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1 Introduction

Polyketides (PKs) and the non-ribosomal peptides (NRPs) are
two of the largest natural product families.” Widely produced
by bacteria and fungi, members of each family have been turned
into important medicines, such as the antibiotics erythromycin
(PK) and vancomycin (NRP), the immunosuppressants rapa-
mycin (PK) and cyclosporin (NRP), and the anticancer agents
epothilone (PK) and bleomycin (NRP).>” One reason for such
success is the remarkable diversity of PK and NRP chemical
scaffolds.>®° The diversity exhibited by PKs and NRPs is all the
more impressive because of the relatively simple chemical units
used to construct them. PKs and NRPs are both polymers (often
called “chains”) constructed from simple monomers—also
referred to as “building blocks” or extension units."* Polyketide
synthase (PKS) enzymes condense small carboxylic acids,
primarily acetate and propionate, to form PKs, while non-
ribosomal peptide synthetases (NRPSs) condense amino acids
(and sometimes other organic acids) to form NRPs."> However,
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these humble beginnings give rise to numerous medicinally
important chemical scaffolds including macrolides, polyethers,
enediynes, and B-lactams.>®

The mechanisms used for diversifying PK/NRP chains are
wide ranging. For example, arsenals of tailoring enzymes can
modify the PK/NRP chain after it has been fully processed by
a PKS/NRPS enzyme.>® However, one of the most important
diversification steps often occurs earlier. During its biosyn-
thesis, a PK/NRP chain is covalently tethered to the PKS/NRPS
via a 4'-phosphopantetheine (Ppant) group (derived from
coenzyme A).'* The free thiol group of the Ppant group forms
a thioester bond with the terminal carboxyl group of the
growing PK/NRP chain." However, this covalent linkage must be
broken to release the PK/NRP chain from the PKS/NRPS. A
release step is critical both for allowing the product to enter into
the cytosol, where it may be modified by additional enzymes
and/or exported from the cell, and to enable continuous
substrate processing by the PKS/NRPS." Nature has not only
solved this problem, but also keenly recognised it as an
opportunity to profoundly modify the structure of the PK/NRP
product.” For instance, the PK/NRP chain can be released via
intra/intermolecular cyclisations, reductions, and fusion to
other chemical units, leading to structural diversifications
ranging from simple primary alcohols, aldehydes, and carbox-
ylic acids, to more complex tetronates, macrolactones/lactams,
and oligomers.'»*> The functionalities created as a result of
chain release may themselves undergo subsequent chemical
transformations, leading to the creation of complex scaffolds
such as spirotetronates and iminopeptides.’>** In addition,
given the impact that the mechanism of chain release can have
on PK/NRP structure, an appreciation and understanding of
these mechanisms will aid efforts for creating engineered PKS
and NRPS enzymes that produce new and diverse products.
Here, we review the enzymes and mechanisms used for chain
release in PK and NRP biosynthesis pathways, how these
mechanisms directly and indirectly affect natural product
structure, and their potential to be utilised by synthetic biology
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to produce structurally diverse products from engineered PKS/
NRPS enzymes. It is important to note that, while many of the
mechanisms discussed in this review are experimentally well
characterised, some lack direct experimental evidence so are
only proposed mechanisms. In some cases, obtaining such
evidence is stymied by the chain release enzyme acting on
a complex, difficult to source, and possibly unstable biosyn-
thetic intermediate. Nevertheless, instances where a given chain
release mechanism requires confirming experimental evidence
are explicitly stated.

2 PKS and NRPS enzymes

Before discussing chain release mechanisms (sometimes also
called “offloading” mechanisms), it is worth briefly covering the
biochemistry of PKS and NRPS enzymes. There are multiple
classes of both enzymes, differing from one another in char-
acteristics such as whether they are modular, act iteratively, or
are composed of multiple standalone proteins."” The most
discussed classes in this review are the modular cis-acyl-
transferase (AT) type I PKSs and Type A NRPSs. In these classes,
each protein module is responsible for the incorporation of
a single extension unit into the growing PK/NRP chain. Each
module of a PKS/NRPS enzyme is itself comprised of discrete
catalytic centres called domains, which catalyse the necessary
reactions for the chain extension to occur.? In contrast, type II
PKSs consist of iteratively acting standalone proteins.** The
minimal type II PKS biosynthesis pathway consists of a stand-
alone ACP and two proteins that resemble KS domains: a KS,,
and KSg." These two KS proteins are highly similar to one
another and together catalyse the necessary chain initiation and
extension events required for polyketide biosynthesis.™ Type III
PKSs consist of numerous standalone enzymes to catalyse chain
elongation without the use a Ppant tether.*® Analogous to PKSs,
NRPSs may also act iteratively or be composed of multiple
standalone proteins, as will be discussed later.”
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The number of domains present within a type I PKS or type A
NRPS module differs from enzyme to enzyme, except for several
essential “core” domains.”” To be catalytically active, each
module of cis-AT type I PKS must contain an acyltransferase
(AT), acyl carrier protein (ACP), and a ketosynthase (KS)
domain." The ACP of each module serves as an attachment
point for a Ppant moiety. Each AT domain selects an extension
unit and transfers it to the Ppant group of the adjacent ACP.*
The most common extension units used in PK biosynthesis are
acetate (two carbon) and propionate (three carbon) units, typi-
cally delivered in their activated forms of malonyl-CoA and (25)-
methylmalonyl-CoA, respectively. The KS domain then catal-
yses C-C bond formation via a decarboxylative Claisen
condensation between the nascent PK chain and the extension
unit bound to the ACP of the downstream module.’” The PK
chain uses the flexible Ppant groups to swing between the
different PKS modules of the biosynthetic pathway, each
module increasing the chain size by one extension unit." The
downstream module can be part of the same enzyme as the
upstream module, or be part of a separate PKS enzyme alto-
gether.' Following the Claisen condensation, accessory
domains such as ketoreductase (KR), dehydratase (DH), and
enoylreductase (ER) domains may reduce the B-keto group.®

Type A NRPS modules contain a different set of domains
from type I PKS modules. At a minimum, each module in an
NRPS must contain an adenylation (A) domain, a peptidyl
carrier protein (PCP, also sometimes called a thiolation (T)
domain), and a condensation (C) domain to be functional.? A
domains are responsible for selecting an extension unit, anal-
ogous to AT domains in PKS enzymes.> To achieve this, A
domains catalyse an ATP-dependent adenylation reaction of an
amino acid, often with a high degree of selectivity.”? The ade-
nylated amino acid is a high energy species with a strong leaving
group (AMP), facilitating nucleophilic attack by the thiol of the
PCP-linked Ppant group with elimination of AMP.” The function
of C domains is analogous to KS domains, though they catalyse
C-N (peptide) bond formation rather than C-C bond formation.>
The PCP-bound NRP chain enters the active site of the C
domains, where it is attacked by the a-amino group on the
amino acid tethered to the PCP domain of the downstream PCP
domain.”

After the final chain extension, the mature chain is left
tethered to the ACP/PCP of the terminal module and must be
released. Numerous mechanisms exist, utilising both enzymatic
domains integrated into the PKS/NRPS or dedicated standalone
chain release enzymes. The first class of chain release enzymes
to be explored are the «/f hydrolase fold thioesterases.

3 Thioesterase domains (a/
B hydrolase fold)

The o/B hydrolase fold thioesterases either catalyse chain
release as a discrete domain within a PKS/NRPS (type I thio-
esterases), or as standalone proteins (type II thioesterases). The
use of type I thioesterase (TE) domains to catalyse chain release
is common in PK/NRP biosynthesis, to the extent that it is often

This journal is © The Royal Society of Chemistry 2022
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considered the canonical method.” TE domains typically
catalyse release either by hydrolysis or macrocyclisation, though
other mechanisms are also possible, as will be discussed. In the
pathways that use them, the TE domain is almost always found
on the C-terminus of the final PKS/NRPS module."* TE domains
are between 240-290 amino acid residues in size and possess an
/B hydrolase fold, a conformation consisting of seven to eight
parallel B-sheets connected by a-helices (Fig. 1).** «/p hydrolase
folds are commonly found in other enzymes with hydrolytic
activity, such as lipases and proteases.'® Between B-sheets six
and seven is the “lid” region—a dynamic ca. 40 amino acid
element that lines the substrate channel.”” Crystal structures of
excised TE domains have revealed that the lid region is either in
an apparent “open” state, allowing ready access to the binding
pocket, or “closed” state, restricting substrate entry."”

TE domains use a two-step mechanism to catalyse chain
release, the first step being a transesterification.'” A the hydroxyl
of a catalytic serine residue, typically located at the C-terminus
of B-sheet five, attacks the electrophilic carbonyl of the PK/NRP
thioester, forming an oxoester.'” The catalytic serine attacks the
substrate thioester as it is activated via deprotonation by
a conserved histidine (Fig. 2)."” Together, these three residues
make up the Ser-Asp-His catalytic triad that is highly conserved
in thioesterase domains and other a/p hydrolases.” The cata-
Iytic serine is identifiable by its location in a GXSxG motif (where
x is any amino acid).” In some cases, a cysteine is present
instead of a serine residue—in effect using a sulphur nucleo-
phile rather than oxygen.'®*** Why some thioesterase domains
select for a catalytic cysteine rather than serine is poorly
understood.' However, the presence of a catalytic cysteine can
be an indicator that the TE domain has an unusual activity, as
will be discussed in Section 3.2.1.

The second step of the mechanism is the release of the PK/
NRP intermediate from the TE domain itself."” It is here
where the TE domain exerts the greatest influence over the
structure of the final product.™"” During this step, a nucleo-
phile attacks and cleaves the oxoester bond (or thioester bond,
in the case of a TE domain with a catalytic cysteine) connecting
the PK/NRP chain to the TE domain.” A tetrahedral oxyanion
intermediate forms following nucleophilic attack that is

M i Asp1TT
Y

HI:ZS&:\}g

Sert48

@

Fig. 1 The structure of an a/p hydrolase fold thioesterase domain. (A)
The crystal structure of the thioesterase domain from the polyketide
pikromycin biosynthesis pathway (PDB: 1IMN6). (B) The Ser—Asp—His
catalytic triad of the TE domain from pikromycin biosynthesis.
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Fig. 2 The catalytic mechanism of TE domains. TE domains select either an intermolecular nucleophile (typically water) or an intermolecular
nucleophile (resulting in a cyclic product). The X represents a nucleophilic atom (such as an oxygen or nitrogen). The PK/NRP chain is covalently

linked to the TE via an oxoester bond to a conserved serine. A conserve
wavey bond depicted from the CP represents a 4’-phosphopantetheine

resolved by elimination of the seryl alkoxide/cystyl thiolate,
releasing the PK/NRP from the active site."” Aside from cleavage
of oxoester and thioester bonds, there is evidence from
synthetic systems that TE domains are also able to cleave the
much stronger amide bond, though whether this occurs in
Nucleophilic attack may either be inter-
molecular or intramolecular. A TE domain that selects an
intermolecular nucleophile will release a linear product,
whereas the selection of an intramolecular nucleophile, i.e.,
part of the PK/NRP chain itself, will release a cyclic product.™
On top of this, a range of different nucleophilic atoms can be
used. While an oxygen nucleophile is the most common,
nitrogen, sulphur, and carbanions are also selected by some TE
domains.*” Unfortunately, it is not possible to predict what kind
of nucleophile a TE domain will select based on protein
sequence alone.'** Recent evidence suggests that the afore-
mentioned lid region could play a role by altering the confor-
mation of the PK/NRP chain to promote an intramolecular
cyclisation rather than attack by an exogenous nucleophile.”*
However, in vitro activity assays of TE domains indicate that
they are intrinsically capable of catalysing a range of different
chain releasing reactions, including hydrolysis,
cyclisation, dimerisation, and transesterification.>® TE domains
may therefore initially serve as a means to increase the diversity
of products produced by a biosynthetic pathway, later adapting
to favour the production of the product that confers the greatest
fitness advantage.* The following sections discuss the different
nucleophiles that TE domains can select in greater detail.

nature is unknown.

macro-
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d His—Asp dyad activates the nucleophile by extracting a proton. The
prosthetic group.

3.1 Intermolecular nucleophiles

3.1.1 Water (hydrolysis). A common intermolecular
nucleophile selected by TE domains is water, resulting in the
release of a carboxylic acid.'* Examples of TE domains that
catalyse chain release via hydrolysis can be found in both PK
and NRP biosynthesis pathways, examples including yersi-
niabactin (1) (PK-NRP hybrid)>* vancomycin (2) (NRP),* 3-(r-a-
aminoadipyl)-L-cysteinyl-p-valine (3) (the NRP precursor of B-
lactam antibiotics),”® and coronafacic acid (PK)*” (Fig. 3A). In
the case of vancomycin (2) biosynthesis the TE domain acts as
a “gatekeeper”, selectively hydrolysing the NRP chain only
after the peptide cross-linking reaction has occurred, in doing
so preventing the release of linear or partially cyclised NRP
chains.?®

An interesting variation occurs in the biosynthesis of curacin
A (4), a PK-NRP hybrid produced by the cyanobacterium Lyng-
bya majuscule.”® Here, the terminal TE domain in the PKS CurM
is preceded by an unusual sulfotransferase (ST) domain that,
prior to hydrolytic chain release, sulfonates the B-hydroxyl
group of the curacin intermediate (5), creating an excellent B-
sulfate leaving group.” Following TE-catalysed hydrolysis of the
PK chain (6), a decarboxylation occurs and the B-sulfate is
eliminated, creating a terminal double bond instead of the
typical carboxylic acid.?® In vitro experiments using a synthetic
substrate analogue indicate that, in addition to catalysing
hydrolysis, the TE domain also facilitates the decarboxylation
reaction (Fig. 3B).*

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 TE-catalysed hydrolytic release. (A) The structures of several natural products released by TE domain-catalysed hydrolysis. (B) Formation
mechanism of the terminal double bond in curacin A (4) biosynthesis using an unusual sulphur transferase (ST) domain.

A TE domain that catalyses an additional reaction besides
hydrolysis is also found in the nocardicin A biosynthesis
pathway. Nocardicin A is a tripeptide B-lactam antibiotic
produced by Nocardia uniformis sp. tsuyamanensis and is

This journal is © The Royal Society of Chemistry 2022

comprised of L-para-hydroxyphenylglycine (pHPG), L-serine, and
t-arginine.*® In this pathway, the TE domain in the NRPS NocB
catalyses the epimerisation of r-para-hydroxyphenylglycine
(pHPG) in addition to NRP chain hydrolysis.** Cocrystallisation
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of the excised NocB TE domain with a phosphonate substrate
mimic indicated that the histidine of the catalytic triad is
responsible for extracting the acidic a-proton from pHPG.?** The
resultant carbanion could be stabilised by electron delocalisa-
tion across the pHPG aromatic ring.*® A proton donor (possibly
water) is then proposed to reprotonate the a-carbon of pHPG
from the opposite side to complete the epimerisation.*
However, epimerisation and product hydrolysis can only occur
after the B-lactam ring has formed,* again indicating the
gatekeeper function TE domains can have (a phenomenon
recently reviewed by Horsman et al.'?).

3.1.2 Alcohols (transesterification). Aside from water, TE
domains can also select more complex intermolecular nucleo-
philes that result in chain release by transesterification or
amination reactions. The first characterised example of

A

KU42

@@T&S
cs

L-homocysteine
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a natural TE-catalysed transesterification is from the salinamide
A biosynthesis pathway (Fig. 4A).*> Salinamide A (7) is an anti-
inflammatory and antibiotic bicyclic depsipeptide produced
by the marine bacterium Streptomyces sp. CNB-091.>> A notable
feature of salinamide (7) is that two of the amino acid residues
of its cyclic depsipeptide core, -serine and pHPG, are covalently
linked together via an unusual acylglycine ((4-methylhexa-2,4-
dienoyl)glycine) moiety. A PKS-NRPS hybrid, Sln14, and three
NRPS enzymes, SIn8, SIn7, and Slné6, are responsible for syn-
thesising the eight residue depsipeptide core of salinamide A
(7). This core is released as a 19 membered lactone (8) by the TE
domain of SIn6.?*> Following release, an additional NRPS, SIn9,
responsible for the synthesis of the acylglycine moiety (9), uses
its thioesterase domain to catalyse an intermolecular trans-
esterification reaction that attaches the carboxyl group of the

Salinamide A 7
Streptomyces sp. CNB-091

Fig.4 Chainrelease by TE-catalysed transesterification. (A) TE-catalysed chain release via transesterification in salinamide A (7) biosynthesis. (B)
TE-catalysed chain release via transthioesterification by the cryptic fungal PKS KU42.
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acylglycine to the Ser-OH in the depsipeptide core 8, forming an
oxoester (10).*> The other end of the acylglycine moiety is
subsequently attached to the pHPG residue via an oxidative
cyclisation reaction catalysed by the enzyme SIn10, forming
salinamide A (7).*

3.1.3 Thiols (transthioesterification). Another thioesterase
domain capable of catalysing intermolecular trans-
esterification, specifically a transthioesterification, was identi-
fied in the biosynthesis pathway for an aminoacylated
polyketide (11) in basidiomycete Punctularia strigosozonata.*
Here, the TE domain of the PKS KU42 was shown to catalyse
release of the sorbyl unit using the thiol group of t-cysteine or -
homocysteine as an intermolecular nucleophile (Fig. 4B).*®

3.1.4 Amines (amidation). TE domains that catalyse chain
release via an intermolecular amidation reaction are also
uncommon. A recent example was found in the biosynthesis of
lipopeptides in Burkholderia gladioli pv. agaricicola.** The plant
pathogen Burkholderia gladioli is responsible for grain rot, seed
rot, and seedling blight in rice.*® Screening culture extracts of B.
gladioli pv. agaricicola led to the identification of the lip-
opeptides haereogladin A-D and burriogladin A-B (Fig. 5A).**
The NRPS genes responsible for biosynthesis were also identi-
fied in the genome.** The lipopeptides are either free acids that
correspond to the predicted size of the polypeptide (haer-
eogladins C-D, burriogladin A), indicating hydrolytic release by
a TE domain, or have an unusual C-terminal r-threonine tag
(haereogladin A, E, burriogladin B).** The TE domains respon-
sible for lipopeptide biosynthesis can therefore either use water
(12) or r-threonine (13, 14) as a nucleophile for chain release.*
Interestingly, either the amine or hydroxyl of L-threonine can be
used to attack the PCP-tethered NRP chain, resulting in amide
(13) or ester (14) formation, respectively.** In the case of haer-
eogladin, having a threonine tag is essential for surfactant
properties, potentially facilitating the colonisation of plant
hosts by B. gladioli pv. agaricicola.**

Another recent example of a TE domain that catalyses ami-
dation is found in the biosynthesis of a small and, as yet
unnamed, polyketide (15) produced by the fungus Hydnomer-
ulius pinastri.®® The PKS responsible, KU43, produces an ACP-
bound octanoate unit that is released using the amino group
of a r-leucine methyl ester as a nucleophile (Fig. 5B).*® Heter-
ologous expression of the KU43-TE demonstrated it that it
selects 1-leucine methyl and catalyses chain release via an
amination reaction.*

3.2 Intramolecular nucleophiles

3.2.1 Hydroxyl groups (lactonisation). TE domains that
catalyse chain release using an intramolecular nucleophile
produce cyclic compounds. When an intramolecular hydroxyl
group is selected a lactone (cyclic ester) is produced.** The size
of the lactone formed can vary greatly, ranging from a four-
membered B-lactone in obafluorin (NRP)*® (16) to a 51-
membered macrolactone in stambomycin (PK) (17) (Fig. 6 and
7A).22'36

If the lactone contains 12 or more atoms it is classified as
a macrolactone/macrolide.”” The formation of lactones is

This journal is © The Royal Society of Chemistry 2022
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commonly associated with polyketide biosynthetic pathways,
the prototypical example being 6-deoxyerythronolide B (the
erythromycin precursor) synthesised by the PKS enzymes
DEBS1, DEBS2, and DEBS3." Erythromycin A (18), like many
macrolides, is an inhibitor of the bacterial ribosome.*® The TE
domain of DEBS3 is selective for the C13 hydroxyl over the other
hydroxyls in the PK chain, resulting in the exclusive formation
of a 14-membered macrolactone.”” TE domains that select
hydroxyl/oxygen nucleophiles may also be responsible for the
biosynthesis of non-lactone rings, such as the pyrone ring in the
cercosporin (PK) biosynthesis or the isochromanone ring in
ajudazol (PK) biosynthesis.?***

TE domains from NRPSs can also catalyse chain release via
lactone formation using the hydroxyl group of an amino acid
side chain.'*' One interesting example is the TE domain used
in the biosynthesis pathway of obafluorin (16), a tripeptide p-
lactone.’® The B-lactone ring of obafluorin (16) is created by an
intramolecular cyclisation catalysed by the TE domain of the
NRPS ODbiF." The ODbiF-TE domain is unusual for several
reasons. For starters, it catalyses formation of a four membered
ring, the smallest ring size produced by TE domains.'*** Also,
unlike most TE domains, it is not the most C-terminal domain
of ODbiF, instead being located between an upstream PCP
domain and a downstream A domain.”® Non-terminal TE
domains have been identified in only a few other biosynthetic
pathways, where their role is unclear or they may catalyse an
entirely different reaction (such as cis double bond formation in
FR901464 biosynthesis).**** Another unusual feature of ODbiF-
TE is that it has a catalytic cysteine rather than serine.™ Inter-
estingly, using mutagenesis to convert this cysteine to a serine
abolished production of obafluorin (16), highlighting the
importance of a cysteine thioester linkage to the NRP chain.*®
The proposed explanation was that the higher ground state
energy of cysteine thioesters compared to oxoesters, coupled
with the weaker nature of C-S bonds compared to C-O bonds,
make forming a strained P-lactone ring more energetically
favourable.'®*® The influence of a catalytic cysteine residue has
also been investigated in other TE domains. For instance,
replacing the active site serine with a cysteine in the TE domains
of the pikromycin (PK) and cilengitide (NRP) biosynthesis
pathways converted the domain into catalytically more effective
macrolactonisation catalysts, possibly due to the reasons
proposed above.'”* In other cases, however, replacing the
serine with cysteine significantly decreased the catalytic activity
of the TE domain.*” Why some TE domains select for cysteine
while others select for serine is still unclear, but it seems likely
there is a fitness trade-off occurring between creating an effi-
cient catalyst for the target ring size and the stability of the TE-
bound PK/NRP intermediate.

Up to this point, the TE domains discussed all catalyse chain
release via a single lactonisation reaction. A variation of this
mechanism, exemplified in the biosynthesis of conglobatin
(PK),” enterobactin (NRP) (19),* elaiophylin (PK) (20),* cer-
eulide (NRP),*® and valinomycin (NRP)* is TE-catalysed oligo-
merisation of two identical PK/NRP chains (Fig. 8). Two
different mechanisms were initially proposed for how these
oligomerisations occur: a “forward transfer” and a “backwards
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transfer” mechanism." In the forward transfer mechanism,
a hydroxyl group of a TE-bound PK/NRP chain is proposed to
attacks the thioester of an identical PK/NRP chain tethered to
the upstream ACP domain, followed by macrocyclisation/chain
release.*” In contrast, in the backwards transfer mechanism an
ACP-bound PK/NRP chain is proposed to attack the thioester of
an identical PK/NRP chain tethered to the downstream TE
domain, sending it “backwards” to the ACP domain.*® The
linear dimer is then returned to the active site of the TE domain
for macrocyclisation.” While the forward transfer mechanism
was proposed first (to account for the biosynthesis of enter-
obactin) there is now more evidence that backwards transfer is
the true mechanism for all such oligomerisations
(Fig. 9).2147485052 The ability of TE domains to catalyse both
dimerisation and macrolactonisation has been demonstrated in
vitro for the C, symmetrical 16-membered dilactones con-
globatin and elaiophylin (20).**> Purified TE domains from the
conglobatin and elaiophylin (20) biosynthesis pathways were
demonstrated to catalyse the dimerisation of two SNAC (N-
acetylcysteamine)-substrate analogues,* forming a linear dimer
that is subsequently cyclised to form a macrodilactone.*®*** A

This journal is © The Royal Society of Chemistry 2022
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similar TE-mediated oligomerisation mechanism is likely
occurring in the biosynthesis of the quinoxaline and quinoline
chromodepsipeptide natural products echinomycin (NRP) and
sandramycin (NRP), respectively, though direct evidence is
lacking.>*>¢

In rare cases, two contiguous TE domains are found on the
C-terminus of NPRS proteins. Such “tandem” TE domains are
present in the biosynthetic pathways for the cyclic lipopeptides
teixobactin,® arthrofactin,® malleipeptin,® syringopeptin,®
massetolide A,** and the cyclic peptide lysobactin.** Although
not all examples have been biochemically characterised, in
general, the first TE domain of the pair is responsible for lac-
tonisation and release. The role of the second TE is less clear
and differs from case to case. In the case of teixobactin
biosynthesis, only when the active site serine residues of both
TE domains were mutated was chain release activity fully
abolished, suggesting that the two domain cooperate to release
the NRP chain.”” In the case of the arthrofactin biosynthesis
pathway, mutating the active site of the second TE decreased
arthrofactin production by 95%, indicating that it is important,
but not essential, for chain release.*® In contrast, mutating the
active site serine in the second TE domain of the lysobactin
biosynthesis pathways had no detectable effect on lysobactin
production.** Instead, the second TE domain demonstrated
deacetylase activity, making it more akin to the “proofreading”
type II TE enzymes discussed later in Section 4. It was even
proposed that this TE domain may be post-translationally
separated to act as a standalone type II TE, as the two TE
domains are readily proteolytically cleaved from one another.>®
However, direct evidence for this occurring or being relevant in
vivo is lacking.

3.2.2 Amine/amide groups (lactamisation). If a TE domain
selects an intramolecular amine rather than a hydroxy group,
a lactam ring is formed (Fig. 7B). Examples of macrolactams
formed using this mechanism include tyrocidine A,** leinamy-
cin (21),* sulfazecin,* and vicenistatin.®® The TE domain from
SulM in the sulfazecin biosynthesis pathway produces a B-lac-
tam ring, analogous to the B-lactone ring produced by the
obafluorin (16) ObiF-TE domain (discussed above).'®**%® Like
the ObiF-TE domain, the SulM TE domain contains a catalytic
cysteine rather than a serine. Replacing the cysteine with serine
abolished the cyclisation activity of SulM-TE, strengthening the
case that catalytic cysteine residues are better at producing
strained rings than catalytic serine residues are.'®**

TE domains that recognise amine groups are also capable of
catalysing chain release via oligomerisation reactions. The best
characterised example is in the biosynthesis of gramicidin S
(NRP), a cyclic dilactam antibiotic produced by Bacillus brevis
(Fig. 8).*' The research conducted on gramicidin S (22) biosyn-
thesis provided the first evidence for the “backwards pass”
mechanism discussed previously in Section 3.2.1.%

In addition to intramolecular amine groups, the less nucle-
ophilic nitrogen atom of amide groups is also selected by some
TE domains. Examples include the biosynthesis of the tetramic
acids jamaicamide (PK-NRP hybrid)*” and reutericyclin (PK-
NRP hybrid).®® In these cases, the nitrogen of an internal

Nat. Prod. Rep., 2022, 39, 163-205 | 171


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1np00035g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 20 August 2021. Downloaded on 1/9/2026 8:40:41 AM.

(cc)

Natural Product Reports

A B
Hydroxyl group (lactonisation)

TE | TE |

Erythromycin A 18

Leinamycin 21
Saccharopolyspora erythraea

D
Thiol group (thiolactonisation)
‘TE\
o
S
(e} R
=N T o
n
n
SH
R
Fig. 7

Amine (lactamisation)

(0 H
(0} — 0 N R
ol
n
n
NH,
R

Streptomyces atroolivaceus

View Article Online

Review

C

Carbanion (Dieckmann condensation)

(TE

|
6]
0 _—
(o] (0]
Jon n
(6]
R

Noranthrone 24
Various Aspergilli fungi

s
S
CH3 |\
J% J@N .
Y TN N
H 5

CH3

Ow%fw L,

S
|

Thiocoraline 26 CHs
Micromonospora marina

Intermolecular nucleophiles selected by thioesterase domains. (A) A hydroxyl group, as in erythromicin A (18) biosynthesis. (B) An amine,

as in leinamycin (21) biosynthesis. (C) A carbanion, as in noranthrone (24) (aflatoxin precursor) biosynthesis. (D) A thiol group, as in thiocoraline

(26) biosynthesis.

secondary amide attacks the C1 carbon of the thioester, forming
a tetramate ring.*”%

3.2.3 Carbanions (Dieckmann condensation). TE domains
can also catalyse ring chain release/cyclisation using an intra-
molecular carbanion (Fig. 7C). Such TE domains are prevalent
in fungal PK peptide biosynthesis pathways, where they are
often referred to as Claisen-like cyclase (CLC) domains (the
formal name for an intramolecular Claisen reaction is a Die-
ckmann condensation).®® Once covalently bound to the TE
domain, the abstraction of an acidic a-proton in a PK chain by
a base creates a nucleophilic carbon atom (in the form on an
enolate).” The carbon nucleophile attacks the electrophilic C1
atom of TE-oxoester linkage, resulting in C-C bond formation
and release of the PK chain.® The first characterised example of

172 | Nat. Prod. Rep., 2022, 39, 163-205

a Dieckmann-catalysing TE was from the naphthopyrone (23)
biosynthesis pathway in Aspergillus nidulans.” (Fig. 10A). In this
case, the TE domain catalyses a Dieckmann cyclisation to form
the second six membered carbon ring in the tricyclic naphtha-
lene core of napthopyrone.” The formation of the final, hemi-
ketal, ring then occurs non-enzymatically.” Analogous TE
domains are present in the biosynthetic pathways of other
aromatic fungal polyketides such as phenalenone,”” ster-
igmatocystin,”> melanin,” and noranthrone (24) (the precursor
of the carcinogenic aflatoxin).””> The crystal structure of the TE
domain from aflatoxin biosynthesis has been solved to 1.7 A
using X-ray crystallography.”™ The structure confirmed that the
Ser—Asp-His catalytic triad is intact, with the catalytic His being
proposed as responsible for o-proton abstraction.” In the

This journal is © The Royal Society of Chemistry 2022
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structure, two o-helices of the lid region were blocking the
entrance to the substrate cavity, which was proposed to occur
only after substrate binding to exclude water, thereby prevent-
ing hydrolysis competing with the desired Dieckmann
condensation.”™

TE domains are also speculated to catalyse C-C bond
formation the cyclisation between C2 and C7 biosynthesis in the
polyketides lasalocid, avermectin, and melingmycin, though
direct evidence is lacking.?»"¢7®

The TE domain from the biosynthesis pathway to terrequi-
none A (25) (Aspergillus) differs in that it catalyses two C-C bond
formations: a Claisen condensation and a Dieckmann
condensation” (Fig. 10B). The Claisen condensation first joins
two molecules of indole pyruvic acid (derived from r-trypto-
phan).” A Dieckmann condensation then occurs to cyclise the
indole pyruvic acid dimer, creating the core of terrequinone A
(25).7

The dihydromaltophilin (also called HSAF - heat stable
antifungal factor) biosynthesis pathway from Lysobacter enzy-
mogenes is one of the few characterised examples of a carbanion
selecting TE domain from bacteria (another being in a-lip-
omycin biosynthesis).**® One of the intriguing features of HSAF
is that it is comprised of two separate polyketide chains that are
linked via an r-ornithine residue. To achieve this linkage, t-
ornithine must form an amide bond with each of the polyketide
chains.®*®*> In vitro work with the purified TE from domain
indicated that, in addition to catalysing a Dieckmann

This journal is © The Royal Society of Chemistry 2022
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cyclisation to form the tetramate ring, it also catalyses amide
bond formation.***

3.2.4 Thiol groups (thiolactonisation). The only known
example of a TE domain that catalyses chain release using an
intramolecular thiol group is found in thiocoraline (NRP) (26)
biosynthesis (Fig. 7D).**** Thiocoraline is composed of two
identical tetrapeptides, each synthesised by the NRPS enzymes
TioR and TioS.*® Akin to elaiophylin biosynthesis, the two tet-
rapeptides form a linear dimer followed by cyclisation to form
a 26 membered ring. A thiol group of a cysteine is the nucleo-
phile selected for both the dimerisation and cyclisation
steps.®*** The biosynthesis of a related octothiodepsipeptide,
BE-22179, likely uses the same TE-mediated cyclodimerisation
release mechanism.*

4 Chain release catalysed by type Il
thioesterases (a/p hydrolase fold)

The TE domains discussed thus far have been discrete domains
within a larger PKS or NRPS enzyme. An alternative strategy,
however, is to utilise a standalone thioesterase enzyme, called
a type II thioesterase (TEII), encoded elsewhere in the biosyn-
thetic gene cluster. Like their domain counterparts, TEIIs also
contain an «/p hydrolase fold and a Ser-Asp-His triad.*® TEIIs
are commonly encoded in both PK/NRP biosynthetic gene
clusters, where they are responsible for hydrolysing small non-
reactive thioester intermediates that can stall the PKS/NRPS.*
Examples of such intermediates include ACP/PCP-linked acetyl
groups that arise either from the premature decarboxylation of
malonyl-CoA or by the loading of acetyl-CoA onto the CP by
a PPtase.?* TEIIs are therefore often referred to as having an
“editing” or “proofreading” role in a biosynthesis pathway.*® As
such, mutational inactivation of a gene encoding a TEII often
decreases, but does not abolish, natural product production by
the biosynthetic gene cluster (BGC).** In several unusual
cases, domains that resemble TEIIs are found within a PKS
enzyme, as if they were a type I TE domain.****** TEIIs are
phylogenetically distinct from TEIs, and can often be distin-
guished by containing a conserved methionine adjacent to the
catalytic serine (GxSMG).**** Like their standalone counter-
parts, these TEII “domains” appear to have a role in hydrolytic
proofreading, helping to maintain the flux of the biosynthetic
pathway.’>*

While TEIIs are best known for their proofreading function,
in some biosynthetic pathways they are responsible for cata-
lysing final product chain release (Fig. 11A). Such examples are
found in the biosynthetic pathways of the bacterial polyether
ionophores nigericin (27),” monensin (PK) (28),” nan-
changmycin (PK) (29),°”°® and maduramicin (PK)* (Fig. 11B). In
these cases, after the final extension reaction has occurred the
PK chain is transferred to a standalone ACP protein, followed by
hydrolytic release catalysed by a TEII enzyme.*>**°%%

TEII enzymes also catalyse the hydrolytic chain release of
non-polyethers, including zaragozic acid,'® colibactin,"*
kinamycin (30),** and possibly indanomycin.>*'** Kinamycin
is noteworthy as it is a type II polyketide. Type II polyketides
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are aromatic natural products produced by type II PKSs
(described in Section 2).* The TEII enzyme AlpS has been
shown to be essential for kinamycin biosynthesis in vivo and
its hydrolytic activity with a SNAC-substrate analogue
demonstrated in vitro.'** (Fig. 12A). The chain release mech-
anism in type II polyketide biosynthesis pathways are poorly
understood, having even been speculated to occur though
spontaneous hydrolysis/aldol reaction.*** The discovery that
some utilise TEII enzymes is therefore an important discovery
for the field.

Chain release catalysed by TEII enzymes is not always
hydrolytic.’** The TEII enzyme in gregatin A (31) biosynthesis
catalyses chain release by a Claisen condensation reaction.***
The furanone core of gregatin A is produced by the fusion of

174 | Nat. Prod. Rep., 2022, 39, 163-205

two acyl chains. Intriguingly, in vitro reconstitution experi-
ments indicate that the two different chains are both
produced by the PKS GrgA.*** The thioesterase GrgF then
catalyses fusion of the two PK chains via a Claisen conden-
sation, followed by hydrolytic chain release of the linear
dimer (Fig. 12B). The linear dimer is then proposed to
undergo a spontaneous cyclisation reaction to produce the
furanone-containing gregatin A.'®* Aside from gregatin A
biosynthesis, a non-hydrolytic TEII enzyme is also encoded in
the BGC of pyoluteorin, a PK-NRP hybrid first isolated from P.
aeruginosa strains T359 and IFO 3455.'°>'° The TEII (PItG) is
proposed to catalyse the release of the pyoluteorin interme-
diate from the PKS PItC the via a Dieckmann condensation,
forming a six-membered ring.*****”

This journal is © The Royal Society of Chemistry 2022
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5 Chain release catalysed by hot-dog
fold thioesterases

Enzymes with thioesterase activity are highly diverse, falling
into at least 23 distinct families.'®® Furthermore, those that
catalyse chain release are not restricted to the a/B hydrolase
fold family. One example are the homotetrameric hot-dog fold
thioesterases encoded in biosynthetic gene clusters of the
enediyne polyketides including calicheamicin (CalE7),'*
dynemicin (DynE7),"*° and C-1027 (SgcE10) (Fig. 13).'*'*
Enediynes are potent DNA-damaging agents synthesised by
type I PKSs.'** A hot-dog folds consists of a 5-6 strand curved
B-sheet “bun” wrapping around a long central a-helix “hot-
dog”.*** Aside from their role in enediyne biosynthesis, hot-
dog fold thioesterases are found in both prokaryotes and

This journal is © The Royal Society of Chemistry 2022

eukaryotes where they hydrolyse acyl-CoA to release fatty acids
and CoA.'™ In enediyne biosynthesis, these thioesterases
catalyse the hydrolytic release of methylketol hexaene (32)
and heptaene (33) (Fig. 14A)."*”"*®* While both products were
initially proposed to be enediyne biosynthetic intermediates,
they are now believed to be shunt products.**”*** The role of
these hot-dog fold thioesterases is therefore akin to the
proofreading TEII enzymes discussed in the previous
section.™

Mechanistically, hot-dog fold thioesterases are distinct from
a/B-hydrolase fold thioesterases. Unlike the o/B-hydrolase fold
thioesterases, the PK chain is never covalently bound to a hot-
dog fold thioesterase, instead entering its active site while still
tethered to the adjacent ACP domain.'*"'* In terms of catalytic
residues, a conserved arginine was shown via mutagenesis to be
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an essential for activity."*>*° The positively charged guanidi-
nium group of the arginine is proposed to stabilise the oxyanion
that forms on the C1 carbonyl following attack by a water
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molecule (Fig. 14B).'*>"'*'*® The tetrahedral intermediate is
resolved by loss of the Ppant group and release of the PK chain
from the active site. Whether the attacking water molecule is
activated via deprotonation (forming an hydroxide ion) is
unknown, but could be performed by a conserved glutamic acid
or tyrosine residue.**®

In contrast to enediyne biosynthesis, in other biosynthetic
pathways hot-dog fold thioesterases are responsible for hydro-
Iytic release of the final product itself. A notable example is
found in the biosynthesis pathway for the macrolactam cremi-
mycin (34) produced by Streptomyces sp. MJ635-86F5."° Cre-
mimycin biosynthesis features the incorporation of an unusual
extension unit derived from the p-amino acid 3-amino-
nonanoate.”” The biosynthesis of this f-amino fatty acid is
performed by the PKS enzymes CmiP4, CmiP3, and CmiP2. The
three PKS enzymes produce non-2-enoyl-ACP that is hydrolysed
by the standalone hot-dog fold thioesterase CmiS1 (Fig. 14C).***
However, prior to hydrolysis, CmiS1 first catalyses a Michael
addition between non-2-enoyl-ACP and glycine, installing what
will become the B-amino group.'*® The crystal structure of
a homologue of CmiS1 from Streptomyces avermitilis MA-4680,
SAV606, which catalyses an equivalent reaction has been
solved.™* An in vitro activity assay of SAV606 indicated that it
also catalyses the Michael addition with glycine in addition to
hydrolytic chain release. Analysis of the SAV606 structure led to
the proposal that a histidine residue (His59) deprotonates the
glycine amine group via a water molecule, thereby promoting its
nucleophilic attack on the B-group of the PK chain.”* The same
TE-catalysed mechanism for B-amino fatty acid biosynthesis is
likely present in the biosynthesis pathways of the macrolactams
ML-449 and BE-14106."*>'*

6 Chain release catalysed by metallo-
B-lactamase (ML) thioesterases

A third family of standalone thioesterases that catalyse chain
release resemble metallo-B-lactamase enzymes (MBL). B-Lacta-
mase enzymes are widespread in bacteria where they have an
important role in hydrolysing B-lactam antibiotics.” ML
enzymes possess an ofpa-fold and require a metal cofactor,
typically up to two Zn>" ions, to function.'”® Fungal genomes
also encode B-lactamases, although their functions are not
always clear and can be involved in processes other than
xenobiotic degradation.” In select cases, MBLs are thio-
esterases (MBL-TEs) that catalyse the hydrolytic chain release of
fungal polycyclic polyketides. These polycyclic compounds are
synthetised by non-reducing polyketide synthases (nrPKSs).
Unlike the modular type I PKSs, nrPKSs act iteratively to syn-
thesise a highly reactive poly-B-keto PK chains that undergo
multiple aldol condensations to form aromatic polycyclic
compounds.”***” The regioselectivity of the first aldol conden-
sation is controlled by a specialised product template (PT)
domain within the nrPKS, which determines the cyclisation
pattern for the compound as a whole.””® In addition, nrPKSs
also utilise an N-terminal starter unit acyltransferase (SAT)
domain for starter unit selection, which can range from acetyl-

This journal is © The Royal Society of Chemistry 2022
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CoA to longer fatty acid-derived started units."””**** While some
nrPKSs catalyse hydrolytic chain release using an integrated TE/
CLC or reductase domain (discussed later), others lack any
apparent chain releasing domain.

The nrPKS ACAS (domain architecture SAT-KS-AT-PT-ACP)
from Aspergillus terreus is responsible for the biosynthesis of
atrochrysone carboxylic acid (35), a precursor to atrochrysone
and endocrocin (36) (Fig. 15A)."** While no obvious chain
releasing domain is present in ACAS, the BGC also encodes
a MBL (ActE) that was demonstrated to catalyse hydrolytic chain
release in vitro using a SNAC substrate analogue. ActE
contains the conserved metal binding site (THxHxDH) charac-
teristic of MPBLs likely binding Zn>".*** Dialysing ActE against
a buffer containing the chelating agent EDTA abolished its
activity, demonstrating that the metal ions are essential.’** The
Zn** jon(s) are proposed to stabilise a nucleophilic hydroxide
ion and the subsequently formed tetrahedral oxyanion

This journal is © The Royal Society of Chemistry 2022

intermediate."**** MBL-TEs enzymes are also encoded in the
BGCs of the related polyketides, such as asperthecin produced
by Aspergillus nidulans, where they likely have the same role in
hydrolytic release.'®*%¢

MBL-TEs have also been found that catalyse chain release via
a Dieckmann condensation reaction.'”® The fungus Aspergillus
niger uses a nrPKS to produce the naphthacenedione core of the
natural product, TAN-1612 (37)."** The MPBL-TE AdaB was
demonstrated to catalyse a Dieckmann condensation between
C18 (nucleophilic) and C1 (electrophilic) to form the fourth and
final ring of the naphthacenedione core (38).*° Interestingly,
AdaB was shown to only catalyse the Dieckmann condensation
when the tricyclic intermediate is hydroxylated at the C2 posi-
tion by the monooxygenase AdacC. If no hydroxylation occurred,
then AdaB catalyses hydrolytic chain release. A homologue of
AdaB from the asperthecin biosynthesis pathway, AptB, could
also catalyse the Dieckmann cyclisation to form

Nat. Prod. Rep., 2022, 39, 163-205 | 177
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Fig. 13 Crystal structure of the hot-dog fold thioesterase DynE3.
Displayed is a single monomer of the tetrameric DynE3, a hot-dog fold
thioesterase with a proofreading role found in the biosynthesis
pathway of the enediyne dynemicin (PDB: 2XEM). The catalytic Arg35
residue, proposed to stabilise the quaternary oxyanion polyketide
intermediate, is highlighted.

naphthacenedione.’ Closer biochemical characterisation of
AptB revealed it binds two Mn”* ions, rather than Zn**. In the
proposed mechanism for AdaB/AptB function, the two Mn>*
ions facilitate substrate binding and may assist in the depro-
tonation of the C18 a-proton, though additional experimental
evidence is required (Fig. 15B)."** Given the widespread role of
B-lactamases in catalysing hydrolysis reactions, it is likely that
the Dieckmann condensation activity is a more recent
adaptation.

7 Chain release catalysed by penicillin
binding protein (PBP)-like enzymes

A newly discovered class of chain releasing enzyme are homo-
logs of penicillin binding proteins (PBP). The PBPs are pepti-
dases that catalyse the final transpeptidation reaction during
bacterial cell wall biosynthesis.'® The ability of PBP-like
enzymes to catalyse chain release was first discovered in the
biosynthesis pathway of surugamide A-F, a group of linear and
cyclic NRPs produced by Streptomyces sp. JAMM992."*® Sur-
ugamide A-E are related cyclic NRPs all produced by the NRPS
enzymes SurA and SurD." In contrast, surugamide F is an
unrelated linear NRP carboxylic acid produced by the NRPSs
SurB and SurC, the genes for which are encoded adjacent to surA
and surD in the same BGC." Interestingly, none of the encoded
NRPS enzymes contain a thioesterase or another previously
characterised chain release domain."® Just upstream of surA is
a small gene encoding a putative 28 kDa penicillin binding
protein, SurE."® The ability of SurE to catalyse a chain releasing
lactamisation reaction was demonstrated by incubating an
linear SNAC precyclisation precursor of surugamide B with
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purified SurE, resulting in formation of surugamide B.'*®
Furthermore, creating an in-frame deletion in surE abolished
not the only production of surugamide A-E, but also sur-
ugamide F."°™*> SurE is therefore surprisingly responsible for
catalysing chain release in both pathways.***"*> An in vitro assay
using SNAC-surugamide F revealed that the hydrolysis product
is only a minor product, with the major product being a lactam.
Surugamide F is therefore proposed to be produced from this
lactam by an as yet undiscovered peptidase.**

In regards to the enzymatic mechanism of SurE, it contains
the conserved Ser-Tyr-His-Lys catalytic tetrad of other PBP
peptidases.'?”13%140-142 Ty PBP peptidases the serine acts as
a nucleophile while the other catalytic residues are involved in
proton transfer/transition state stabilisation.'*”**! Mutagenesis
of the serine residue in SurE to alanine abolished its activity,
consistent with a role in forming an oxoester linkage to the
peptide chain (analogous to the catalytic serine of o./p hydrolase
thioesterases). The role of the other residues in catalysing lac-
tamisation of the surugamides are still unclear.*** SurE homo-
logues are also encoded in the biosynthetic gene clusters of
other NRPs, sometimes even as a dedicated domain within
a NRPS enzyme."*" There is therefore still much to be explored
in regards to the function and products of PBP-like chain
releasing enzymes.

8 Chain release catalysed by
reductase (R) domains
8.1 Structure and mechanism of R domains

Aside from TE domains, another chain releasing domain
located on the C-termini of some PKS/NRPS enzymes is
a reductase (R) domains. R domains catalyse the reductive
release of PK/NRP chains as either aldehydes (via a two-electron
reduction) or primary alcohols (via a four-electron reduction)
(Fig. 16, 17 and 18A).*

R domains are mechanistically and structurally distinct from
a/B-hydrolase thioesterases, belonging instead to the short-
chain dehydrogenases (SDR) family of NAD(P)H dependent
oxidoreductases."* Members of this family all possess an N-
terminal Rossmann fold: a sheet of seven parallel § strands
flanked by a-helices on either side.***'** Interestingly, despite
their differences, the central -sheets of TE and R domains have
a similar spatial arrangement.******

An individual R domain (ca. 400 amino acids in size) can be
subdivided into two regions: an N-terminal Rossmann fold
region responsible for NAD(P)H binding, and a C-terminal
region responsible for substrate binding.”* In contrast to TE
domains, where the PK/NRP chain is covalently bonded to the
TE domain, R domains act directly on CP-linked PK/NRP
chains.” The diphosphate portion of NAD(P)H interacts with
the peptide backbone of a GxxGxxG nucleotide binding motif
conserved within the N-terminal region.® The C-terminal
region consists of 4-6 a-helices and 2 B sheets."**'*” The N-
terminal region also contains a mobile “gating loop” that
interacts with the upstream carrier protein (ACP or PCP) and is
proposed to regulate both the binding of NAD(P)H and fix the

This journal is © The Royal Society of Chemistry 2022
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release of methylketo hexanene (32) and heptaene (33) by the hot-dog fold thio-

esterase DynE8 in dynemicin biosynthesis. These linear products are now believed to be shunt products rather than biosynthetic intermediates.
(B) The proposed mechanism of hot-dog fold thioesterases involving an oxyanion-stabilising catalytic arginine. (C) The hot-dog fold thioesterase

CmiSlis responsible for catalysing hydrolytic chain release in
carbon.

This journal is © The Royal Society of Chemistry 2022

cremimycin (34) biosynthesis. CmiS1 also catalyses the addition of glycine to the -
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Ppant arm into a reactive conformation.'*'*” Recent work also
identified a hydrophobic pocket within the R domain respon-
sible for binding the geminal dimethyl group of the Ppant
arm."” Unlike the highly conserved N-terminus region, the
sequence identity of the C-terminal region is highly variable,
likely reflecting the diversity of substrates recognised by R
domains."*"¢'*” Despite this notable sequence diversity, the C-
terminal region of R domains are distinguished from other SDR
members by containing a short helix-turn-helix motif important
for the interface between the R domain and upstream
CP'144,146,147

R domains contain a Thr-Tyr-Lys catalytic triad character-
istic of SDR family members. The catalytic tyrosine and lysine
residues are both critical for binding NAD(P)H, while the Thr

180 | Nat. Prod. Rep., 2022, 39, 163-205

dependent Dieckmann condensation cat-

stabilises the PK/NRP thioester substrate (Fig. 18B).'#*140:148
Hydride transfer by NAD(P)H to the C1 carbon of the PK/NRPS
thioester generates a tetrahedral thiohemiacetal intermediate.
The intermediate is resolved by loss of the Ppant group,
generating a free aldehyde. In the case of four-electron R
domains, NAD(P)" dissociates and is replaced by second mole-
cule of NAD(P)H." This second NAD(P)H transfers a hydride to
the electrophilic C1 carbon of the aldehyde, resulting in the
formation of primary alcohol.”® For several R domains, the
reduction to the alcohol occurs faster than the reduction to the
aldehyde.™*'*¢ Aldehyde reduction is accompanied with
a notable electronic shift, changing an electrophilic aldehyde to
a nucleophilic alcohol.”® How some R domains exclusively
catalyse a two-electron reduction while others a four-electron

This journal is © The Royal Society of Chemistry 2022
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Fig. 16 Examples of natural products synthesised by PKS/NRPS and released/modified using R domains.

reduction is still poorly understood."”*** A study on NRPS-
related carboxylic acid reductases (CARs), indicated that
conformational changes in the NAD(P)H binding site control
whether this second reduction occurs.”*>'** CARs are multido-
main enzymes (A-PCP-R structure) that reduce carboxylic acids
to their corresponding aldehydes. By comparing the structures
of several CAR-R domains, a conformational change in the loop
connecting the N and C terminal regions, particularly in an
aspartic acid residue, was identified."*>'** One of the loop
conformations appeared to facilitate NAD(P)H binding, while
the other interfered with it. Based on these observations, it was
proposed that the binding of the PK/NRP chain to the R domain
promotes NAD(P)H binding, resulting in aldehyde forma-
tion."™>'* The aldehyde, however, is unable to maintain the
favourable NAD(P)H binding conformation of the R domain,
preventing a second molecule of NAD(P)H binding. In support
of this theory, mutating the identified Asp residue to glycine
enabled the R domain to form the primary alcohol product.**®

This journal is © The Royal Society of Chemistry 2022

There are also other factors at play, however, as some R domains
contain this Asp residue but still perform four-electron reduc-
tions.**>**® Furthermore, biophysical studies have also demon-
strated that NAD(P)H binding to the R domain is not dependent
on the PK/NRP substrate.'*® Further complicating matters are R
domains that produce both two-electron and four-electron
products, discussed in the following section. The question of
how R domains control whether a two-electron or four-electron

reduction takes place therefore remains open.'*"*®

8.2 PK and NRP pathways that use R domains

The natural products produced using an R domain have been
extensively covered in an excellent recent review." In brief,
while the direct products of R domains are either aldehydes or
primary alcohols, both functional groups can undergo addi-
tional transformations to further diversify the structure of the
final product (summarised in Fig. 19).
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Fig. 17 Crystal structure of an R domain. (A) The crystal structure of
the R domain from mycobacterial lipopeptide biosynthesis (PDB:
4DQV). The N-terminal domain is responsible for NAD(P)H binding
while the C-terminal domain is responsible for substrate binding. (B)
The Thr—Lys—Tyr catalytic triad of the R domain located in the N-
terminal region.

8.3 Products of two-electron reductase domains

In some cases, the aldehyde generated by a two-electron R
domain is retained in the final product. This tends to be
uncommon, however, due to the general instability of alde-
hydes. The electrophilicity of aldehydes often means that the
natural products containing them are often potent inhibitors of
serine proteases.’* Examples of natural products containing
aldehydes produced by two-electron R domains include the
NRPs leupeptin (39), linear gramicidin,** the flavopeptins, and
the fellutamides.*>**>*

Alternatively, the aldehyde group can undergo additional
transformations to form a range of different functional
groups.” Such transformations can range from a simple
transaminations, to more complex reactions that form macro-
cyclic peptides or heterocycles. If the aldehyde group undergoes
a transamination, an amine is formed.*® The first characterised
example of this was from the r-lysine biosynthesis pathway in
Saccharomyces cerevisiae (also the first example of reductive
release by an R domain)."® The tridomain carboxyl acid
reductase Lys2 (A-PCP-R) was identified as responsible for
lysine biosynthesis, releasing o-aminoadipate that subse-
quently undergoes a transamination to form r-lysine. Other
examples include the siderophores myxochelin B (40),****” the
zeamine antibiotics,'*® and the lipopeptide antibiotic leucinos-
tatin.” In the case of leucinostatin, the amine of the product is
diversified further by methylation.'* The amine can also act as
a nucleophile in an intramolecular cyclisation reaction, as
occurs in the biosynthesis of the alkaloids cyclizidine'®® and
coelimycin P1 (41).'*

Cyclic iminopeptides, such as the nostocyclopeptides and
scytonemide A (42) are formed when the aldehyde generated by
a two-electron R domain is spontaneously attacked by an
intramolecular amine, followed by a dehydration reaction.**>'%
If a dehydration reaction does not occur the final product
contains a hemiaminal ring, exemplified by the pyrrolobenzo-
diazepines anthramycin,'** sibiromycin,'*® and tomaymycin.**
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In the case of the cyclic peptide lugdunin (43), a peptide anti-
biotic and immune response modulator produced by the
human microbiome, the imide carbon is subsequently attacked
by the thiol group of the adjacent cysteine residue, forming
a thioazolidine ring.'*”'*® In the case of the sorbicillin family of
natural products, the aldehyde is attacked by a carbanion in
a Knoevenagel cyclisation to form a benzene intermediate."®

In the biosynthesis of the fungal indole alkaloid mal-
brancheamide, a two-electron R domain releases r-Pro-L-Trp
dipeptide as an aldehyde.'” The dipeptide aldehyde undergoes
spontaneous cyclisation and dehydration to give a dienamine
intermediate that is subsequently prenylated and spontane-
ously oxidised. The prenyl group contains a double bond that
acts as a dieneophile in an apparent enzyme catalysed intra-
molecular [4 + 2] cycloaddition with the proline-derived pyr-
azinone ring."”® Malbrancheamide biosynthesis highlights an
impressive case where an aldehyde generated by an R domain is
used to generate a substrate for an intramolecular Diels-Alder
reaction.

This journal is © The Royal Society of Chemistry 2022
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8.4 Products of four-electron reductase domains

Examples of primary alcohol-containing natural products
produced by four-electron R domains include myxochelin
A,1*%7 myxalamid A (44),"**'"* lyngbyatoxin,'”? and, recently,
a dipeptide produced by the industrially important Clostridium
saccharoperbutylacetonicum N1-4.* Myxochelin A is related to
the aldehyde myxochelin B described in the previous section.
Myxochelin A is formed if a second reduction reaction occurs
before aldehyde transamination can occur.®***” An R domain
that releases both two-electron and four-electron products is
also found in the zeamine biosynthesis pathway.'*® A four-
electron R domain also functions in the biosynthesis of myco-
bacterial glycolipids, a key component of the mycobacterial cell
wall. In this case, the released alcohol is subsequently glycosy-
lated with a molecule of O-methylated rhamnose."”* Other
modifications of the primary alcohol are also possible, such as
the acetylation that occurs in columbamide A/B biosynthesis.'”
In addition to the four-electron R domains already
described, there are several examples where the reduction of the
aldehyde is performed by a separate enzyme. In the case of
gramicidin biosynthesis, the R domain releases an aldehyde
followed by a second reduction catalysed by the standalone
oxidoreductase LgrE, producing a primary alcohol.””® Another
example is found in the fungal choline biosynthesis pathway
where a CAR-like enzyme contains two contiguous R domains
on its C-terminus.””” The A domain of this CAR enzyme adeny-
lates glycine betaine, rather than an amino acid. The tandem R
domains then act sequentially, each performing a two-electron
reduction, to reduce the glycine betaine thioester to a primary
alcohol.””” Whether such tandem R domains are present in PKS/
NRPS pathways to generate primary alcohols is unknown.””

This journal is © The Royal Society of Chemistry 2022

8.5 R* domains

A subset of R domains called R* domains catalyse chain release
via non-redox Dieckmann condensation (Fig. 20).**'”®* While R*
domains still contain the Rossmann fold typical of R/SDR
family proteins, they do not utilize NAD(P)H and often (but
not always) contain a mutation in the Ser/Thr-Tyr-Lys catalytic
triad and/or NADPH binding site."®'7*'* Examples of natural
products synthesised using R* domains include the PK-NRP
hybrid tenellin (45),"®* the tetramate equisetin (PK),"” cyclo-
piazonic acid (PK)," and the burnettramic acids (PK).'®* The
NRP quinolactones were also recently shown to use R* domains
for chain release, the first example of an R* domain within an
exclusively NRPS enzyme (rather than NRPS-PKS hybrid).***

The enzymatic mechanism of R* domains is unclear. An
essential aspartate residue was identified in the R* domain of
CpsR, the PKS-NRPS hybrid responsible for cyclopiazonic acid
biosynthesis."”® However, an equivalent Asp is also found in
redox-competent R domains, where its role has not been
determined." Whether the Asp plays a specific role in catalys-
ing a Dieckmann condensation, such as extraction of the
substrate a-proton to generate a nucleophilic carbanion/
enolate, is currently unknown.'®

9 Chain release catalysed by aldo-
keto reductases

An exception to SDR-family reductive chain release was recently
discovered in the closthioamide (46) biosynthesis pathway.

Closthioamide is a symmetrical polythioamidated NRP syn-
thesised by the obligate anaerobe Ruminiclostridium

Nat. Prod. Rep., 2022, 39, 163-205 | 183
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tenellin acid (45) biosynthesis.

cellulolyticum.'® The biosynthesis of closthioamide (46) has
been studied extensively, revealing an unusual thiotemplated
NRPS-independent pathway.'®*>*%® Closthioamide (46) is
assembled from r-aspartate and chorismate, with the growing
intermediate tethered to the standalone ACP CtaE (Fig. 21).'*>'%
Once the intermediate 47 has formed it is taken down two
divergent paths, one catalysed by the enzyme CtaJ and the other
by CtaK, which ultimately converge to form closthioamide.'®
CtaK catalyses a two-electron reduction, releasing intermediate
48 as an aldehyde.*® However, unlike the R domain discussed
in the previous section, CtaK belongs to the aldo-keto reductase
family rather than the SDR family."®* Unlike SDR R domains,
aldo-keto reductases lack a Rossmann fold, instead adopting
a (B/a)s conformation.'® Conserved arginine and lysine resi-
dues assist in binding the pyrophosphate backbone of NADH/
NADPH, typically favouring the binding of NADPH.'® While
aldo-keto reductases are known for catalysing a diverse range of
redox reactions in both prokaryotes and eukaryotes, CtaK is the
first characterised example of one that catalyses the reductive
release of a NRP chain.'®>'®

10 Chain release catalysed by
oxygenases

There are several biosynthetic pathways where chain release is
proposed to occur through an oxidative mechanism. Examples
include the myxothiazole (49),"° melithiazole,'*** aur-
afuron,*” and pederin**® biosynthesis pathways. Myxothiazoles
are synthesised by a mixture of PKS and PKS-NRPS hybrid
enzymes. Myxothiazole A (49) has a terminal amide residue,
indicating an unusual chain release mechanism. The final PKS
enzyme in the myxothiazole A biosynthesis pathway, MtaG (C-
A-MOx-PCP-TE) contains a monooxygenase-like (MOx) domain
embedded within its A domain (Fig. 22A).**° MtaG is proposed
to catalyse a condensation reaction between r-glycine and the
myxothiazole intermediate, followed by hydroxylation of the a-
position of r-glycine by the MOx domain."® Hydroxylation is

184 | Nat. Prod. Rep., 2022, 39, 163-205

proposed to lead to spontaneous decomposition of the glycine
residue, releasing myxothiazole A (49). The TE domain is then
presumed to hydrolyse the residual PCP-bound glyoxylate,*°
While plausible, experimental evidence is still required to
confirm this mechanism. The related compound melithiazole
appears to use the same mechanism of chain release, though
the amide is subsequently converted into a methyl ester.*****

The aurafurons (50) are synthesised by PKS enzymes, none of
which contain a TE domain or any other integrated chain
releasing domain.'” The feeding of isotopically labelled
precursors demonstrated that the aurafuron backbone is syn-
thesised from three acetate units and four propionate units.**
Interestingly, the C1 carbon derived from the incorporation of
the final propionate unit was absent.” To account for this
missing carbon, an oxidative release mechanism was proposed
that utilises the putative monooxygenase Auf] encoded in the
same BGC (Fig. 22B)." Auf] bears significant sequence simi-
larity to the Baeyer-Villiger monooxygenase MtmOIV from the
mithramycin biosynthesis pathway.*>*** The authors proposed
that Auf] catalyses a Baeyer-Villiger reaction (insertion of an
oxygen into the a-position) to generate a carbonic acid diester
PK intermediate."> Decarboxylation would then result in chain
release with loss of the C1 carbon (consistent with the isotope
labelling experiment), though experimental evidence is
required to confirm this theory.” An Auf] homologue is also
encoded in the BGCs of the linfuranones, furanones produced
by Sphaerimonospora mesophile.**>'*> Furanone-containing
natural products have also been isolated from molluscs, but
whether an Auf] homologue is involved in their biosynthesis is
unknown.'*®

The polyketide pederin (51) is synthesised by trans-AT PKSs
by unculturable symbionts within Paederus fuscipes beetles.*
Chain release in pederin biosynthesis is proposed, but not
experimentally demonstrated, to occur by oxidative cleavage
catalysed by the FAD-dependent monooxygenase PedG, result-
ing in the formation of a terminal primary alcohol (52)
(Fig. 22C).** Alternatively, the pederin intermediate may be

This journal is © The Royal Society of Chemistry 2022
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enzyme CtaK to catalyse chain release.

elongated further by the PKS PedH and released via a TE-
catalysed intermolecular amidation reaction using r-arginine,
releasing a compound resembling onnamide A, a metabolite
produced by sponge endosymbionts.*” This extended precursor
(53) could also undergo oxidative cleavage by PedG to produce
the truncated pederin precursor (52) (Fig. 22C).** Through the
details need to be established, a similar chain release mecha-
nism is likely also occurring in the biosynthesis pathway to the
related mycalamide natural products.**®

11 Chain release catalysed by FabH-
like enzymes

Tetronate natural products are PK or fatty acid chains attached
to a tetronic acid (4-hydroxy-[5H]furan-2-one) moiety.”> The
tetronates are a diverse natural product family that can exhibit
antibiotic, anticancer, antiviral, and antifungal bioactivities
(Fig. 23).** In tetronate biosynthesis pathways, chain release is
concomitant with tetronate ring formation itself, catalysed by

This journal is © The Royal Society of Chemistry 2022

a single standalone enzyme rather than a catalytic domain
within a PKS or NRPS.

The mechanism of chain release/tetronate formation was
elucidated by reconstituting the biosynthesis of the linear
tetronate RK-682 in vitro (54).'*° There are three core genes
required for tetronate biosynthesis, together called the “glyc-
erate utilisation operon”.” The three genes encode a FkbH-like
enzyme, a FabH like enzyme, and a standalone ACP, respec-
tively. The FkbH-like enzyme is a phosphatase that catalyses
the formation of glyceryl-ACP from 1,3-bisphosphoglycerate
and the standalone ACP.>* The FabH (B-ketoacyl-ACP synthase
III)-like enzyme is sufficient to catalyse both C-O and C-C
bond formation between glyceryl-ACP and the B-keto thioester
PK/fatty chain, releasing the free tetronate (Fig. 24)."> The
order in which these bonds form is unclear, as is whether the
FabH enzyme catalyses the formation of both bonds, or
whether only one is catalysed and the other forms spontane-
ously.” The PK intermediate is likely transferred from the
terminal ACP to the conserved cysteine residue of the FabH-
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like enzyme (part of its Cys-His-His catalytic triad).'®*> The glycolyl-ACP rather than glyceryl-ACP.>** It is unknown if
biosynthesis of the polyether tetronate tetronasin appears to glycolyl-ACP (or derivatives containing additional functional
be a slight exception to the described process, utilising groups) are tolerated by the FabH enzymes of tetronate

though experimental evidence is required. (B) Proposed Baeyer-Villiger monooxygenase (Aufd)-mediated chain release in aurafuron A (50)
biosynthesis. Experimental evidence is needed to support this mechanism. (C) Oxidative chain release in proposed pederin (51) biosynthesis. Two
different routes have been proposed to release the pederin precursor 52. Experimental evidence is required to determine the true mechanism of
chain release.
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pathways that typically accept glyceryl-ACP, if so enabling the
creation of novel tetronate compounds.

Polyketide tetronates such as abyssomicin C (55), tetronasin
(56), and versipelostatin A (57) are all synthesised by type I PKS
enzymes."” There are several distinguishing characteristics of
PK tetronate biosynthetic pathways. To begin with, the terminal
PKS module of these pathways contains a C-terminal ACP
domain, rather than a C-terminal TE domain or R domain."
Secondly, in order for chain release to occur, the final ACP-
bound PK requires a B-keto group to acidify the a-position for
carbanion formation.*” As such, the final PKS module of a pol-
yketide tetronate biosynthesis pathway either lacks a KR
domain, or contains one that is catalytically inactive.'>?>% It
would be interesting to test if prematurely forming a p-keto PK
intermediate, by mutating the KR of an earlier module, would
result in the formation of truncated tetronate products due to
premature release by the FabH-like enzyme.

Installing a tetronate ring provides additional opportuni-
ties for structural diversification. A common modification is

MxnJ
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to eliminate the primary alcohol of the tetronate moiety to
form an exocyclic double bond.****°” To achieve this the
primary alcohol is first acetylated by an acyltransferase to
create a superior leaving group, followed by elimination by
a lyase to create the exocyclic double bond itself.>*® This
exocyclic double bond is an important feature of many tetr-
onates, as it can be used as a dieneophile in both intra-
molecular or intermolecular [4 + 2] cycloadditions (Diels-
Alder reactions) (Fig. 25).>°*>'° An intramolecular Diels-Alder
reaction can produce a spirotetronate moiety, exemplified by
compounds such as abyssomicin C (55)>'° and versipelostatin
C (57).2° Spirotetronates are characterised as two ring
structures linked together by a spiroatom (a carbon in the
case of the spirotetronates).'” Alternatively, the tetronate may
be halogenated via a yet unknown mechanism, as occurs in
nonthmicin (58) biosynthesis.*** Exploring the mechanism of
this halogenation would be valuable, as the identification of
a tetronate halogenase could enable halogens to be enzy-
matically added to the tetronate groups of other natural
products.

A FabH-like enzyme (MxnB) is also responsible for chain
release in myxopyronin biosynthesis (59).2*>*** Analogous to
tetronate ring formation, here the central pyrone ring of myx-
opyronin is formed by the MxnB-catalysed condensation of PK
chains tethered to the PKSs Mxn] and MxnK (Fig. 26).>'>*'* As in
tetronate biosynthesis, the order in which the C-C and C-O
bonds form is still unclear.?*

12 Chain release catalysed by
condensation-like (Cy) domains

Condensation (C) domains are one of the core domains found
in NRPS modules. C domains are responsible for catalysing C-N
bond formation between a PCP-bound NRP chain and an amino
acid tethered to the PCP domain of the downstream module. C
domains are ca. 50 kDa in size and have a V-shaped pseudo-
dimer structure: a single polypeptide forming two subdomains
(“monomers”), each of which possesses a chloramphenicol
acyltransferase fold.> At the interface of these two subdomains
is the conserved catalytic HxxxDxxS motif (Fig. 27).>

Myxopyronin A 59

Myxococcus fulvus

Fig. 26 Dimerisation in myxopyronin biosynthesis. Analogous to tetronate biosynthesis, the FabH-like enzyme MxnB is responsible for chain

release/ring formation in myxopyronin A (59) biosynthesis.
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The histidine in this motif was first proposed to act as
a general base to deprotonate the a-amine group of the CP-
bound amino acid of the downstream module, promoting its
nucleophilic attack on the upstream CP-linked thioester
(Fig. 28A).>****> However, deciphering the role of this histidine is
not straightforward, as in some C domains it is not essential for
activity.”***” One explanation from recent structural data could
be that water can serve as an alternative base in the absence of
the histidine.”*® Matters complicated further still by calcula-
tions indicating that the histidine is protonated (and therefore
unable to act as a base) under physiological conditions.>*

Regardless of their enzymatic mechanism, in some biosyn-
thetic pathways use specialised C domains (called C; domains)
to catalyse chain release.'®*??**?* Like canonical TE domains, Cr
domains are located on the C-terminus of an NRPS/PKS enzyme.
Cr domains are especially prevalent in fungi, where 60-90% of
all encoded NRPS enzymes contain one on their C-terminus.**
Unlike the fungal TE domains, which typically catalyse hydro-
lytic chain release, Cr domains typically catalyse chain release
via macrolactamisation, such as during nanangelenin B (60)
biosynthesis (Fig. 28B).'*>****?* However, like TE domains, Cr
domains can also catalyse chain release by selecting a range of
nucleophiles, both intramolecular and intermolecular. For
example, Cr domains have been found that catalyse chain
release via amidation®* (Fig. 29A), Dieckmann condensation
(Fig. 29B),*® hydrolysis (Fig. 29C),>* transesterification
(Fig. 29D),"'»*722% or lactonisation.”®* A notable accomplish-
ment of the research on C; domains is the clarification of chain
release in gliotoxin (61) biosynthesis, long proposed to occur
spontaneously with diketopiperazine formation.>* However,
the second C domain in gliotoxin synthase, GliA (A-PCP-C-A-
PCP-C;-PCP), has now been identified as a Cr domain, cata-
lysing diketopiperazine formation/chain release (Fig. 28C).>*
Interestingly, the PCP downstream of the GliA Ct domain is also
essential for chain release, indicating that it serves to tether the
NRP intermediate specifically for the Cr domain.*** The same C-
terminal Cr—PCP arrangement is found in other NRPSs,
including the previously mentioned nanangelenin B synthase
NanA, suggesting a conserved function.*®>?%°

Fig. 27 Structure of a Cy domain. The crystal structure of the Ct
domain from fumiquinazoline F biosynthesis (PDB: 5DIJ). The
conserved histidine (His178) at the interface between the two pseu-
domonomers is depicted.

This journal is © The Royal Society of Chemistry 2022
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Analogous to the TE enzymes discussed in Section 4, Cr freestanding enzymes."'>?*®?3* A recent example of a free-
enzymes are not necessarily confined within larger NRPS/PKS standing Cr is the enzyme Bamb_5915 from the enacyloxin (62)
enzymes as domains, but can also catalyse chain release as biosynthesis pathway in Burkholderia ambifaria AMMD
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(Fig. 29D).>**?3* Bamb_5915 catalyses chain release via a trans-
esterification reaction between the ACP-bound polyketide chain
and the 3-position hydroxyl of (15,3R,4S)-3,4-dihydrox-
ycyclohexane carboxylic acid (DHCCA).>** Chemical analogues
of DHCCA were also accepted by Bamb_5915, suggesting the
enzyme could be used to create novel enacyloxins.**

In regards to the enzymatic mechanism, like their C domain
counterparts, the PK/NRP chain is never covalently bonded to
the Cy domain (unlike with TE domains).> Rather, the PK/NRP
chain is inserted into the Cr active site while remaining teth-
ered to the upstream CP domain (analogous to chain release
catalysed by R domains).> The crystal structure of the Cr domain
and a T-Cr didomain from the Penicillium aethiopicum NRPS
TqaA has been solved.”®® TqaA is an NRPS responsible for the
biosynthesis of the NRP fumiquinazoline F.*** The structure of
the C-terminal Cr domain revealed a highly similar fold (V-
shaped pseudodimer) to canonical C domains.>* The exclu-
sion of other potential nucleophiles, water in particular, was
proposed to be accomplished by contacts between the a2 helix
with the B11-B13 loop blocking access to the active site, thereby
favouring macrocyclisation.”** Mutating the catalytic histidine
in the HxxxDxxS motif abolished C; domain activity, proposed
to be due to its ability to activate an amine in the peptidyl chain
for an intramolecular nucleophilic attack on the C1 thioester.”*®
However, as discussed in the first paragraph of this section, the
role this histidine really plays in C domain catalysis is conten-
tious. Additional experimental evidence is therefore required to
elucidate the mechanism of C; domains with confidence.

A key takeaway from activity studies on Cy domains is the
importance of protein-protein interactions between the Cr
domain and the upstream PCP domain.?***** In these studies
the isolated Cy domains are unable to accept SNAC substrate
analogues (which are often used successfully in activity studies
on TE domains).****?** C; domain activity could only be
detected in vitro when a PCP-Cy didomain construct was puri-
fied and the substrate loaded onto the PCP domain using
a promiscuous PPtase, clearly demonstrating the importance of
contacts with the upstream PCP domain.****** In the case of the
standalone Cy domain Bamb_5915, specialised binding
domains enable its interaction with the its target ACP protein.***
Such protein-protein interactions will likely be critical to
replicate in any engineering efforts where Cr domains are
excised and transplanted between different biosynthesis
pathways.

13 Chain release catalysed by
acyltransferase-like enzymes

Acyltransferase (AT) enzymes catalyse the transfer of an acyl
group from a donor to an acceptor. A well-known example of
acyltransferases in natural product biosynthesis are the AT
domains found in type I PKS modules." AT domains form
a covalent linkage with an acyl group, typically a malonyl or (25)-
methylmalonyl extension unit, via a conserved serine residue
(part of the Ser-His catalytic dyad, where the basic His activates
the serine nucleophile).” The AT then catalyses the transfer of

This journal is © The Royal Society of Chemistry 2022
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the acyl group to the free thiol of the Ppant group attached to
the downstream ACP domain.’” AT domains can also be
standalone enzymes, as in the case of trans-AT polyketide
biosynthesis pathways.>**

In select cases, enzymes with homology to characterised
acyltransferases catalyse chain release in PK biosynthesis
pathways.”**>*® An early characterised example was the enzyme
LovD from the biosynthesis pathway of lovastatin (63), a poly-
ketide produced by Aspergillus terreus.”**>** A key step in the
biosynthesis of lovastatin is the attachment of a methylbutyryl
diketide sidechain, synthesised by the PKS LovF, to monacolin J
acid (64) (Fig. 30A). However, LovF lacks a C-terminal TE, R, or
Cr domain, making its chain release mechanism initially
unclear. The enzyme LovD was later identified as an acyl-
transferase responsible for releasing the LovF-bound methyl-
butyryl diketide side chain and transferring it to monacolin J
acid.234,235

Another early example was in the biosynthesis pathway of the
polyketide rifamycin, where an AT-like amide synthase enzyme
(RifF) catalyses chain release via a macroamidation reaction.>*
Homologues of RifF are encoded in other BGCs, such as those
for geldanamycin and ansamitocin, and catalyse chain release
using their conserved Cys-His-Asp catalytic triad (an analogous
mechanism to the o/B hydrolase TE domains).?>23*24

A more recent example of an acyltransferase that catalyses
chain release is GdvG from the goadvionin (65) biosynthesis
pathway. Goadvionin (65) is one of the few known examples of
a polyketide-RiPP (ribosomally synthesised and post-
translationally modified peptide) hybrid.*®” The acyltransfer-
ase GdvG, which resembles members of the GNAT acyl-
transferase family, catalyses the transfer of a PK chain tethered
to the polyketide GvdPKS to the N-terminus of the RiPP
component (Fig. 30B).>” Homologues of gdvG are present in
other polyketide biosynthetic gene clusters, suggesting that this
release strategy is used in other biosynthetic pathways to create
different PK-RiPP hybrids.*’

In addition to catalysing the release of completed PK chains,
standalone ATs can also have a proofreading role analogous to
the TEIl enzymes discussed in Section 3.3.1.>** The acyl-
transferase enzyme PedC was identified in the biosynthesis
pathway for the polyketide pederin, synthesised by trans-AT
PKSs (discussed previously in Section 5).*> PedC was demon-
strated to catalyse the hydrolytic release of ACP-bound PK
chains but not the malonyl-ACP, indicating that it likely plays
a proofreading role, removing aberrant or stalled PK chains.”*
The release of aberrant chains by such proofreading enzymes in
trans-AT PK pathways can be exploited to study biosynthetic
intermediates.****** Intentionally stalling the biosynthetic
pathways of the trans-AT PKs rhizoxin (Mycetohabitans rhizox-
inica) and bacillaene (Bacillus amyloliquefaciens) via mutagen-
esis of their respective TE domains led to the release of stalled
pathway intermediates by these proofreading
acyltransferases.>*>*

Like the thioesterases and C; domains discussed earlier,
chain-releasing ATs can either be standalone enzymes, or
discrete domains within a module. The only known example of

an AT-like domain that catalyses chain release was
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characterised in the biosynthesis of an as yet-unknown poly-
ketide produced by the fungus Trichoderma virens.*** The
genome of this organism encodes a PKS (HRPKS-cAT) that lacks
a TE, Cr or R domain, instead containing a C-terminal domain
resembling a carnitine acyltransferase (cAT).>** When assaying
the activity of HRPKS-cAT in vitro, a tetraketide product joined
via an ester linkage to Tris or glycerol, both of which were
components of the assay buffer, was identified.>** Neither of
these esters was produced using a mutated version of HRPKS-
cAT where the cAT domain had been deleted, indicating that
this domain is responsible for catalysing chain release via
a transesterification reaction.>” The nucleophile used in vivo
remains unknown.**® The a-position of the tetraketide was
either methylated (66) or dimethylated (67) by the methyl-
transferase (MT) domain of HRPKS-cAT.>** Interestingly, the
monomethylated tetraketide ester was converted into the
geminal dimethylated form when incubated with HRPKS-cAT
and S-adenosyl methionine (SAM).>** However, this additional
methylation did not occur if the cAT domain had been
deleted.”*® From these results, the authors proposed an
unprecedented “release and recapture” mechanism, whereby
the monomethylated tetraketide ester is transferred back to the
terminal ACP of HRPKS-cAT by the cAT domain (Fig. 30C).>**
The MT domain then catalyses a second methylation to
generate a geminal dimethyl group, followed by chain release by
the cAT domain to regenerate the free ester.”*

The PK/NRP hybrid paenilamicin appears to utilize an
unusual BtrH-like acyltransferase to catalyse chain release.**
The enzyme BtrH was characterised in the butirosin biosyn-
thetic pathway as the acyltransferase responsible for trans-
ferring  y-1-Glu-4-amino-2-hydroxybutyrate ~(AHBA) from
a standalone ACP to the aminoglycoside ribostamycin.>*” Pae-
nilamicin is produced by Paenibacillus larvae, the pathogen
responsible for American Foulbrood in honeybee colonies.**®
Interestingly, the C-terminal end of paenilamicin is linked to
a molecule of 4,3-spermidine via an amide linkage. The
biosynthesis pathway of paenilamicin contains four PKS and
seven NRPS modules. The final module in the biosynthesis
pathway, PamH NRPS module 7, lacks a thioesterase or another
obvious chain release domain.”*® However, the biosynthetic
gene cluster also encodes a standalone enzyme, Paml, with
homology to BrtH.»*** Paml could therefore catalyse chain
release using 4,3-spermidine as an intermolecular nucleophile,
resulting in amide formation.>**® Further biochemical charac-
terisation of BtrH Paml is therefore required to uncover the true
mechanism of paenilamicin chain release.>**®

14 Chain release catalysed by AfsA/
butenolide synthase (PBS) domains

A recent addition to the stable of domains that catalyse chain
release are AfsA-like domains.***** The monomeric AfsA
protein was first characterised in the biosynthesis pathway for A
factor (2-isocapryloyl-3R-hydroxymethyl-y-butyrolactone) in
Streptomyces griseus.”*" AfsA catalyses a condensation reaction
between dihydroxyacetone phosphate (DHAP) with a B-keto

This journal is © The Royal Society of Chemistry 2022
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thioester (derived from fatty acid biosynthesis), followed by
spontaneous cyclisation to form the y-butyrolactone ring of A
factor (68) (Fig. 31A).>** A factor (68) itself belongs to the vy-
butyrolactone family of transcriptional regulators (also referred
to as “microbial hormones”) that induce the expression of genes
involved in natural product biosynthesis and/or cell differenti-
ation in Gram-positive bacteria.>** In 2020, two groups inde-
pendently reported the discovery of gladiofungin (69) (syn
gladiostatin), an antifungal glutarimide natural product
produced by Burkholderia gladioli.**>*** In addition to the glu-
tarimide moiety, gladiofungin (69) also contains a terminal
butenolide ring. The biosynthetic gene cluster of gladiofungin
(69) revealed that its PK backbone is synthesised by the ¢rans-AT
PKS enzymes GlaD and GlaE.** However, instead of a TE
domain, module 10 of GlaE contains the first example of an
AfsA-like domain (syn phosphorylated butenolide synthase
(PBS) domain) (Fig. 31B).>****° Deletion of the AfsA domain
abolished production of gladiofungin (69), demonstrating it is
essential for biosynthesis.>*® By purifying an excised ACP-AfsA
didomain, the condensation between DHAP and a -keto SNAC
substrate analogue could be reconstituted in vitro, proving the
role of the AfsA domain in chain release/butanolide forma-
tion.”® Other biosynthetic gene clusters that encode an AfsA
domain could be identified by using its amino acid sequence as
a bioinformatic handle, indicating that these pathways also
produce butanolide/y-butyrolactone substituted polyketides.**

15 Chain release catalysed by
standalone Dieckmann cyclases

Chain release via a Dieckmann condensation has already been
discussed in the context of TE, R*, and C; domains. However,
other biosynthetic pathways utilize specialised standalone
Dieckmann cyclases to catalyse chain release, such as in
biosynthesis pathways of the polyketide tetramates pyrroindo-
mycin®? (70) and tirandmycin.>** These examples and more are
discussed in detail in a comprehensive recent review.'”® To
briefly cover the topic here, chain release/tetramate ring
formation in pyrroindomycin biosynthesis is catalysed by two
enzymes, PyrD3 and PyrD4 (Fig. 32A).>** Surprisingly, both
enzymes are independently capable of releasing/cyclising the
PCP-bound N-acetoacetyl-L-alanine substrate. Consistent with
this result, in vivo deletions of either gene decreased pyrroin-
domycin production, whereas production was completed abol-
ished only in a ApyrD3 ApyrD4 double deletion mutant.>*®
PyrD3 and PyrD4 are unrelated to one another, with PyrD3
resembling a pyruvate dehydrogenase while PyrD4 is predicted
to have a o/B hydrolase fold. Whether PyrD3 and PyrD4 act
synergistically is unknown, but how two distinct enzyme folds
catalyse the same reaction is an intriguing question.** It would
be interesting to know if the BGCs of as yet-undiscovered tet-
ramates related to pyrroindomcyin (70) also encode homo-
logues of both PyrD3 and PyrD4.

Another family of standalone Dieckmann cyclases are enco-
ded in the gene clusters coding for the biosynthesis of tetra-
mates such as tirandmycin, streptolydigin, and nocamycin
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bound B-keto fatty acid, leading to a factor (68). (B) An AfsA-like domain is responsible for catalysing chain release using DHAP in gladiofungin

(69) biosynthesis.

(71).2°*2>* In the case of tirandmycin biosynthesis, a polyketide
tetramate produced by Streptomyces sp. 397-9, the enzyme TrdC
has been shown to catalyse chain release via a Dieckmann
cyclisation.?®***® The crystal structure of the TrdC homologue
from the nocamycin (71) biosynthesis pathway, NemC, has been
recently solved (Fig. 32B).>*® The structure revealed that NemC
possesses an o/f} hydrolase fold like TE domains, but also
contains an unusual four-helix bundle inserted between strands
B5 and P6.**> A TE domain-like catalytic triad is present in
NcmC, except that the catalytic serine is replaced with cysteine
(Cys-His-Asp); all three residues were demonstrated to be
essential for NemC activity.” The essential nature of the

194 | Nat. Prod. Rep., 2022, 39, 163-205

catalytic cysteine suggests that the linear nocamycin interme-
diate is covalently tethered to NemC via a thioether linkage,
though direct evidence is lacking.*>*

16 Chain release catalysed by
ketosynthase domains

Ketosynthase domains are one of the core domains (along with
AT domains and ACPs) present in all cis-PKS modules.' In these
systems, KS domains catalyse chain extension via a decarbox-
ylative Claisen condensation reaction between the growing PK
chain and an ACP-bound malonyl/(2S)-methylmalonyl unit. KS

This journal is © The Royal Society of Chemistry 2022
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domains themselves are ca. 430 amino acids in size and possess
a o/B/a/B/o thiolase fold (alternating layers of a-helices and B-
sheets).' The active site of KS domains contains a Cys-His-His
catalytic triad, with the cysteine acting as a nucleophile to
covalently bond the PK chain prior to chain extension. In
addition to this well-defined role in chain extension, there is
evidence from several pathways that KS domains catalyse chain
release. The first (and most convincing) example is from the
tenuazonic acid (72) biosynthesis pathway in the fungus Alter-
naria tenuis.* The biosynthesis of tenuazonic acid (72) is ach-
ieved via the condensation of acetoacetyl-CoA with r-isoleucine
followed by a Dieckmann condensation, all of which is catalysed
by the PKS-NRPS hybrid Tas1.®” Tasl is a unimodular PKS-
NRPS hybrid with an unusual C-A-PCP-KS domain arrange-
ment. In vitro experimentation demonstrated that the C
domain, rather than the terminal KS domain, catalyses the
condensation of SNAC-r-isoleucine with acetoacetyl-CoA to
form SNAC-N-acetoactyl-L-isoleucine.>®” However, incubating
SNAC-N-acetoactyl-L-isoleucine with a purified form of the XS
domain resulted in tenuazonic acid (72) formation, indicating
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that the KS domain catalyses chain release via a Dieckmann
condensation (Fig. 33).>”

The crystal structure of Tasl KS revealed it was remarkably
similar to the KS domains from type I PKS pathways.**® Within
its active site was a modified version of the KS Cis-His-His
catalytic triad consisting of Cys-His-Asn (Fig. 34).>*® Mutagen-
esis of the catalytic cysteine residue (Cys 179) abolished catalytic
activity, consistent with the canonical role of this residue to
covalently link the PK chain, while mutagenesis of the catalytic
His residue also decreased the relative activity to only 6% of the
wild type.”*® Molecular docking simulations with N-acetoactyl-t-
ile-Cys179 indicated that the likely role of a conserved His is to
abstract the a-proton of the B-keto diketide, leading to carb-
anion attack on the C1 thioester to form the tetramate ring and
release the PK chain.”®® Given the similarity between the reac-
tion mechanism of ketosynthases and thioesterases (both uti-
lising a serine/cysteine nucleophile and a basic residue), it is
unsurprising that KS domains can be repurposed to catalyse
chain release. That a Dieckmann condensation is catalysed by
Tas1-KS is also fully consistent with the canonical role of KS
domains in catalysing C-C bond formation.

The B-lactam hexaketide ebelactone is synthesised by seven
type I cis-PKS enzymes.>® The final PKS in the pathway, EbeG,
contains a C-terminal KS domain, which may be responsible for
chain release.”® Chain release is predicted to occur when the -
hydroxyl attacks the C1 thioester carbon, resulting in B-lactone
ring formation and concomitant chain release.”® However, the
formation of the B-lactone ring was shown to occur spontane-
ously in aqueous solutions using an SNAC-B-hydroxy-hexaketide
substrate analogue.”® Additionally, a homologue to the B-
lactone synthase OleC (identified in the biosynthesis pathway of
bacterial long-chain olefins) is encoded in the BGC of ebe-
lactone,”® further making the function of the C-terminal KS
domain unclear.

Cys179

V) ¢
His322 ‘\;
Asn376

Fig. 34 Crystal structure of a ketosynthase domain that catalyses chain release. (A) The crystal structure of C-terminal KS domain from the PKS
Tasl, responsible for catalysing chain release in tenuazonic acid (72) biosynthesis (PDB: 6KOG). (B) The catalytic triad of the Tasl KS domain
consists of Cys—His—Asn, a modified version of the typical Cys—His—His catalytic triad present in KS domains.
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17 Chain release catalysed by PLP-
dependent enzymes

Several polyketide biosynthesis pathways use pyridoxal 5’-phos-
phate (PLP)-dependent enzymes to catalyse chain release. PLP is
an enzyme cofactor used for many different reactions, notably
transaminations.”® The first characterised example of a PLP-
dependent chain release mechanism is from the prodiginine
biosynthesis pathway in Streptomyces coelicolor.***> The prodigi-
nines are a family of red-coloured tripyrrole antibiotics produced
by actinobacteria and other eubacteria.®®® The biosynthesis of
undecyl prodiginine (73) (a precursor to several of the cyclic
prodiginines) is accomplished by the condensation of 4-methoxy-
2,2-bipyrrole-5-carbaldehyde (MBC) (74) with 2-undecylpyrrole
(2-UP) (75). 2-UP (75) is synthesised from seven acetate units and
one glycine unit”**® Homologues of fatty acid biosynthesis
enzymes generate dodecanoic acid that is subsequently trans-
ferred to the unusual PKS-NRPS hybrid RedL. RedL has the
domain arrangement A-ACP-KS-AT-ACP-OAS, where OAS is an
PLP-dependent a-oxoamine synthase domain.?** The ACP-bound
dodecanoyl thioester condenses with one molecule of malonyl-
ACP to form B-ketomyristoyl-ACP.>** The PLP-dependent OAS
domain then catalyses chain release/pyrrole ring formation via
a decarboxylative Claisen condensation with 1-glycine (Fig. 35A
and B).”** In MBC (74) biosynthesis, another OAS domain present
in RedN (ACP-ACP-OAS domain arrangement) catalyses a decar-
boxylative Claisen condensation reaction between ACP-bound -
keto-B-pyrrolyl-propanoyl and ri-serine, releasing MBC (74)
precursor.”® Homologues of RedN and RedL are also present in
the biosynthetic gene cluster of the related marineosin natural
products,*® where the OAS domains likely have an identical role.

The biosynthesis pathway of saxitoxin (76), a tricyclic alkaloid
produced by cyanobacteria, also uses a OAS domain to catalyse
chain release.*” Saxitoxin (76) is synthesised by the PKS-like
enzyme SxtA, which possesses a MT-AT-ACP-OAS domain
arrangement.**”**® The AT domain is unusual in that it resembles
a GNAT, rather than a canonical PKS AT domain. The AT domain
loads a malonyl unit and, together with the methyltransferase
(MT) domain, forms propionyl-ACP.>*® As in the MBC (74) and 2-
UP (75) biosynthesis pathways, the OAS domain then catalyses
a decarboxylative Claisen condensation between the acyl-ACP
and an amino acid (Fig. 35C). In the case of saxitoxin (76)
biosynthesis, L-arginine is selected by the OAS domain to release
4-amino-3-oxo-guandidinoheptane, which undergoes several
subsequent oxidative cyclisations to form saxitoxin (76).>*®

Aside from OAS domains, standalone PLP-dependent
enzymes are also capable of catalysing chain release. The only
characterised example is Fum8p from the fumonisin B1 (77)
biosynthetic pathway in Fusarium verticillioides.**® The iterative
PKS Fumilp (KS-AT-DH-MT-ER-KR-ACP) synthesises a 18-
carbon PK chain.**® Fum8p, which, like the OAS domains, bears
homology to a-oxoamine synthases, then catalyses chain release
via a decarboxylative Claisen condensation between r-alanine
and the PK chain (Fig. 35D).>*°

Aside from the MBC (74), 2-UP (75), and saxitoxin (76)
biosynthesis pathway, C-terminal PLP-binding domains have
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also been identified in numerous other PKS and NRPS enzymes,
suggesting that more yet-to-be-discovered natural products use
a PLP-dependent mechanism of chain release.””® In addition to
characterising the unknown products of these pathways, it
would be interesting to investigate the substrate tolerance of
OAS domains for different amino acids, and whether the OAS
domain from one pathway can be transplanted into another to
create novel natural product analogues.

18 Final remarks

Our knowledge of the enzymes and mechanisms responsible for
PK/NRP chain release has made substantial advances in the
past decade. Entirely new enzymatic mechanisms of PK/NRP
chain release, including tetronate ring formation, and TE-
catalysed transesterification, and AfsA-domain-catalysed butyr-
olactone formation have now been described. In addition, our
understanding of well-known enzymatic domains including TE,
R, and Cr domains has deepened as additional crystal struc-
tures have been obtained. Despite these discoveries, mysteries
remain. There are still PK/NRP biosynthesis pathways where the
mechanism of chain release is unclear (for instance in squa-
listatin S1, bongkrekic acid and isoquinoline alkaloid biosyn-
thesis).?”**” In regards to TE domains, the evidence suggests
that they are intrinsically able to catalyse a range of different
release mechanisms, including hydrolysis, macrocyclization,
oligomerisation, and transesterification.> Given this, how TE
domains ultimately specialise to release only a single product is
known. The evolutionary pressure(s) that selects for some TE
domains to contain a catalytic cysteine rather than serine are
also still poorly understood, though this may be influenced by
the size of the ring to be formed (for example, smaller, strained
rings favouring cysteine over serine).'#%4%47

Regarding R domains, while some progress has been made,
why some catalyse two-electron reductions and others catalyse
four-electron reductions is still unclear. The answer likely lies in
conformation changes that either facilitate or prevent a second
molecule of NAD(P)H binding, though experimental evidence is
required."'** The utility of R domains as synthetic biology tools
to release has also not been explored deeply. For instance, can
aTE (or Cr) domain can be replaced with an R domain to release
aldehyde/alcohol products? Given the diversity of functional
groups that can arise from aldehydes and primary alcohols (see
Fig. 19), such experiments would be of high importance to the
field of combinatorial biosynthesis. In a recent step towards this
goal, an aldehyde-producing R domain was successfully fused
to the C-terminus of a protein construct consisting of the first
two modules of the NRPS GxpS, resulting in the release of
spontaneously cyclising aldehyde dipeptides.”’* However, the
general portability and substrate selectivity of R domains in
non-native PKS/NRPS enzymes remains to be seen.

Another unsolved mystery is the reason for the largely
divergent role of TE and Cr domains in fungi, where TEs often
catalyse hydrolysis while Cr domains catalyse macrocyclisation.
Regardless, the fact that distinct protein folds of TE, R*, and Cr
and KS domains can all catalyse similar/identical chain release
reactions is a remarkable example of convergent evolution.
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Looking to the future, applying the different chain release
mechanisms discussed here to combinatorial biosynthesis
systems has the potential to create highly diverse linear and
cyclical products. Towards this goal, a recent study tested the
effect of replacing the native TE domain from a PKS module
with a TE domain from another biosynthesis pathway, followed
by assessing its ability to catalyse macrocyclisation.””> The
results showed that even when a non-native PKS module was
used, if the TE matched the substrate then effective macro-
cyclisation could still occur, highlighting the importance of the
TE domain for the effective processing of non-native substrates
by engineered PKSs.>”” Ensuring that the mechanism of release
is compatible with the product of the engineered PKS/NRPS will
be essential for the success of these synthetic assembly lines.

Studying chain release mechanisms has benefits beyond
understanding the formation of final product scaffolds. As
described in Section 8, disrupting chain release can led to the
release of premature PK chains, providing insight into these
early and difficult-to-study biosynthetic steps.****** We should
there look to disrupting chain release mechanisms in the future
as a possible means to studying late-stage biosynthetic inter-
mediates. Where such genetic disruption experiments are not
possible or unsuccessful, specialised chemical probes have
been developed that provide a different means to the same end.
These probes, such as methyl 6-decanamido-2-fluoro-3-
oxohexanoate, compete with the CP-bound extension unit to
accept the polyketide acyl chain during a KS/C domain-
catalysed extension reaction.””** The result is the premature
release of PK/NRP pathway intermediates that can then be
analysed by LC-MS. This technique is particularly useful for
studying the timing of tailoring reactions, such as cyclisations,
occurring when the PK/NRP chain is still bound to the PKS.?**?7®

The number of characterised chain release mechanisms will
likely grow as more genomes are sequenced and new biosyn-
thesis pathways are discovered. Our job will be to characterise
these new mechanisms and determine what they can teach us
about PK/NRP biosynthesis. The step after that is the exciting
prospect of applying these mechanisms in biosynthetic path-
ways of our own design.
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