation chemistry in PKS assembly lines is C-C bond
formation rather than amide bond construction, the catalytic
domain responsible for each chain elongation step is a

adenylation
thiolation (carrier protein)

A
opional in any g condensation
T
E

E thioesterase
epimerization
Cy heterocyclization
AT acyl transferase
KS ketosynthase

KR ketoreductase
DH  dehydratase
ER enoyl reductase

Fig. 1 Generic organizational scheme of NRPS and PK S assembly lines. The domainsinvolved in the assembly lines are diagrammed as boxes with function
denoted at right. A module is defined by the domains dedicated to the incorporation and modification of a single building block. Each module contains a
thiolation domain with a phosphopantetheine tether (—-SH). The dotted line indicates that the modules are often strung together into large multi-domain, multi-
module synthetase subunits where the sum of several subunits constitutes a full assembly line. Within individual modules, domains may be present which
function to modify the building block being incorporated into the growing peptide or polyketide.
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ketosynthase (KS), creating the required carbon nucleophile for
a Claisen condensation by decarboxylation of malonyl or
methylmalonyl-ST domains. The malonyl- and methylmalo-
nyl-S-protein intermediates are installed by acyl transferase
(AT) domainsfrom soluble acyl-CoA substrates. Since polyke-
tides can undergo post-condensation reduction, dehydration and
olefin reduction, the corresponding ketoreductase (KR), dehy-
dratase (DH) and enoyl reductase (ER) domains may also be
present in PK S modules, for examplein the order KSFAT-KR—
DH-ER-T. Different PKS elongation modules can have
different complements of functional domains athough KS-
AT-T represent the minimal three domain core. When the full-
length polyketide chain has reached the most downstream T
domain it must be released from its covalent tethering in order
for the enzymatic assembly line to act processively to build the
next acyl chain and release the next polyketide product. In full
analogy to the NRPS assembly lines, most PKS assembly lines
have a chain terminating thioesterase as the most downstream
domain in the termination module. As with NRP synthesis,
alternative chain termination strategies are known, including
macrocycle formation from linear aryl-capped polyketide
chains by homologues of arylamine N-acetyltransferase.35.36

Briefly, it is notable that elegant enzymatic solutions to the
challenge of introducing five- or six-membered cyclic con-
straints into linear molecules by C—-C bond formation, rather
than macrolactam or macrolactone formation, have been
demonstrated in other biosynthetic pathways. Type Il polyke-
tide synthases, which differ from type | synthases in that
catalytic domains are used iteratively and associate transiently
rather than being connected in a modular fashion and in cis,
often synthesize products such as the tetracyclines or daunor-
ubicin that are polycyclic or polyaromatic.37 In these systems,
the polyketidyl acyl chain is usually constructed without
reduction of B-keto intermediates during chain elongation.
Cyclase enzymes in the biosynthetic cluster act upon the poly-
ketone containing linear intermediate to promote the folded
conformation which is closed by aldol C-C bond formation.
Alternate remarkable enzymatic polycyclization chemistry is
used in the production of unfavored product of Diels-Alder
cyclization in lovastatin nonaketide biosynthesis.38

The thioester ase domains as chain termination
catalysts

The TE domains embedded at the downstream end of both type
I PKS and NRPS enzymatic assembly lines are members of the
o,p hydrolase superfamily of enzymes.3® They are about 28-35
kDa in size and use an active site serine as a nucleophilic
catalyst. The paired T-TE domains in the termination modules
of PKS and NRPS assembly lines act in tandem when the full
length acyl chain has become parked on the T domain. Chain
release is initiated by transfer of the nascent peptidyl or
polyketidyl acyl chainto the active site serine of the adjacent TE
domain to generate an acyl-O-TE intermediate, 4041 and re-
generatethe T domain in its HS-pantetheinyl form (Fig. 2). The
acyl-O-TE covalent enzyme intermediate can undergo two
kinds of subsequent catalytic fates. It can be captured by an
external nucleophile, usually water for net hydrolysis, but
occasionally by a specific amine cosubstrate for net aminolysis
as in vibriobactin biosynthesis4243 Alternately, it can be
captured by a nucleophile (-OH, —NH,) internal to the acyl
chain to release a macrocyclic product, for example to yield
6-deoxyerythronolide B 2, tyrocidine A 7 and surfactin A 12
(Fig. 2).

Hydrolysis is the fate, for example, in release of the
heptapeptide precursor of vancomycin group antibiotics or the
tripeptide precursor of the fB-lactam antibiotics by their
respective NRPS assembly lines. The macrocyclization fates
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Fig. 2 The mechanism of terminal thioesterase domains. (A) An acyl chain
loaded on the terminal carrier protein (T) of asynthetaseistransferred from
its the phosphopantetheine tether (—SH) to an active site serine (~OH) of the
TE forming the acyl-enzyme intermediate. The intermediate may break
down by the attack of water to give a linear product or by attack of an
intramolecular nucleophile on the acyl-enzyme ester bond, producing a
cyclic product. (B) Enzymatic macrocyclization of the linear erythromycin
precursor, tyrocidine precursor or surfactin precursor involvestheformation
of an acyl-enzyme intermediate followed by regiospecific attack of a
particular nucleophile to generate the macrocyclic natural product struc-
tures.

must instead reflect adistinct kinetic outcome in which the acyl-
O-TE is kineticaly sequestered from water while a specific
conformer of the acyl chain is populated to permit productive
approach and capture of the acyl chain carbonyl by an interna
nucleophile. As noted in the Introduction, different TE domains
must control the orientation of the folded acyl chain since
cyclizations are regiospecific, chemospecific and stereospecific
as exemplified by structures 1-17.



An aternative fate to strictly intramolecular cyclization by
the NRPS TE domains is net cyclooligomerization effected on
aminoacy! or peptidyl-S T domains by TE domains. The five-
module gramicidin synthetase must dimerize a pentapeptidyl-S
T acyl enzyme to the decapeptidyl-enzyme and then cyclize it
head-to-tail (Fig. 3).17 Similarly, the enterobactin synthetase TE
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Fig. 3 The mechanism of cyclooligomerization by thioesterase domains. In
the biosynthesis of the symmetric decapeptide antibiotic gramicidin S, a
pentapeptide is initialy transferred to the TE domain where the acyl-
enzyme intermediate serves as away-station while a second pentapeptideis
constructed by the synthetase and brought to theterminal T domain. The TE
domain initially catalyzes oligomerization to form the linear decapeptide
tethered to the terminal T domain which subsequently serves as a substrate
for macrocyclization.

accumulates 2,3-dihydroxybenzoyl-seryl-ST domain inter-
mediate lodged on the EntF constituent of the assembly line,
makes the linear DHB-ser-DHB-ser-O-enzyme, then pre-
sumably the linear (DHB-ser)s-O-enzyme before internal
capture to generate the 12-membered trilactone siderophore.15
Mass spectrometry has provided evidence for the dimer-O-TE
intermediate.41 Anaogous enzymatic cyclization chemistry is
intuited for formation of the DNA intercalator triostin,*4 the
emetic toxin cereulide from Bacillus cereus,4> as well as the
vicibactin siderophore produced via cyclotrimerization of a p-
NS5-hydroxy-N5-(p-3-hydroxybutyryl)-enzyme intermediate by
the nitrogen-fixing Rhizobium leguminosar um.4é

Autonomous activity and portability of TE
domains

NRPS assembly lines in general have several domains con-
nected in a single polypeptide chain into modules and multiple

A

tyed tveB tyeC

EEEEEE)- >

TycA TycB
(123 kD) (405 kD)

module ! module 2 odule 3, module 4

module 5 module 6 MoAUlE 7 mogule 8 ModUIE 9 mogule 10

modules in turn collected in large subunits of 105-10° dalton
molecular weights (Fig. 4). Type | PKS and mammalian fatty
acid synthase assembly lines follow this protein organizational
logic.4748 On the other hand there are both bacteria fatty acid
synthases and polyketide synthases that produce aromatic
products such as tetracyclines, tetracaenomycins and anthracy-
clines’7.47.49 where the domains, including the TE domains,
exist as separate protein subunits. This validates the view that
the many domains in the multimodular enzymatic assembly
lines may function as “beads on a string”, where genetic mix
and match or domain shuffling events can introduce diversity
during evolution of natural product biosynthetic pathways.2434
It adso indicates that the domains are autonomously folding
protein units that could retain activity when excised from the
assembly lines.

Separate TE proteins that hydrolyze fatty acyl-S-acyl carrier
proteins have been purified both from mammalian and bacteria
sources.50-52 Further, in many polyketide and nonribosomal
peptide biosynthetic clusters that encode the multimodular
protein assembly lines that terminate in integrated TE domains,
there are also genes encoding external TE proteins (also known
astypell TEs), for examplein tylosin, bacitracin and tyrocidine
biosynthesis (TycF in Fig. 4).85354 Genetic knockouts of the
external TEs reduce antibiotic production about an order of
magnitude, suggesting the external thioesterases have a supple-
mentary role to play in PK and NRP biosynthesis.5556 One
hypothesis for the function of the external TEs s in editing or
quality control, hydrolytically removing any incorrect acyl
chains that have been installed but are unable to elongate, and
thus freeing up stalled modules.5” While their function has yet
to be elucidated, they are clearly active as isolated proteins,
suggesting that terminal TE domains could be similarly activeif
excised from their larger synthetase proteins.

The embedded terminal TE domains in both PKS and NRPS
assembly lines have been found to be portable. When placed in
frame in more upstream modules they act cataytically on
shorter acyl chains from acyl-S-T domains. In the DEBS
system, novel macrolactone products have been detected after
relocation of the terminal TE domain to upstream modules (Fig.
5).58-60 At times, action of aterminal TE domain on upstream
modules can have aphysiological role, as seen with pikromycin
biosynthesis where the internal TE can act either on thefinal or
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(724 kD) (66 kD) (64 kD) (28 kD)

NEBJENEENEENREE0EE0HE0NENNE0H00

SrfA-B
(401 kD)
module 4 _module 5

SrfA-A
(402 kD)

module 1 module 2

maodule 3 module 6

TEI
Q

ran
“ parter

SrfA-C

] Excised
(144 kD) Excised TycC
Srf TE
module 7 TE

(TR [E) Rl (el

SH H H SH H

OH

SH OH OH

Fig. 4 Synthetases responsible for the production of tyrocidine A and surfactin A. (A) The gene cluster for tyrocidine biosynthesis contains six open reading
frames. Three encode for the synthetase proteins TycA, TycB and TycC which contain one, three and six modules, respectively. The termination module of
TycC contains the C-termina thioesterase domain (TycC TE) which has been excised from the larger synthetase for biochemical characterization. Also
contained in the cluster are two putative ABC transporters likely used in antibiotic export and self-resistance and a protein with homology to type |1
thioesterases from fatty acid biosynthesis with putative editing function. (B) The synthetase proteins resposible for the production of surfactin A consists of
three subunits. The C-terminal TE domain, Srf TE, has been excised and characterized structurally and biochemically.
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the cyclic and macrocyclic products predicted to arise from the action of a TE domain on a biosynthetic intermediate in the DEBS assembly line.

penultimate carrier protein to generate 14- or 12-membered
macrolactones, respectively.61 Further, the appending of a TE
domain to an internal module converts that module from a
stoichiometric acylation module to one that turns over catalyt-
ically, amplifying the signal to noise in assays for detection of
products and facilitating analysis of the catalytic capacity of
other domains in the PKS or NRPS module. This has been of
tremendous utility in the DEBS system to examine the
selectivity and promiscuity of elongation modulesin the DEBS
assembly line by release of such acyl intermediates into
solution.62 Similarly, engineered NRPS variants constructed by
unnatural fusion of modules required the presence of aterminal
TE for catalytic generation of linear peptide products.63

In addition to shuffling of such embedded TE domains from
the termination module into elongation modules, the TE
domains from such assembly lines as DEBS, epothilone,
tyrocidine and surfactin have been expressed as excised
domains and found to retain catalytic activity.”.6465 The DEBS
TE is active in hydrolysis of acyclic model substrates.64.66.67
The terminal TE from the epothilone synthetase has been
assayed for hydrolysis of the macrolactone ring of authentic
epothilone and can catalyze macrolactonization to the 16-mem-
bered product.68 The excised thioesterase domains from the
tyrocidine synthetase, TycC TE and surfactin, Srf TE, have been
biochemically analyzed for macrocyclization capacity and will
be further discussed below.

Structure and mechanism of cyclizing
thioester ases

The PKS and NRPS terminal thioesterase domains involved in
macrocyclization of linear precursors have in common the
responsibility to direct regiospecific macrocyclization while
excluding water to prevent non-productive hydrolytic out-
comes. The structure of the single domain integrated thioes-
terases excised from the PK S producing DEBS and the surfactin
NRPS have been solved and allow for consideration of the
architectural features used to solve the challenge of enzymatic
macrocyclization (Fig. 6).69.70

The structural studies have revealed similarities to structures
previously solved for o/f3 hydrolase family members with
severa novel aspects of note with relation to mechanism.3° TE
domains act in concert with the upstream carrier proteins that
deliver the acyl chain to the active site Ser. The DEBS TE
domain is built around a central seven-stranded 3-sheet flanked
by « helices.®® In the DEBS TE structure, a long cleft exists
spanning the [3-sheet core, afeature also revealed in the recent
structure of the terminal thioesterase domain from the picromy-
cin synthase.”1.72 Centered in this cleft isthe catalytic triad—an
active site Ser positioned on a nucleophilic elbow at the end of
ahydrogen bond network including the active site His and Asp.
At one end of this cleft, an Arg rich patch could serve as the
interaction site for the upstream electronegative thiolation
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Fig. 6 The structures of macrocyclizing TE domains from surfactin
synthetase® (left) and DEBS synthase®® (right). Both TE domains are
members of the «/f hydrolase family with the structural scaffolds (green/
blue) and variable regions which define the ‘lid’ (red). The catalytic
machinery is defined by the active site Asp-His-Ser triad highlighted
(yellow).

domain based on simulated docking of a homologous carrier
protein. In the Srf TE structure, a sulfate ion bound near the N-
terminus of the domain defines apotential site for binding of the
phosphate of the phosphopantetheine tether.70 Docking of the
structure of a peptidyl carrier protein previously solved by
NMR suggests that the upstream carrier protein would be
positioned appropriately to alow for the 20 A long phospho-
pantetheine arm to deliver the acyl thioester to the active site
Ser.

In the DEBS TE structure, surrounding the active site Ser is
a largely hydrophobic cavity sufficient to accommodate the
DEB product.5® Modeling of the product in the active site
suggests several hydrophobic residues conserved amongst PKS
TE domains and additional nonconserved hydrophilic residues
could interact to define the substrate binding pocket. The
structure of the Srf TE domain was solved in the presence of a
substrate analog which remarkably resulted in an asymmetric
dimer with only one monomer containing substrate.”® The Srf
TE most significantly differed from the canonical fold of the o/
B hydrolase family by an extended insertion of three «-helices
between core -strands. In the monomer lacking the substrate, a
single helix of this ‘lid’ is pulled over the active site and
connected to the neighboring B-strand by a disordered loop. In
the monomer with substrate bound, the helix is pulled away
from the active site and the loop ordered, creating an active site
cavity in the form of a bowl lined by mostly aromatic and
hydrophaobic residues. The additional density in substrate bound
monomer allowed for partial modeling of the substrate analog,
showing severa side-chain binding pockets for residues closest
to the C-terminus of the surfactin linear substrate. It is notable
that in the DEBS TE structure, a helix surrounding the active
site had the highest B factor suggesting flexibility which could
serve analogously to the ‘lid’ in the Srf TE domain. Addition-



ally, based on alignment, the TE domains from gramicidin and
tyrocidine synthetases differ from Srf TE most significantly in
theregion of thislid, suggesting that the substrate specificity is
encoded in this flexible and structurally dynamic region of the
TE. The formation of alargely hydrophaobic active site cavity in
the presence of substrate mechanistically suggests that the
cavity may be used to passively alow the linear acyl-O-TE
intermediate to populate a cyclizing conformation. The non-
conserved residues in the lid region may actively assist in
selecting the conformer that would yield the proper re-
giochemical linkage.

TE domains as autonomous cyclization catalysts:
scope of reaction

TycC TE

The first excised thioesterase domain to be examined in detail
for retained cyclization activity was the TE domain from the
tyrocidine synthetase TycC subunit.” The physiological sub-
strate for this TE domain when embedded in the TycC subunit
should be the linear decapeptidyl-ST thioester (Fig. 7). This
acyl-S-protein substrate is difficult to come by, as it is an
acylated form of the 724 kDa TycC subunit and would be
kinetically labile in any isolation scheme. Therefore a linear
tyrocidine  decapeptidyl-S-N-acetylcysteamine  thioester
(SNAC) was synthesized and utilized as substrate with the
excised, purified TycC TE and found to be cyclized with a ke
of 60 min—1 and aK, of 3 uM (Fig. 7).

Thefact that the TycC TE recognized a soluble decapeptidy!-
SNAC surrogate of the normal thioester enzyme substrate
enabled structure activity variation to examine substrate
specificity in several manners (Fig. 8). First, a scan through all
ten positions of the decapeptidyl chain reveaed that b-Phel and
L-Orn9 were required but the side chains of the other eight
residues could be altered to alanine without notable con-
sequence.” It was also observed that different size macrocyclic
lactams, from eighteen atoms (from hexapeptidyl-SNAC) to 42
atoms (from tetradecapeptidyl-SNAC) could be efficiently
cyclized by TycC TE, indicating remarkable permissivity for
macrolactam ring size.®5 With a shorter substrate, a pentapepti-
dyl o-Phe-Pro-Val-Orn-Leu-SNAC, the TE domain could
elongate it to the tandem decapeptidyl dimer and release a
mixture of linear and cyclic decapeptide products, the latter
authentic gramicidin S (essentially the reaction of Fig. 3).7 This
presumably reflectsthelogic and operation of the TE embedded
at the end of the gramicidin S synthetase fifth module.65
Depsipeptide soluble substrates gave further insight into the
versatility of this cyclization catalyst, including the demonstra-
tion of macrolactone formation by alteration of the intra
molecular nucleophile, the -NH,, of p-Phel, to the —OH of b-
phenylactatel.73

In an exercise to determine the scope of substitution
permitted in adecapeptidyl-SNAC by TycC TE and to movethe
product from infectious disease to cardiovascular pharmacol-
ogy, a decapeptide was synthesized containing the RGD
tripeptide motif, associated with high affinity for integrin
receptors.”# Despite the fact that the substrate 18, contained
dterations from the natural sequence of the identity of seven
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Fig. 7 The experimental design for the study of TE domains excised from their natural synthetases. A soluble peptide thioester substrate serves as a surrogate
for the carrier protein tethered linear acyl intermediate. The TE domain is cloned and expressed as an isolated domain for characterization.
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residues of the decapeptide, as well as several changes in
stereochemistry, and N-methylation of a single residue, it was
cyclized by Tch TE, albeit in lower yield (Scheme 6). The

@fﬁwﬁ ﬁ% LG
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TE
NHa
NH HNANH
: .
J \]/\ Jﬁ/ \]/\ )\ Proposed
HOQC P type II' turn
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\rNJNﬂ,N\A 19
Hng

Scheme 6 Cyclization of integrin binding peptides by tyrocidine TE
domain.

chemoenzymatic synthesis could be scaled up to alow
sufficient cyclic product, 19, to be isolated to demonstrate
nanomolar inhibition of the platelet integrin o pPia The
conformational constraint of cyclic peptide increased its
potency relative to a linear analog. Presumably one could
optimize the sequence of such chemoenzymatically generated
cyclic peptides to optimize potency and integrin receptor
selectivity.

SfTE

The Srf TE isthe most downstream domain in the seven module
surfactin synthetase assembly line (Fig. 4) for production of the
N-acylated lipoheptapeptide that has been macrocyclized be-
tween the 3-hydroxyl substituent of the fatty acyl chain and the
Leu7 carbonyl.1275 This TE when excised has been crystallized
as noted above and retains macrolactonization activity, with
stereochemical discrimination for the 3R-OH of 3-hydrox-
ybutyryl-heptapeptidyl SNAC substrate.5570 The acyclic pre-
cursor is poorly soluble and installation of 2,3-diaminopropio-
nate (Dap) residues impart increased water solubility, allowing
studies to probe requirements in the three portions of substrate:
heptapeptide, fatty acyl group and the leaving group (Fig. 8).76
In the peptidic portion, substitution of the C-terminal most
residues by Dap affected cyclization and hydrolysis, suggesting
the importance of the C-terminal residues in formation of the
acyl-enzyme intermediate. In contrast, alteration in the central
residues of the heptapeptide is tolerable to the TE. In the fatty
acid moiety, a -amino butyryl analog was hydrolyzed but not
cyclized despite the likelihood that iturins and mycosubtilin 9,
arise by such an attack.? Nor was an «-hydroxybutyryl acyl
moiety competent to cyclize, athough an e-hydroxycaproyl
heptapeptide did undergo cyclization, so lactonering size can be
expanded. The SNAC leaving group could be replaced by an
ONAC, indicating the oxoester substrate was still sufficiently
activated for acyl-O-TE formation. The TE would also carry out
the back reaction, hydrolysis of the surfactin macrolactone
scaffold.

Mutation of the Ser and His residues of the presumed Srf TE
catalytic triad inactivated both cyclization and hydrolysis
activities.” In the structurally related lipases, there is a
conserved glycine in the active site that is instead a proline in
the NRPS TE domains.”® Mutation of Pro26 to Gly in Srf TE
changed the partition ratio of cyclization to hydrolysis by
10-fold in favor of hydrolysis, a lipase-like product outcome,
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suggesting the conformation constraint imposed by Pro26in TE
domains may favor a sequestered active site and a longer life
time for the peptidyl-O-TE acyl enzyme intermediates to
undergo intramolecular cyclization (lactamization, lactoniza
tion) over competing hydrolysis.”6

Applications of TycC TE to synthesis of cyclic
peptide libraries

Macrocyclization by chemical means is often a formidable
synthetic challenge. As seen in the storied example of synthesis
of erythromycin by Woodward, with subtle variationsin alinear
precursor conditions that allow for cyclization, if they can be
found, can vary widely and unpredictably.”” The study of their
enzymology has suggested that the thioesterase domains from
NRPS and PK S sources have potential utility in the synthesis of
cyclic molecule libraries, particularly in synthesis of natura
product analogs.

Combinatorial synthesis has benefited greatly from the use of
solid-phase chemistry, where molecules constructed on the
solid phase can be split into different reaction conditions to
create diversity and as it obviates the need for purification
steps.”8 Nonribosomal peptide synthesis is essentially a bio-
logical equivalent of solid-phase peptide synthesis, where a
carrier protein with its phosphopantetheine tether substitutesfor
a solid-phase resin.32 Building upon this recognition, a solid-
phase polyethylene glycol amide resin was derivativized with a
mimic of the phosphopantetheine arm terminating in a free
hydroxy! (Fig. 9). When the linear sequence corresponding to
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Fig. 9 The strategy of biomimetic macrocyclic synthesis. In the natural
biosynthesis the acyl chain is linked to a carrier protein (T) via a
phosphopantetheine tether (green). In biomimetic macrocycle synthesis, a
solid-phase PEGA resin functionalized with a synthetic tether (red)
substitutes for the natural carrier protein. Solid-phase peptide synthesis is
used in place of nonribosomal peptide synthesis and allows for access to
variants of the linear sequence by solid-phase combinatoria techniques.
The isolated TE domain then catalyzes release from the solid-phase tether
and macrocyclization generating the natural product and analogs.

tyrocidine was synthesized on the resin and incubated with the
excised TycC TE, the enzyme could productively catalyze
release from the resin and cyclization in areaction equivalent to
the physiological release from the carrier protein tether and
cyclization (Fig. 9).7° This system allowed for the synthesis of
libraries of linear substrates on the solid-phase, followed by
enzymatic cyclization to generate cyclic peptide libraries. By
synthesis of a set of linear molecules in which the p-Phed
position was replaced by one of 96 natural or non-natural amino
acids, the method was utilized to define the substrate specificity
of TycC TE.

In addition to being an enzymologica tool, the method
allowed for the study of the bioactivity of the library of natural
product analogs. Tyrocidine A, a member of the family of
cationic antimicrobia peptides, is a membranolytic antibiotic
that normally shows minimal discrimination between bacterial



and eukaryotic cell membranes. In an effort to increase
selectivity, amatrix of peptides with variationsin two positions
were synthesized and subjected to enzymatic cyclization. The
products of the reaction were tested for their antibiotic activity
against Bacillus subtilis and in the hemolysis of red blood cells.
The library of products revealed that substitution of o-Phe4 in
the natural product by a positively charged p-amino acid led to
30-fold selectivity for bacterial membranes.” The cyclizing
enzyme could be used in chemoenzymatic synthesis of two of
the best analogs, 20 and 21, on preparative scale (Scheme 7).
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Scheme 7 Improved analogs of tyrocidine A with increased specificity for
bacterial membranes synthesized by biomimetic macrocycle synthesis.

When compared to tyrocidine A, in addition to increased
specificity, these analogs gained activity against gram negative
organisms including Pseudomonas aeruginosa. This combina-
torial method for generation of libraries of macrocycles with
novel or improved characteristics can be trandated back to
biosynthetic systems as well. Once a target analog is unveiled
by this method, the modular nature of synthetases makes it
possible to consider reprogramming or swapping modules to
generate the target analog, utilizing the terminal TE to catalyze
chain termination and macrocyclization.34.80.81

Alternative macrocyclization strategies

While C-terminal TE domains represent the most common
solution to the catalytic disconnection and macrocyclization of
linear acyl chains in NRP and PK biosynthesis, aternative
strategies are known (Scheme 8). In NRP synthetases, one

22 o\@"”o 23 )HOL j;\o
o ) N .
N
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Scheme 8 Products of aternative macrocyclization catalysts: cyclosporin A
(22) utilizesaterminal C domain, enniatin A (23) synthesized via aterminal
T—C didomain and rifamycin B (24) synthesized by an arylamine N-
acetyltransferase homologue.

aternative strategy that draws from the catalytic toolbox used in
construction of the linear acyl chainsis proposed to be at work
in the biosynthesis of many macrocyclic peptides from fungal

sources. Sequencing of the synthetase responsible for the
production of cyclosporin A 22 revedled several remarkable
features including the presence of a condensation domain, in
place of a TE domain, at the C-terminal end of the massive
synthetase.82 The linear cyclosporin undecapeptide precursor is
constructed by the eleven contiguous modules, followed by
intramolecular capture of the C-terminal L-Alall of the peptide
by the N-terminal p-Alal, giving the macrocyclic product. The
normal function of a condensation domain is to catalyze the
attack of atethered amino acid on adownstream T domain upon
the thioester tethered peptide on an upstream domain. C
domains are also known to use soluble amine nucleophilesasin
vibriobactin biosynthesis where a soluble norspermidine is
linked to a tethered dihydroxybenzoate.4243:83 |n the synthesis
of cyclosporin A, theterminal C domain is proposed to function
by analogy to the latter reaction where the nucleophile, rather
than coming from asoluble amine, isthe N-terminal amine of b-
Alal. In the synthesis of the symmetric cyclohexadepsi peptide
enniatin 23, two modules responsible for the synthesis of b-
2-hydroxyisovaleryl-N-Me-Vad arefollowed by aterminal T-C
didomain, giving the unusual T-T—C domain organization at the
C-terminus.84 While in cyclooligomerization catalyzed by TE
domains, the single TE domain functions both as a way-station
for intermediates (acyl-O-TE) and asthe catalyst for cyclooligo-
merization, in enniatin biosynthesis these responsibilities are
presumed to be divided, with the T domain functioning in the
former capacity while the C domain functions asthe cyclooligo-
merization catalyst. As yet, biochemical evidence for these
functions is lacking, and it will be interesting to explore if, by
full analogy, isolated terminal C domains will be versatile
catalysts as terminal TE domains have proven to be.

Polyketide biosynthetic pathways have been known to reach
outside of the usual catalytic toolbox for macrocyclization of
linear precursors. In the biosynthesis of the antimycobacterial
ansamycin family member rifamycin B 24, the termination
module of the synthetase lacks a TE domain.35:36 The initiation
module of the PKS loads 3-amino-5-hydroxybenzoate (AHB)
and the synthase constructs the linear polyketide capped with
the arylamine AHB. Immediately downstream of the gene
encoding the final synthetase protein is rifF, which encodes a
protein with homology to arylamine N-acetyltransferases. A
genetic knockout of rifF resulted in the production of several
linear biosynthetic intermediates along the pathway to the fina
linear intermediate, consistent with the suggestion that rifF is
the macrocyclization and chain termination catalyst.8586 The
stand-alone enzyme is proposed to form a bond between the
3-amino group derived from AHB and the carrier protein
tethered end of the linear polyketide precursor. The structure of
an arylamine N-acetyltransferase family member revealed the
presence of acysteine protease-like catalytic triad, suggesting a
mechanism for catalysis analogous to TE mediated cyclization
for rifF.87 The genetic evidence is further supported by similar
biosynthetic schemesin the cluster for the anti-tumor ansamito-
cin and antibiotic napthomycin, where the synthetase proteins
lack termina TE domains but have separate genes with
homology to rifF.88:89 While biochemical evidence for the
function of the arylamine amide synthasesis lacking, the recent
heterologous expression and purification of the product of rifF
may soon open the door to such characterization.®°

Versatility of enzymatic macrocyclization
reactions

In nature, many biologically active molecules are initialy
synthesized as linear molecules and subsequently constrained
by covaent bonds bridging distant parts. We have examined
macrocyclization of polyketide and nonribosomal peptide
natural products in detail.

CHEM. COMMUN., 2003, 297-307

305




The TE domains embedded at the downstream ends of NRPS,
PKS and hybrid NRPS/PKS assembly lines are versatile and
efficient enzymatic catalysts. Their physiologic function is to
act on the full length natural product acyl chain that has arrived
at the adjacent thiolation domain (Fig. 2) to disconnect the
covaent linkage between the acyl chain and the phosphopante-
theinyl tether on the T domain. The catalytic disconnection can
use an external nucleophile, most often awater moleculein the
active site, but also amine nucleophiles can be presented on
cosubstrate binding, as in vibriobactin assembly.

The catalytic disconnection can aso be effected intra-
molecularly with a range of chemospecificity, regiospecificity
and stereospecificity in the disconnection. The product-deter-
mining step occurs after transfer of the peptidyl or polyketide
acyl chain from the phosphopantetheinyl thiol tether to the
active site serine in the TE domains. For cyclization, the active
site of the TE must exclude water molecules from achieving a
distance, orientation, and activation where they would be
competent nucleophiles. Additionally, they must promote the
folding of acyclic conformers of the peptidyl or polyketidyl
chain to alow productive approach of a specific OH or NH, in
the acyl chain to the carbonyl group lodged on the active site
serine residue. The intramolecular nucleophiles are derived
from various sources, the N-terminus of apeptide, side chains of
natural or non-natural amino acids, fatty acids, or ketide
hydroxyls, producing diverse natural cyclic and lariat struc-
tures.

Initial exploration of TE domains indicates they are portable
aslong asthey are maintained adjacent to T domains elsewhere
in PKS and NRPS assembly lines. When integrated TE domains
are excised and studied as isolated domains, they retain their
catalytic capacity. For thioesterase domains studied thusfar, the
versdatility of the cyclization catalyst is evident in several
regards. The substrate may be an acyl chain tethered to acarrier
protein, as in the physiological situation, may be on a
biomimetic linker on a solid-phase resin or may be a soluble
peptide thioester or ester. The acyl chain itself allows for
variation such that the macrocyclesthat can be accessed include
natural products, natural product analogs with optimized
properties, products of cyclooligomerization or novel products
which act on unrelated therapeutic targets. It is possible that as
aresult of having evolved with their natural substrate delivered
in cis, these TE domains while facing evolutionary pressure to
exclude water and to precisely control the regiochemistry of
cyclization, have not been compelled to exacting specificity in
their choice of acyl chain. With ever increasing sequence data
on secondary metabolite biosynthetic clusters, the structural
diversity of the reactions they catalyze and their inherent
versatility makes exploration of new natural product macro-
cyclization catalysts an intriguing route to accessing novel
structures.so
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