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Polyketides are a family of natural products constructed from simple building blocks to generate a diverse
range of often complex chemical structures with biological activities of both pharmaceutical and
agrochemical importance. Their biosynthesis is controlled by polyketide synthases (PKSs) which catalyse
the condensation of thioesters to assemble a functionalised linear carbon chain. Alkyl-branches may be
installed at the nucleophilic a- or electrophilic B-carbon of the growing chain. Polyketide B-branching is
a fascinating biosynthetic modification that allows for the conversion of a B-ketone into a B-alkyl group
or functionalised side-chain. The overall transformation is catalysed by a multi-protein 3-hydroxy-3-
methylglutaryl synthase (HMGS) cassette and is reminiscent of the mevalonate pathway in terpene
biosynthesis. The first step most commonly involves the aldol addition of acetate to the electrophilic
carbon of the B-ketothioester catalysed by a 3-hydroxy-3-methylglutaryl synthase (HMGS). Subsequent
dehydration and decarboxylation selectively generates either a,B- or B,y-unsaturated B-alkyl branches
which may be further modified. This review covers 2008 to August 2020 and summarises the diversity of
B-branch incorporation and the mechanistic details of each catalytic step. This is extended to discussion
of polyketides containing multiple B-branches and the selectivity exerted by the PKS to ensure B-
branching fidelity. Finally, the application of HMGS in data mining, additional B-branching mechanisms
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1. Introduction

Polyketides are natural products produced by bacteria, fungi
and plants. In their natural environments, these secondary
metabolites provide a competitive advantage for the producing
species and have been harnessed in the modern world for their
pharmacological and agrochemical properties as herbicides,
insecticides, antibiotics, antifungal, immunosuppressive and
anticancer agents. The range of biological activity exhibited by
these natural products is partly due to the vast array of complex
chemical structures that are assembled, primarily, from simple
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acyl building blocks. The diversity of polyketide products is
achieved by a combinatorial array of sequential condensations
and post-condensation molecular processing catalysed by pol-
yketide synthases (PKSs) and subsequent tailoring enzymes.*™

Polyketide biosynthesis is initiated by the priming of the PKS
with a starter unit, most commonly containing alkyl groups (e.g.
acetate, propionate), aromatic rings (e.g. benzoate) or amino
acid-derived.* Chain extension is catalysed by a ketosynthase
(KS) domain through a decarboxylative Claisen condensation
with malonyl-derived building blocks to form a B-ketothioester
(Fig. 1A). The pB-ketone may be processed sequentially by
ketoreductase (KR), dehydratase (DH) and enoylreductase (ER)
domains to produce hydroxyl, alkenyl or alkyl moieties respec-
tively. Exquisite control of stereochemistry is seen when
substituted extender units are utilised and during reductive
processing of the B-ketone.>® Cleavage of the growing chain
from the PKS may be achieved in a variety of ways, e.g. through
hydrolysis of the thioester bond, cyclisation, transesterification,
peptide bond formation or macrolactonisation.”® Through
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these canonical steps of polyketide biosynthesis, an extremely
diverse range of chemical scaffolds may be generated.
Furthermore, cascade ring closures,' dimerisation," small and
medium-sized ring formation,” oxidoreductions (OX)* and
glycosylation'*** are among many additional modifications that
may expand the complexity of the chemical structure
created.'*™"

PKS assemblies are organised in a number of different ways.
Type II PKSs contain a collection of discrete enzymes that
orchestrate an iterative series of polyketide extensions followed
by a series of processing steps. Conversely, type I PKSs are
comprised of covalently linked domains that collectively form
modules, which are capable of catalysing chain extension and
processing of the growing polyketide chain in an assembly-line
manner. The two phylogenetically-distinct classes of type I PKS
are identified by the presence of an in-cis or in-trans acyl-
transferase (AT) domain that is responsible for the loading of
extender units.*® The cis-AT PKS contain AT domains within
each module and generally follow a co-linearity logic whereby
modular domain architecture can be correlated to the structure
of the final polyketide. trans-AT PKSs rely on a small number of
free-standing AT domains to load all of the ACPs within the PKS.

trans-AT systems can be extremely complex and often do not
conform to co-linearity rules and show many other unusual
features including extensive involvement of other ¢rans-acting
enzymes during polyketide assembly. trans-ATs, like cis-AT
PKSs, can incorporate a-carbon branches into the product
backbone by the use of building blocks that possess a-
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substituents (e.g. methylmalonyl). However, trans-AT systems
can also achieve this by including a C-methyltransferase
domain (MT) in a module that utilises S-adenosylmethionine
(SAM) as a source of methyl groups.?** Other unusual features
of trans-AT PKS include extensive involvement of trans-acting
enzymes during polyketide biosynthesis and in particular the
introduction of B-branches. Polyketide B-branching is less
common than a-branching and requires the addition of
a carbon nucleophile to the electrophilic f-carbon and subse-
quent processing which elaborates the chemical structure of the
branch. Numerous examples have now been discovered
including different chemical functionality, single or multiple B-
branch incorporations in a single molecule and their discovery
outside of trans-AT systems. This review will focus on the
diversity, selectivity and mechanism of polyketide B-branching.

1.1 B-Branching

Early studies of polyketide B-branching were undertaken on
Streptomyces virginiae and Pseudomonas fluorescens that produce
the virginiamycins and pseudomonic acids respectively
(Fig. 1B). A study by Feline et al. in 1977 speculated that 3-
hydroxy-3-methylglutaryl CoA (HMG-CoA) might be the
precursor for the C-3 methyl group observed in pseudomonic
acid A.»® During the 1980s, feeding studies of isotopically
labelled precursors with cultures of S. virginiae revealed the
origin of the B-branching carbon (C-33) in virginiamycin M as
the methyl group of an acetate precursor.’*”” The authors
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(A) Polyketide biosynthesis by a polyketide synthase. A Claisen-like condensation of malonyl-ACP with the extending polyketide chain

catalysed by a ketosynthase (KS) gives a B-ketothioester that may be processed by ketoreductase (KR), dehydratase (DH) and enoylreductase (ER)
domains. Chain branching (when malonyl-CoA extender units are used) may occur through a-methylation derived from S-adenosyl methionine
(SAM) or B-branching catalysed by a 3-hydroxy-3-methylglutaryl (HMGS) cassette. (B) Stable isotope precursors fed to Streptomyces virginiae
and Pseudomonas fluorescens highlight the source of a- and B-branching in the polyketide structure in virginiamycin M and pseudomonic acid A

respectively.
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(A) B-Branching pathway by an HMGS cassette. The green dot indicates the position of the first carbon atom of the B-branch, most

commonly originating from C-2 of acetate. The HMGS cassette consists of five proteins which are shown in the box and the colour coding for
each domain is used throughout this review. (B) The mevalonate pathway that produces dimethylallyl pyrophosphate.

proposed that the B-branch may arise from either: (i) an aldol
addition of acetate to the polyketide chain, or (ii) an aldol
addition of two polyketide chains. Differential enrichment
between C-33 and the rest of the polyketide chain ruled out the
condensation of two polyketide chains and a novel mechanism,
akin to the biosynthesis of mevalonic acid in the formation of
isoprenes was alluded to.

In 2003, following the sequencing of the gene cluster
responsible for the production of pseudomonic acid A from
Pseudomonas fluorescens, it was predicted that an HMG inter-
mediate or analogue would be formed prior to the loss of water
and carbon dioxide in the formation of the C-3 B-branch.?®
MupH, a 3-hydroxy-3-methylglutaryl synthase (HMGS), was
identified but it wasn't until 2006 that Calderone et al. reported
the cassette of proteins responsible for the B-branch incorpo-
ration in the biosynthesis of bacillaene.* This cassette has been
called a 3-hydroxy-3-methylglutaryl synthase (HMGS or HCS)
cassette as the key catalytic step is carried out by an HMGS
domain. Since these early reports, many natural products pos-
sessing B-branches have been isolated, mostly commonly from
trans-AT PKSs,"? but also cis-AT and type II PKSs as well.>**

The mechanism for B-branch formation in the biosynthesis
of bacillaene was elucidated in vitro by Calderone et al. in 2006
(Fig. 2A).*° B-Branching arises through the interaction of the
HMGS cassette with a B-ketothioester biosynthetic intermediate
bound to a modular acceptor ACP (ACP,). The cassette contains
a free-standing donor ACP (ACPp), a KS lacking the active site
cysteine required for condensation (KS°) and a 3-hydroxy-3-
methylglutaryl synthase (HMGS) that together form HMG-

726 | Nat. Prod. Rep., 2021, 38, 723-756

ACP,. Dehydration to give methylglutaconyl-ACP (MG-ACP) is
achieved by an enoyl-CoA hydratase (ECH) domain (termed
ECH,) that belong to the crotonase superfamily (CS) of enzymes
which gives rise to the carboxylated B-branched products. The
decarboxylation of MG-ACP, is catalysed by the second ECH
domain in the cassette (ECH,) and gives rise to the second and
third class of B-branch products: a,B-unsaturated p-branches or
B,y-unsaturated p-branches. Throughout this review the
simplest a,B-unsaturated f-methyl branch will be referred to as
an endo-pf-methyl whilst the simplest B,y-unsaturated p-methy-
lene branch will be referred to as an exo-B-methylene.
Comparisons may be drawn between polyketide B-branching
and mevalonate-dependent isoprenoid biosynthesis. The
mevalonate pathway uses a 3-hydroxy-3-methylglutaryl-CoA
synthase (HMGCS) to form S-HMG-CoA (Fig. 2B). Whilst
phylogenetically similar, this pathway diverges from the -
branching pathway through subsequent reductive cleavage by 3-
hydroxy-3-methylglutaryl-CoA reductase (HMGR) of the thio-
ester bond and further processing through mevalonate kinase
(MK), phosphomevalonate kinase (PMK), mevalonate-5-
pyrophosphate decarboxylase (MDD) and isopentenyl-PP isom-
erase (IPI) to form dimethylallyl pyrophosphate, a key inter-
mediate in terpene biosynthesis (Fig. 2B).*> The similarities of
the pathways were reviewed in detail by Calderone in 2008.%*

2. Diversity of branches

Molecular complexity may be introduced at each stage of the
multi-enzyme B-branching pathway as is apparent from the

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 The diversity of polyketide B-branching by an HMGS cassette is shown by the different moieties that may be installed by homologous
cassettes. The green dots indicate the position of the first carbon atom of the B-branch. B-Branches 1-5 (green) arise from decarboxylation and
C-4 protonation to form an a,3-unsaturated branch prior to subsequent modification. B-Branches 6-9 (red) arise from C-2 protonation by ECH,
domains to give a B,y-unsaturated branch that may contain additional functionality or undergo further modification. The carboxylated B-
branches 10-12 (blue) do not undergo decarboxylation by the HMGS cassette. Although stereochemistry may have been determined in select
examples above (e.g. 5, Section 5.3), this is not shown to maintain generality.

different groups which may be installed by an HMGS cassette
and associated tailoring enzymes (Fig. 3). In addition to the
canonical pathway that produces an endo-B-methyl branch (1),
PKSs may accept modified substrates (methylmalonyl (4, 7, 12)
or halogenated intermediates (8)), contain domains with alter-
nate selectivity (ECH, (6)), lack catalytic domains (10, 11) or
contain those that encode tailoring reactions (oxidation (9),
reduction (3), ring formation (5) and methyl ether formation
(2)). with a large number of enzymatic partners required for the
synthesis of complex B-branches, high fidelity of the pathway is
required. This is achieved through a mixture of protein-protein
interactions (ACP/HMGS interaction), use of in-cis vs. in-trans
domains (ECH,, ER, Ox) and exclusion of specific domains
(ECH,). The details of the B-branching pathways analysed in

This journal is © The Royal Society of Chemistry 2021

this review, including the parent organism, the type of p-branch
incorporation and the biosynthetic machinery that installs the
B-branch, are shown in Table 1 (see end of review).

3. Techniques for probing B-
branching pathways

The challenges associated with reconstituting PKS pathways in
vitro has been documented by Clay Brown and co-workers.** The
substantial number of interacting in-cis and in-trans domains
required for the in vitro reconstitution of f-branching pathways
provides a challenge for exploring these pathways. Experiments
rely on the expression and purification of multiple proteins and
priming them with appropriate chemical intermediates. The

Nat. Prod. Rep., 2021, 38, 723-756 | 727
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proteins may be single or tandem domains and may also
require excision from a modular PKS. Furthermore, consider-
ation must be given to the synthesis of intermediates or model
substrates with or without isotopic labels, purification of
microgram quantities of reaction products and the use of
multiple analytical techniques (LC/MS, protein MS and NMR).

A common feature of PKS pathways is the tethering of reac-
tion intermediates to an ACP that delivers substrates to catalytic
domains.* A phosphopantetheine (Ppant) arm is transferred
from CoA to the apo-ACP, resulting in the active holo-form of
the carrier protein bearing a terminal thiol that can shuttle
intermediates via thioester linkages. A vital tool for the dissec-
tion of ACP-bound biosynthetic intermediates is the Ppant
ejection assay developed during analysis of these pathways
(Fig. 4A).***” An abundant ion of X-charge state (green) is iso-
lated and subjected to collision-induced dissociation (CID)
resulting in the ejection of a 1" ion derived from the phospho-
pantetheine arm (red) and an ACP fragment corresponding to
the X — 1 charge state (blue). Importantly, the thioester bond is
not cleaved which allows for the determination of the thioester-
bound substrate with higher resolution compared to the
deconvolution of the multiple charge states of an ACP-bound
intermediate.

View Article Online
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Chemical synthesis and biotransformations play a key role in
the preparation of mimics of biosynthetic intermediates which
may be used for functional studies and identification of enzy-
matic products. Studies have taken advantage of acyl-SNAC or
pantetheine intermediates as these smaller molecules may be
synthesised from readily available starting materials
(Fig. 4B).*** Whilst these mimics only contain fragments of
a Ppant arm often required for recognition/interaction with
enzymatic partners, they may be directly detected by LCMS
methods allowing for simpler assay setup. Acyl pantetheines
may also be converted into their respective CoA analogues in
vitro by incubation with enzymes from the CoA biosynthetic
pathway (CoaA/D/E) (Fig. 4C).* This method has allowed the
synthesis of more complex biosynthetic intermediates,
including those incorporating isotopic labels, which comple-
ment the few commercially available CoA derivatives. The Ppant
arm bearing any chosen chemistry may be subsequently trans-
ferred to an appropriate apo-ACP using a Ppant transferase
enzyme (PPTase).*"*> The derivatised ACP more closely mimics
the substrate delivery seen in the native PKS systems and
ensures the correct protein—-protein interactions can be formed.

Structural biology has enabled the accurate dissection of B-
branching pathways through protein crystallography and
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structural NMR studies. The advancement in NMR technology
has also allowed for the design of more complex assays utilising
isotopic labels and identification of trace intermediates in -
branching assays.*

4. Mechanism of B-branching
4.1 Malonyl-loading and decarboxylation

The first step in canonical polyketide B-branching is the transfer
of a malonyl group from CoA to the donor ACPy, catalysed by an
acyl transferase (AT) which may load multiple ACPs within the
gene cluster (Fig. 5).* Subsequently, a KS® domain lacking the
cysteine required for condensation, decarboxylates malonyl-
ACPp, to form Ac-ACPp. An acyltransferase/decarboxylase (AT/
DC) di-domain which catalyses both the transfer of the acyl
chain and the subsequent decarboxylation is utilised in the
loading of methylmalonyl-CoA to form propionyl-ACPp.

4.2 Aldol addition by HMGS

The aldol addition is complex and requires the interaction of
two distinct ACPs that each deliver a different substrate to the
HMGS. Ac-ACPy, associates with the HMGS and transfers the
acetyl group to an active site cysteine residue of the HMGS.
Following deprotonation of the acetyl moiety by an adjacent
histidine residue, the resulting enolate attacks the ketone of the
ACP,-bound B-ketothioester, which is the growing polyketide
chain, to give the cross-linked intermediate. Hydrolysis of the
HMGS thioester bond results in the formation of HMG-ACP,
which dissociates from the HMGS active site (HMG-ACP, is
used for brevity although strictly HMG-like as part of a more
complex polyketide). Consistent with the formation of S-HMG-
CoA in mevalonate-dependent isoprene biosynthesis, S-HMG-
ACP, is the product of the condensation.**’

A key challenge for the selectivity of the HMGS is the delivery
of the correct substrates at the appropriate time. A similar
demand arises in the homologous reaction catalysed by the 3-
hydroxy-3-methylglutaryl-CoA synthase (HMGCS) of primary
metabolism (Fig. 2B) as well as KS domains in polyketide
biosynthesis. HMGCS discriminates between the acyl groups of
the two substrates (acetyl-CoA and acetoacetyl-CoA) as both

R = Extending polyketide chain
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access the active site through the same entrance. KS domains
achieve the correct substrate delivery of ACP-tethered substrates
through different channels to the active site, often arising from
the local PKS architecture or use of docking domains. By
homology, a single channel to access the active site in HMGSs,
requires interaction in-trans with both ACP-tethered substrates.
Phylogenetic analysis shows that ACP, and ACPy, clade sepa-
rately from each other and both have been structurally and
functionally characterised.*® Taking ACPp, and the acetyl trans-
fer step first, this must involve a specific interaction of acetyl-
ACPp, with HMGS. The binding constants for apo- and holo-
CurB (ACPp) to CurD (HMGS) have been measured at 1.1 uM
and 0.5 pM, respectively, representing a two-fold increase in
binding affinity through interaction of the Ppant arm with the
HMGS. The strength of interaction is several fold higher than
most ACP-synthase interactions and is in excess of 100-fold
higher affinity than the equivalent HMGS/ACP, interaction.
Strict specificity has been demonstrated and ACPy, could not be
substituted by ACP,.

The 2.1 A X-ray structure of the HMGS from the curacin
pathway revealed a catalytic triad comprised of Glu82, Cys114
and His250 (Fig. 6A) buried deeply within the enzyme at the end
of a binding cavity.*® This was homologous to the HMGCS that
generates HMG-CoA by direct aldol condensation of acetyl- and
acetoacetyl-CoA substrates. However, near the entrance to this
cavity, the HMGS presents a longer disordered loop of fourteen
residues containing a conserved insertion comprised of resi-
dues 155-164 (highlighted as a broken chain in Fig. 6A). Lining
the remainder of the cavity entrance, negatively charged resi-
dues Asp222 and Glu225 in HMGS helix8, positively charged
residue Arg266 on helix9 along with Arg38 and Asp214 form
a distinct pattern that define the electrostatic potential of the
ACP binding site.

Through co-crystallisation of ACP, (CurB) and HMGS (CurD)
from the curacin pathway, the key interactions between ACPp
and HMGS have been demonstrated. The unusual position of
helix 3 in ACPy, gives rise to a cleft that is complementary to
a hydrophobic ridge located on helix a8 of the HMGS (Fig. 6B).
Additionally, the surface presented to the HMGS contains
a positive/neutral/negative charge distribution which is

(0] o}

S SH
AT/DC + CoASMOH
D D

Fig. 5 Acetyl-ACPp is formed from the decarboxylation of malonyl-ACPp by a KS® domain. Propionyl-ACPp is generated by a separate enzy-
matic pathway that utilises a bi-functional AT/DC domain that catalyses acyl transfer and decarboxylation. The next step is the aldol addition of
the acyl-ACPp to the B-ketothioester-ACP,, where R is the extending polyketide chain.

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 X-ray crystallography, NMR solution structures and modelling
of ACPp, ACP, and HMGS interactions. (A) X-ray crystal structure of the
curacin HMGS in free form (PDB:5KP5). The catalytic triad (Glu82,
Cysl14 and His250) are circled and highlighted with an asterisk.
Residues identified as important for ACPp binding and/or function are
labelled. Green arrows from Phel48 to Alal64 mark the ends of
a disordered loop unique to the ACP binding HMGSs and this was not
visible in the X-ray structure. (B) X-ray crystal structure of the complex
between acetyl-/holo-ACPp (gold) and HMGS (blue) (PDB:5KP8). Key
ACPp residues involved in the interaction with HMGS are shown and
the ordering of the disordered loop (green) upon complexation with
ACPp is apparent. (C) Close-up of the active site of the acetyl-/holo-
ACPp HMGS (blue) complex showing the positioning of the acetyl
group proximal to the active site cysteine residue and the ‘blocked’
terminal thiol of the holo-ACPp. (D) NMR solution structure of the
ACP, didomain (mAcp3a and mAcp3b) from the mupirocin biosyn-
thetic pathway. The two ACP domains are connected by a flexible
linker shown in green. (E) Model for mAcp3a docked to the mupirocin
HMGS. The conserved tryptophan residue (Trp44) is shown packed
adjacent to helix 3 that packs at the interface with the HMGS. The
disordered loop is shown in green. (F) Close-up of the B-ketothioester
polyketide intermediate (pre B-branching) bound to the HMGS. The B-
keto group is labelled with an O.

different to PKS ACPs and FAS ACPs in general which are
positively and negatively charged on the surfaces that interact
with cognate proteins. A Cys114 to Ser114 mutant of HMGS was
utilised in co-crystallisation studies with acetyl-ACPp. The
resulting 1.9 A structure revealed the positioning of the Ppant
chain and the acetyl group buried deeply in the HMGS binding
pocket and positioned proximal to the active site Cys (Fig. 6C).
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The Ppant arm made numerous electrostatic interactions with
HMGS, i.e. Arg38 helping to account for the 2-fold increase in
affinity of holo- versus apo-ACPy, (0.5 uM and 1.1 uM respec-
tively). By comparison to other ACP partner interactions, both
apo and holo are considered to be tight binding compared to
the ranges typically observed (>2 uM).* Despite the Ser substi-
tution, hydrolysis of the acetyl group led to the production of
bound holo-ACPy, in the same sample. Solving the holo-ACPp
bound structure revealed the positioning of the Ppant arm and
free thiol, now distal to the active site Cys and essentially
occluded from the acetyl binding pocket.

The second chemical step in the branching mechanism
involves the aldol addition of the acetyl group to the polyketide
substrate covalently linked to ACP,. To prevent aberrant B-
branching, the HMGS cassette must only interact with the
correct modular ACP,. Non-branching PKS modules usually
contain a single ACP and the molecular recognition features
controlling the sequence of protein-protein interactions have
been extensively studied.*** ACP, may be distinguished from
their non-branching counterparts, however, by the presence of
a conserved tryptophan positioned six residues after the
conserved serine bearing the Ppant arm and forming part of
a GxDSxxxxxW signature motif.** The binding constant for the
bryostatin HMGS (BryR) to a cognate ACP, (BryM3) was deter-
mined by SPR to be 177 uM, 180 uM and 200 uM for apo-, holo-
and acetyl-ACP, respectively. This demonstrates the importance
of protein-protein interactions in ACP and HMGS recognition
rather than purely substrate control.

B-Branching modules may also contain between 1 to 3 copies
of ACP,. Tandem ACPs in the mupirocin gene cluster have been
shown in vivo to increase the flux of metabolites through the
pathway at a rate-limiting, in-trans biosynthetic step.> This view
was reinforced by an NMR structure of the di-domain ACP,
from mupirocin that showed two, independent domains that
were predicted to function in parallel.>*® Studies on the curacin
biosynthetic pathway demonstrated in vitro an increased effi-
ciency with tandem ACPs, however, some synergistic interaction
of the triplet domain was also observed.>* Wang et al. genetically
engineered module 6 of the 6-deoxyerythronolide B (DEBS) cis-
AT PKS by inserting two additional ACPs to give a triplet ACP.
This module was chosen as it has been shown to accept non-
native substrates as SNAC thioesters, and catalyse in vitro
chain extension with methylmalonyl-CoA and hydrolysis of the
products by the C-terminal TE. By measuring the total polyke-
tide product formation in vitro, a 2.5-fold increase in production
was demonstrated for the triplet ACP compared to the native
single ACP. This further suggests that increasing ACP concen-
tration results in higher flux and polyketide production by
a modular PKS.> Shen and co-workers have also demonstrated
that the number of ACPs in polyunsaturated fatty acid synthesis
strongly influenced product titre with increasing numbers of
deactivated ACPs giving a proportionate reduction in yield.>®

The NMR structure of the didomain ACP,s, mupA3a and
mupA3b from the mupirocin biosynthetic pathway from P. flu-
orescens revealed that both ACPs possessed similar folds con-
nected by a flexible linker (Fig. 6D). The burial of the conserved
tryptophan side chain creates a hydrophobic core that presents

This journal is © The Royal Society of Chemistry 2021
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helix IT and III in a distinctive orientation for interaction with
the HMGS and was shown to be essential for ACP protein
folding and production of pseudomonic acid A. Simultaneous
or sequential binding of the ACP, and ACP, has not been
determined but combined docking and bioinformatics have
been used to model the complex between mupA3a and the B-
branching cassette HMGS (without a priori knowledge of the X-
ray structures). MupA3a docked in the same place as ACPy, and
the phosphate of the phosphopantetheine engaged with the
homologous arginine residue, Arg34, at the entrance to the
HMGS cavity. However, mupA3a packs quite differently against
HMGS, with helix III running perpendicularly to helices 8 and 9
of HMGS (Fig. 6E). The extended polyketide substrate attached
to ACP, (Fig. 6F) is forced to double back on itself to be
accommodated in the cleft and in doing so interacts with the
disordered loop, moving it to a new location distinct from the
ACPp, complex.

4.3 Dehydration by ECH,

Following the formation of HMG-ACP,, the subsequent dehy-
dration appears to be ubiquitous across all p-branching pathways
to form methylglutaconyl-ACP, (MG-ACP,), a transient interme-
diate that is difficult to observe due to the equilibrium favouring
the reverse reaction to form HMG-ACP, (Fig. 7). This

O R OHO
S OH R = Extending polyketide chain
E .. HMG-ACP,
(AcP
A _ _
\ ECH;, y®
© 4
O R O é
JA,, <D
s OH ———— s ;R
£ MG-ACP, e
(ACP) /ACP
A & H _

g g

(ACP ACP
A A
Carboxylated Decarboxylated Decarboxylated
B-branch (B,y-unsaturated) (o,p-unsaturated)

Fig. 7 Role of ECH domains. HMG-ACP, may be differentially pro-
cessed to produce the three distinct families of B-branches: carbox-
ylated B-branches, decarboxylated with o,B-unsaturation or
decarboxylated with B,y-unsaturation. The decarboxylated products
arise from a vinylogous enolate intermediate which can be selectively
protonated at either C-2 or C-4.
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phenomenon was first reported by Gu et al.*® who described the
coupling of ECH;/ECH, steps in the formation of an endo-p-
methyl. As a result, the precise structure of MG-ACP is hard to
assign. However, the a,B-unsaturation (relative to the thioester)
may often be inferred in the decarboxylated B-branches, due to
the mechanism of CO, loss. For the carboxylated p-branched
polyketides, the ECH;-catalysed dehydration is the final step
along their B-branch biosynthetic pathway, resulting in both a,p-
and B,y-unsaturated polyketides that retain a carboxyl group.

Despite the transient nature of MG-ACP, the stereochemistry
of the double bond was determined by Walker et al.®” The newly
incorporated acetate is positioned cis to the alkene proton and
the growing polyketide chain ¢rans to the alkene proton. This is
the opposite stereochemistry to that observed in the formation
of an endo-f-methyl branch which has the growing polyketide
chain cis to the alkene proton and the B-methyl branch trans.
This implies a bond rotation must take place during the
decarboxylation step and the absence of this rotation would
result in a kink in the polyketide chain.

Recently, the first crystal structure of a B-branching ECH;
domain, pksH, was published by Nair et al. (Fig. 8).® PksH
catalyses dehydration in the bacillaene B-branching pathway
and is a member of the crotonase superfamily of enzymes. It
retains the classical CS-fold, forms a trimer in solid and solu-
tion state and the backbone residues Gly67 and Gly114 were
predicted to form the oxyanion hole that stabilises the enolate
intermediate. Through inspection of the active site, generation
of point mutants and functional studies it was proposed that
Glu137 deprotonates the HMG intermediate whilst Asp68
reprotonates following the loss of water (Fig. 8C). The system
was difficult to study as only trace amounts of product were

B PksH Monomer

o . é é
@o)kelu‘37
Fig. 8 Structure and mechanism of ECH; domain PksH. (A) Trimeric
structure of PksH (PDB: 3HPO) with each subunit coloured differently
and the C-terminal helices that form the self-association fold are
shown in red. (B) A single monomer and expanded active site showing
annotated residues thought to form the OAH and catalytic residues for
deprotonation and re-protonation steps. (C) The proposed mecha-
nism of dehydration by PksH uses catalytic residues Glul37 and Asp68
whilst Gly67 and Gly114 form the oxyanion hole.
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identified following incubation with high concentrations of
proteins (5 mg mL~") with long reaction times (>72 h) at 37 °C
confirming the equilibrium of the reaction favouring HMG
intermediates. Therefore, coupled reactions with PksI (ECH,)
were used as a readout of catalytic competency of point
mutants.

4.4 Decarboxylation by ECH,

Following the loss of water from HMG-ACP, the final step for the
majority of B-branching mechanisms is the ECH,-catalysed
decarboxylation (Fig. 7). This step is important for creating
diversity in B-branching through regioselective protonation
which may occur at either C-2 or C-4 of the reaction interme-
diate resulting in the formation of endo-B-methyl and exo--
methylene branches. Downstream processing may subse-
quently occur on either of the unsaturated moieties to further
diversify the B-branch architecture.

The crystal structure of the N-terminal ECH, domain of CurF
from the curacin gene cluster revealed the excised domain to have
the overall fold of a crotonase enzyme and to possess characteristic
catalytic residues (Fig. 9A and B).”® Deprotonation of the carboxylic
acid could be achieved by an active site histidine (His240) and
following decarboxylation, the enolate could be stabilised within
an oxyanion hole formed by the backbone NHs of alanine (Ala78)
and glycine (Gly118) residues (Fig. 9E). Finally, lysine (Lys86) was
proposed to be positioned appropriately for protonation of the
intermediate. This was the first reported crystal structure of a cro-
tonase enzyme that accepts ACP-bound substrates and the

B CurF Monomer

E Gly41g/Glyggs

N s A

/I\|a7a/G|Y1os Gly115/Glygs

Hisp40/Hisy30
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preference of CurF ECH, for ACP-bound intermediates over CoA-
bound intermediates was also highlighted.

The trans-acting ECH, domain (PksI) from the bacillaene -
branching pathway was characterised by Nair et al. (Fig. 9C and
D).*® Expression, crystallisation and functional studies of wild-
type and mutant enzymes showed the characteristic CS-fold,
catalytic His230 and oxyanion hole-forming residues (Gly66
and Gly108). Two distinct states of the wild-type enzyme were
crystallised in the presence and absence of glycerol. The unli-
ganded structure occupies a closed conformation with Phe136
and Phe81 orientated towards the active site and His230
pointed away. Upon ligand binding, an open-conformation is
adopted whereby His230 points towards the centre of the active
site and forms a hydrogen bond with the glycerol hydroxyl
group. Phe81 and Phel36 rotate out of the active site, with
Phe136 forming a stacking interaction with Phe234 and His235.
No active site lysine for re-protonation was identified and two
further candidates (Lys80 and Lys232) were ruled out by point
mutations. It was concluded that His230 likely catalyses the
deprotonation and subsequent re-protonation steps (Fig. 9E).

4.5 Fulllength and truncated modular ECH domains

Most B-branches are incorporated through the interaction of
a trans-acting HMGS cassette with the modular ACP,s. However,
in the incorporation of exo-f-methylene branches the trans-acting
ECH, domain is often absent and the HMGS cassette is instead
supplemented by an in-cis ECH, located proximal to the ACP,s
(denoted in pink in subsequent figures). Additionally, an

Pksl
open

C Pksl D

closed

Alazg/Glysog
|

N N G

Gly118/Glyge Alazg/Gly10g

) @
| i P
Lysss/His23o @

Fig. 9 Structure and mechanism of ECH, domains CurF and Pksl. (A) Trimeric structure of CurF (PDB: 2Q2X) with each subunit coloured
differently and the C-terminal helices that form the self-association fold are shown in red. (B) Closeup of the CurF active site with OAH and
catalytic residues annotated. (C) Pksl active site (PDB: 4Q1G) in the closed form. Residues 76—-84 were not visible in this form. (D) Pksl active site in
the open form where the additional residues Lys80 and Phe81 are now visible. (E) Mechanism of decarboxylation by ECH, domains from CurF

(Gly118, Ala78 and His240) and Pksl (Gly66, Gly108, His230).
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upstream ECH domain is often annotated in these pathways and
it may be assumed this is an extra ECH; domain. However, closer
inspection reveals that this domain is truncated, shows low
sequence homology to characterised ECH; domains and is
therefore assumed to be non-functional. This feature will be
highlighted in the discussions below of the relevant pathways.

5. Polyketides containing a single -
branch

The details of individual mechanistic steps have been ration-
alised following extensive in vitro reconstitution of f-branching
cassettes from many pathways. Selected pathways are discussed
in more detail below beginning with natural products with
a single B-branch followed by examples with multiple branches.
The types of B-branches incorporated into each compound are
numbered according to Fig. 3.

5.1 endo-B-Methyl (1) - mupirocin and bacillaene

A single endo-p-methyl branch is the most common B-branching
moiety. Pseudomonic acid A, the major component of the
antibiotic mixture mupirocin, contains a single endo-p-methyl
branch and is one of the earliest gene clusters to be identified to

A)

B)

o B 985055

Fig. 10 Bacillaene (A
endo-B-methyl branch. The respective HMGS cassettes and modular
architecture of the respective polyketide synthases are shown, whilst
ACP,s are labelled *.

) and pseudomonic acid A (B) both contain an

This journal is © The Royal Society of Chemistry 2021

View Article Online

Natural Product Reports

contain an HMGS cassette (Fig. 10).2%°°*> The initially reported
incorporation of a cleaved acetate group was confirmed through
a combination of isotope labelling and gene cluster compar-
ison.?** The mechanism of such B-branching was elucidated in
the bacillaene biosynthetic pathway in vitro by Calderone et al.
using a combination of biochemical assays and mass spec-
trometry.”® Both of these pathways utilise tandem ACP,s.**

5.2 Saturated B-methyl (3) - patellazole and
cylindrocyclophane

During the creation of a saturated B-methyl branch the
intermediate o,B-unsaturated thioester may be reduced by an

A) OH

OMe

HO

Patellazole C

PtzQ

ECH, : trans-ER

ACPp is unusually located within the modular PKS

@ SO, 2B =, @
ACP ACP) AcP AcP) ACP»

B)
Me. o
E ? H
! ACPp :
cylD

5
ACP ACP

Fig. 11 Patellazole C and cylindrocyclophane A contain one and two
saturated B-methyl branches respectively. The modular architecture of
the polyketide synthase where branching occurs is highlighted. (A) In
the case of patellazole C a trans-acting ER reduces the endo--methyl
branch formed by a trans-acting ECH, PtzG. (B) In cylindrocyclophane
A biosynthesis, both the ECH (pink) and ER (yellow) are cis-acting and
located on CylH whilst the ACPas reside on CyID.
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ER to give the B-methyl group. In patellazole C biosynthesis,
a saturated B-methyl is incorporated by an unusual HMGS
cassette lacking a trans-acting ACPp, (Fig. 11A).%* The modular
PKS PtzD contains a di-domain ACP, but also a candidate for
ACPp, located at the C-terminus of the polypeptide. This ACP
showed homology to donor ACPs providing a rare example of
an in-cis ACPp. PtzQ is a trans-acting ER domain that is
hypothesised to carry out the reduction of the endo-B-methyl
to produce the saturated f-methyl branch.

The multi-faceted biosynthesis of cylindrocyclophane
combines a fatty acid starter unit, polyketide chain extension
and B-branching via a type I cis-AT PKS and a dedicated type I1I
PKS that aromatises the intermediate prior to a final dimer-
isation to yield the product (Fig. 11B).%>% A saturated B-methyl
branch is introduced into each monomer by a combination of
in-cis (ECH,, ER) and in-trans (KS°, HMGS, ECH,) domains,
whilst no ACPp, was identified. The type I PKS architecture is
unusual as the ECH, and ER domains are part of a split
module and reside on a different ORF (CylH) from the
acceptor ACP,s (CylD). This modular architecture is also
observed in the apratoxin biosynthetic pathway whereby an in-
cis ECH, and ER domains are located on a different protein to
the ACP,s, whilst a split module of ACP,s and in-cis ER (with
trans-acting ECH,) is found in the biosynthesis of macro-
brevin,*”*® leptolyngbyalide (Section 6.4) and myxovirescin
(Section 6.8).

(:)Me
Curacin

(0] (0]
B2 _Hal

T 6 HMG-ACP,A

R

WOH P

Curacin
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5.3 Cyclopropane (5) - curacin and vinyl chloride (8) -
jamaicamide

Curacin and jamaicamide, isolated from Lyngbya majuscula, are
produced by cis-AT PKS pathways that share common enzymatic
machinery to produce different products (Fig. 12).°7° The
HMGS cassette contains free-standing ACPp, KS°, HMGS and
ECH,, however, the ECH, domains are located at the N-
terminus of a type I PKS (CurF) that would associate down-
stream of the ACP,s in CurA. The compounds are unusual in
that the B-branching intermediate HMG-ACP in both pathways
is chlorinated at C-4 to give y-Cl-HMG-ACP. In vitro reconstitu-
tion of the pathway utilised the non-chlorinated derivative,
indicating that the halogen was not essential for HMGS cassette
recognition or activity.*>*® Whilst the chlorine atom is retained
in the final vinyl chloride B-branch in jamaicamide, it is lost in
the biosynthesis of the cyclopropane ring of curacin.*
Chlorination is catalysed by a Fe**/a-ketoglutarate (aKG)
dependent halogenase domain located immediately upstream
of the triplet of ACP,s in the type I PKS CurA.””* In these
halogenases a Cl™ ion typically replaces a Glu or Asp residue in
the coordination shell of the iron and reacts with a substrate
radical in a homologous fashion to the hydroxyl group of Fe**/
aKG dependent hydroxylases. Using a combination of crys-
tallographic studies and in vitro assays, the cofactor depen-
dency (Cl-, O,, Fe** and a-ketoglutarate), conformational
switching between inactive and active states and the structure/
function of the halogenase was demonstrated in the conver-
sion of HMG-ACP to y-CI-HMG-ACP. From this common

W

Jamaicamide

CurF/lJamJ @ ER @ AT @
Q R OHO S )U\?i N
y-CI-HMG-ACPA .
/ ED
SO
Jamaicamide

CECH{»

v-CI-MG-ACPp

ER

Fig. 12 Curacin and jamaicamide contain a cyclopropane and vinyl chloride moiety respectively. The two pathways share homologous HMGS
cassettes and modular architecture consisting of a split module whereby the ACP,s (CurA/JamE) and cis-acting ECH, and ER (CurF/JamJ) reside
on different proteins. y-Cl-HMG-ACP, is made from HMG-ACP, by a halogenase domain (Hal) located in CurA/JamE.
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intermediate, both pathways continue with the ECH;-cata-
lysed dehydration to give vy-CI-MG-ACP. The metabolic
coupling of CurE (ECH,) and the modular ECH domain of
CurF (ECH,) was required to furnish an endo-B-methyl
branch in curacin indicating the unfavourable position of
the equilibrium in the dehydration reaction.” The key
divergence between curacin and jamaicamide B-branching
incorporation occurs at the ECH,-catalysed decarboxylation
step. In the curacin biosynthetic pathway, protonation at C-4
generates a chlorinated endo-f-methyl branch. From this
intermediate, the cyclopropane ring is formed by a modified
ER domain downstream of the ECH, domain which results in
the loss of chloride ion.” Conversely, protonation at C-2 by the
ECH, domain of Jam]J in jamaicamide biosynthesis results in
the production of the vinyl chloride moiety.** These differ-
ences arise despite the two ECH, domains sharing 61%
identity. Subsequently, although the downstream ER in Jam]
is catalytically active, the chlorinated exo-B-methylene
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intermediate is not a compatible substrate. The identity of the
two B-branches was confirmed by hydrolysis of ACP-bound
products as amides, GC/MS analysis and comparison to
synthetic standards.

5.4 exo-B-Methylene (6) - pederin-like compounds

The pederin-like compounds (pederin,”*”” labrenzin,”® dia-
phorin,” mycalamide,**®* onnamide A,”***** psymberin,**’
nosperin® and cusperin A*) exhibit a range of biological
activities and have been isolated from numerous species
including rove beetles and marine sponges. With the exception
of psymberin, which contains a shortened carbon chain, they all
share a common structural feature: a tetrahydropyran ring with
an exo-B-methylene branch. In all cases, the exo-f-methylene is
incorporated by an HMGS cassette lacking a trans-acting ECH,
but containing a cis-acting ECH, domain immediately upstream
of the ACP,s which vary in number between 1-3 ACPs (Fig. 13).

Ri Rz Rs
Pederin Me Me Me
Labrenzin Me H Me
Diaphorin H H H
Mycalamide
(0] OH
(0] OH
OH o} j/ OMe O
- NN 8
H ’ B : OH
H oH 0o -
H,N NH MeO,, - N s
Onnamide A : Psymberin
NH o OMe
N
OH O JQi)CJ)\ OH O jj\
- NH,
N— NH .
B 2 N 2 ”/ﬁ(
<\// 4\// (0]
Nosperin Cusperin A
1-3 HMGS cassette
COPIES . === aeusssssssssssssssssssssssssssssssssssssssnnns .
* : H
GNAT : ; ‘ :
VOBV 1D @D > @D,
Pederin # 2 PedN PedM PedP  PedL Pedl
Onnamide A # 3 OnnA OnnB
Diaphorin - 3 DipR DipF DipE DipC DipP
Nosperin # 2 NspH NspG Nspl NspJ NspA
Cusperin A # 2 CusG CusH Cusl CusJ CusA
Labrenzin - 2 Lab2 Lab12 Lab3 Lab11 Lab4
Mycalamide # 3 MycN  MycM  MycP  MycL Mycl
Psymberin # 1 PsyL PsyM Psyl PsyJ PsyA

Fig. 13 The pederin-like compounds share a common B-branching pathway to install an exo-B-methylene branch. The HMGS cassettes lack an
in-trans ECH, domain but ECH, domains are located prior to the B-branching ACPs in the modular PKS. A truncated (#) N-terminal ECH domain
may be present or absent altogether (—). The onnamide gene cluster lacks ACPp, KS® and ECH; domains, but this is likely due to a lack of genomic
data encoding these genes rather than complete absence. The number of ACP,s vary for each pathway as annotated and are labelled *.
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Fig. 14 Actinoplanes missouriensis 431 produces fogacin derivatives, however, fogacin C is the only one to contain a B-branch and is currently
the only known B-branched secondary metabolite from a type Il PKS system. The HMGS cassette contains an AT/DC didomain (Fog A7) to form

propionyl-ACPp which produces an exo-B-ethyl branch.

Most pathways are annotated as containing two modular ECH
domains, however, closer inspection reveals that the N-terminal
domain is truncated, and assumed to be non-functional, or
absent. Garcia et al. presented an alignment of the truncated N-
terminal ECH domains, and little sequence homology was
observed.” The second domain is always a full-length domain
of 248 residues which shows homology to characterised ECH,
domains. With only one ECH, domain in the gene cluster, it is
assumed the exo-B-methylene arises from decarboxylation and
selective protonation at C-2 to give the B,y-alkene.

5.5 exo-B-Propylene (7) - fogacin

In 2019, Sato et al. reported the first p-alkylation in a type II PKS
following the isolation of the minor metabolite fogacin C from
Actinoplanes missouriensis (Fig. 14).*' The core polyketide back-
bone of fogacin C is typical of aromatic polyketides produced by
actinomycetes, whereby basic chain assembly is catalysed by
a minimal PKS comprised of a KS, a chain length (or initiation)
factor (CLF) and an ACP. However, the structure contains
a novel tertiary alkene B-branch arising from the incorporation
of a methylmalonyl building block.

Analogous to B-branching in the biosynthesis of leinamycin
(see Section 5.8), whereby methylmalonyl-CoA is used as
a starter unit, no AT and KS genes required for acyl-ACPp
synthesis were found in the HMGS cassette. Instead, FogA7,
a domain with homology to LnmK (45%) was proposed to
catalyse acyl-transfer and decarboxylation in forming propionyl-
ACProgae for B-alkylation (Fig. 14). As this is a type II system, the
acceptor ACPpogas is free standing rather than modular and
thought to bear an acetoacetyl group following a single Claisen
condensation step catalysed by a specific KS, Foga,. B-Branching
is then catalysed in a normal fashion by the combined action of
the HMGS (FogA5), ECH; (FogA4) and ECH, (FogA3) that
generates methyl-3-pentenoyl-ACPgogas. Methyl-3-pentenoyl-
ACProgas essentially comprises an unusual acyl starter unit for

736 | Nat. Prod. Rep., 2021, 38, 723-756

the remainder of the biosynthetic pathway, requiring a dedi-
cated priming KASIII-like KS, analogous to DpsC, prior to
‘classical’ aromatic polyketide chain extension catalysed by the
minimal PKS, FogA9 (CLF), FogA10 (KS) and FogA11l (ACP).*
Interestingly, FogA11 (ACP) may be shared with a second KS/
CLF (FogN/FogO) in the same biosynthetic cluster that synthe-
sises both of the major metabolites fogacin and fogacin B in
a parallel pathway, both of which lack the trisubstituted exo-
alkene and share common biosynthetic intermediates with the
classic aromatic polyketide actinorhodin.

R4 Ry Rs Ra
Spliceostatin A OCHj; CHz H OH
SpliceostatinB  CH,COOH H H H (no epoxy)
Spliceostatin C CH,COOH H H H
Thailanstatin A CH,COOH H H OH
FR901464 OH CH; H OH
FR901465 OH CHz CH; OH
E FroND CFrokD  FroL) (FroGH):
|| '
1ACPp  KS° HMGS ECH;, ECH, !

Fig. 15 The structure of the spliceostatins which contain a tetrahy-
dropyran ring with varying oxygenation patterns. The HMGS cassette
and modular architecture (FrOGH is a single ORF) for spliceostatin A
isolated from Burkholderia sp. FERM BP-3421 is shown. A modular
ECH, domain in FrO9GH (with a truncated upstream modular ECH
labelled #) forms an exo-B-methylene branch prior to epoxidation by
a cis-acting flavin-dependant oxygenase (Ox). This functionality is
found in all compounds with the exception of spliceostatin B which
retains the exo-B-methylene.
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5.6 Epoxide (9) - spliceostatin

Spliceostatins are produced by hybrid PKS-NRPS pathways and
display promising anticancer activity (Fig. 15).°°> They act as
inhibitors of the eukaryotic spliceosome and modulate splicing
activity by binding to a subunit of the large ribonucleoprotein
complex responsible for mRNA processing. The gene cluster
from Burkholderia sp. FERM BP-3421 was identified and the
biosynthesis of spliceostatin A determined.”® An exo-f-methy-
lene is installed by a trans-acting HMGS cassette which lacks
a free-standing ECH, domain. At the point of B-branching
a truncated and full-length ECH resides upstream of three
ACP,s in the type I PKS Fr9GH (a single protein). The presence
of a single ECH, within the gene cluster suggests the exo-B-
methylene branch is derived from decarboxylation and C-2
reprotonation.”** Through in vivo knock-out studies, the
flavin-dependent monooxygenase (Ox) located at the C-
terminus of Fr9GH, downstream of the acceptor ACP,s, was
shown to epoxidise the exo-f-methylene to give spliceostatin A.
Derivatives have been isolated from numerous bacterial species
that contain differential functionality around the six-membered
oxygen heterocycle, including spliceostatin B that lacks the
epoxide group.®®

5.7 Methylacrylate (11) - bryostatin

Bryostatin 1 is a macrolactone isolated from a bacterial
symbiont of the marine bryozoan Bugula neritina and is a potent
protein kinase C agonist which has been investigated for the
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CoAS Z# OH 7-d>MG-CoA 5

D
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treatment of cancer, HIV/AIDS and Alzheimer's disease.’”° In
the biosynthesis of bryostatin 1, two methyl acrylate esters are
introduced by a B-branching cassette that lacks an ECH,
domain (either trans-acting or modular) (Fig. 16A).**° Sherman
and co-workers chemoenzymatically synthesised y-d,-HMG-
CoA and used HPLC/MS analysis to show that surprisingly the
ECH; (BryT) catalysed an o,B-dehydration despite the final
product containing a B,y-double bond and the absence of other
enzymatic components that subsequently isomerase the
product (Fig. 16B).** The lack of an ECH, domain leads to
retention of the carboxylate group and subsequent esterifica-
tion catalysed by BryA yielded the 3-methylglutaconyl methyl
ester. BryA was shown to methylate MG-ACP but did not
methylate HMG-ACP or acyl-CoA thioesters used as substrate
mimics. The recognition of the a,B-dehydration intermediate by
BryA suggested this regioisomer had not been produced aber-
rantly by the use of non-native substrates in the in vitro assays.
This led to the hypothesis that isomerisation then produces the
B/y-unsaturated product prior to tetrahydropyran ring forma-
tion by an unknown mechanism. A possible candidate for the
isomerisation is an ER-like domain located in module 4 of BryB,
immediately downstream of the ACP,s, but this has not been
determined experimentally.****

5.8 1,3-Dioxo-1,2-dithiolane (12) - leinamycin
Leinamycin possesses a very unusual 1,3-dioxo-1,2-dithiolane

moiety that is introduced via a modified HMGS cassette-
mediated PB-branching pathway.**'®> The pathway diverges

OMe
D

(0]
N-"NoH 7d;-MG-CoA
D

(A) Bryostatin 1 contains two methyl acrylate ester B-branches installed by an HMGS cassette lacking an ECH,. After dehydration by BryT,

esterification (BryA) gives a methyl ester and subsequent double bond isomerism by an as yet unknown domain forms the acrylate branch. (B)
Dehydration by BryT was investigated using deuterium labelling which showed retention of both deuterium atoms in the product (y-d,-MG-

ACP) in accord with a,B-unsaturation.
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Fig. 17 Leinamycin contains a 1,3-dioxo-1,2-dithiolane moiety introduced by a trans-acting HMGS cassette.

from the canonical steps by the lack of KS° in the gene cluster
and the selection of methylmalonyl-CoA to provide the
substrate for the HMGS (Fig. 17).'® LnmkK, a domain of previ-
ously unassigned function and with no sequence homology to
known proteins, was proposed to act as an acyltransferase/
decarboxylase (AT/DC) to replace the absent KS°.'** The
bifunctional domain was purified, crystallised and probed in
functional studies to demonstrate transfer of a methylmalonyl
group from CoA to ACPp (LnmlL) prior to decarboxylation to
produce propionyl-ACPp,.'% In contrast to the AT/KS® model for
substrate loading, no active site serine or cysteine residues were
identified in the active site, however, through site direct muta-
genesis, Tyr62 was proposed to act as the nucleophile for acyl
transfer of methylmalonate whereas residues for decarboxyl-
ation could not be clearly determined. Homologous domains
have since been identified in the production of linear and B-
branched starter units in the type II PKS that produce lomaivi-
ticin and fogacin C respectively (see Section 5.5).*

The HMGS-catalysed conversion of propionyl-ACPp and f-
ketothioester-ACP, produces a y-methyl substituted HMG-ACP,
that then undergoes LnmF-catalysed dehydration. The gene
cluster lacks an ECH, domain but instead alternate processing
takes place on the newly-installed B-branch. Module 8 of the
type I PKS contains a domain of unknown function (DUF) and
a cysteine lyase (SH) that catalyse the Michael addition of
a cysteine thiol to the a,B-unsaturated thioester and subsequent
C-S bond cleavage generates a B-thiol moiety.'* Further pro-
cessing to produce the 5-membered heterocycle and oxidation
throughout the molecule takes place, however, the identity and
sequence of the catalytic steps have not been proven.**'»107-1%°

6. Polyketides containing multiple B-
branches

In some cases, multiple B-branches may be incorporated into
the natural product requiring the ACPs, HMGS cassette and

738 | Nat. Prod. Rep., 2021, 38, 723-756

tailoring enzymes to selectively install each B-branch with high
fidelity. This may be achieved by (i) physically locating the
correct catalytic domains in-cis where required, (ii) providing
highly selective in-trans domains or (iii) deploying multiple
cassettes with different selectivity's within the biosynthetic
pathway.

6.1 Etnangien (1) and gladiolin (1 and 3)

The related compounds etnangien and gladiolin share many
structural features but differ in their B-methyl incorporation
pattern. Etnangien contains two endo-B-methyl branches (C-4
and C-18) incorporated by a five-enzyme HMGS cassette that
performs the same functionalisation of the B-ketothioester at
each of the ACP,s in EtnD and EtnE respectively (Fig. 18A)."*° In
gladiolin biosynthesis, the gene cluster encodes an expanded
trans-acting HMGS cassette that contains two sets of ECH,/
ECH, domains giving a total of 7 enzymes (Fig. 18B). This
cassette incorporates an endo-B-methyl (C-25) and saturated f-
methyl branch (C-35)."** An ER in module 1 of GbnD1 is co-
localised at the point of saturated B-methyl incorporation to
carry out the reduction, of presumably an endo-B-methyl group
at C-35. This common functionality brought into question the
requirement for two sets of ECH,/ECH, domains, when, as for
etnangien, the successive action of one set would suffice. It has
been speculated that the modular ER domain may require
additional molecular recognition features of the module 1 ACP,
that therefore require the unified action of the ER with a specific
pair of ECH;/ECH, domains.

6.2 Kalimantacin (1, 3 and 6)

The are potent antibiotics
a number of Pseudomonas species and Alcaligenes species
(Fig. 19).">** The kalimantacin gene cluster contains a single
trans-acting HMGS cassette that installs a total of four B-
branches with three different structures.***** This is one of the
most complex B-branching patterns observed in polyketides

kalimantacins isolated from

This journal is © The Royal Society of Chemistry 2021
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(A) Etnangien contains two endo-B-methyl branches (C-4 and C-18) that are installed by a single HMGS cassette. (B) Gladiolin contains

an endo-B-methyl (C-25) and sat.-B-methyl branch (C-35) and is installed by an HMGS cassette that contains two pairs of ECH;/ECH, domains
and an in-cis ER located in module 1 of GbnD1 to reduce the «,B-unsaturated B-branch.

and of particular interest is the consecutive installation of an
exo-B-methylene, saturated B-methyl and endo-B-methyl via
ACP4, 5 and 6 of the type I PKS Bat3 respectively. A previously
unidentified modular ECH (mECH) domain located down-
stream of the acceptor ACP4 in Bat3 was proposed to install the
exo-B-methylene. Due to the wide range of catalytic activities

T
[
z
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o (0]

Kalimantacin A 7 5 3

Bat3 ( DH f@
: (ACP/

-~ W

M I
(AcPws R t\ACl:\}wa/lk/\R

displayed by CS enzymes, it was postulated that the mECH
might act as either a decarboxylase that selectively reprotonates
to form an exo-B-methylene or an isomerase to convert a BatE-
installed endo-B-methyl to an exo-B-methylene.

Through protein expression and chemical synthesis of **C
labelled intermediates, pathways for the selective formation of

o8B, D D5
. [ACP " ACP)/ACP . \J/ACP \.J/ACP
\ 35 5 6
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o R O o
0> | 11 Pt
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Fig. 19 Kalimantacin A contains four B-branches with three different structures; two saturated B-methyl branches (C-5 and C-15), an endo- -
methyl branch (C-3) and an exo-B-methyl (C-7). The HMGS cassette contains a trans-acting ECH, (BatE) and a modular ECH, (mECH). Using
[2-13C]-Ac-ACPp, the pathway was monitored by NMR and the red dots indicate the carbon atoms that were enhanced due to [**C]

incorporation.
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each B-branch type were reconstituted in vitro.”” Incubating
[2-"*CJ-acetyl-ACPp, with Acac-ACP4 and HMGS (BatC) resulted
in the formation of [y-">C]-HMG-ACP4 as determined by
monitoring of the "*C signal by 1D "*C-observe and 2D homo-
nuclear NMR experiments as well as the Ppant ejection assay.
Addition of ECH; (BatD) and ECH, (BatE) to this multi-protein
in vitro assay resulted in loss of the [y-'*C]-HMG-ACP4 signal
and the generation of a >C methyl signal at 23.51 ppm and
a Ppant ejection ion consistent with the formation of an [y-"*C]-
endo-B-methyl moiety, an unnatural B-branch for this ACP.
Preparation of an active mECH for in vitro assays required the
expression and purification of an ACP4-mECH di-domain (4M)
where the two domains retained the native interdomain linker
region. Subsequent in vitro reconstitution with [**C]-Ac-ACPp,
BatC and BatD, however, demonstrated the decarboxylase
activity of the mECH which unequivocally yielded an [y-'*C]-
exo-B-methyl in the absence of BatE. Further, in a competition
reaction containing 4M and BatE, a mixture of both [y-"*C]-
endo-B-methyl and [y-">CJ-exo-B-methylene branches were
formed. Therefore, surprisingly, ACP4 does not appear to be
specific for the mECH (cf. gladiolin where this tailoring of the
ACP, is implied). This means that BatE cannot be excluded in
the simplified in vitro model but in the native PKS steric
occlusion of BatE or faster in-cis reaction of MG-ACP4 with
mECH must occur to prevent aberrant B-branching. Finally, the
trans-acting ER BatK was shown to be ACP selective and would
only reduce the endo-B-methyl branch when attached to ACP5
but not ACP6. Interestingly, an endo-pf-methyl branch could be
reduced at ACP4 indicating the promiscuity of this ACP that
normally produces an exo-B-methylene.

6.3 Phormidolide (1 and 6)

Phormidolide is a complex molecule isolated from a Lep-
tolynghbya species and contains five B-methyl branches: two exo-

Br OH OH OH

Phormidolide

o
PhmE 4
C-31 exo
PhmF C-9 exo
C-19 endo Phml
thH Phml

C-11 endo

View Article Online

Review

B-methylenes and three endo-B-methyls (Fig. 20)."*® The gene
cluster encodes a type I trans-AT PKS and a five-enzyme trans-
acting HMGS cassette which installs the endo-p-methyl
branches. The pathway is initiated by a 1,3-disphosphoglycerate
unit which primes PhmE utilising the FkbH domain, which is
known to integrate glycolytic intermediates into PKS pathways,
and is subsequently dehydrated by the DH domain and meth-
ylated by the O-MT to give glyceryl-ACP. Chain extension then
takes place prior to exo-B-methylene incorporation. A pair of
modular ECH domains are annotated within PhmE and PhmI at
the point of exo-f-methylene incorporation. In both ORFs, the
upstream ECH domain is truncated and assumed non-
functional whilst the downstream of each pair of these
modular ECH domains shows sequence similarity to charac-
terised ECH, (decarboxylase) domains but their biochemical
role has not been shown experimentally. Following insights into
the decarboxylase activity of the modular ECH domain in exo-B-
methylene formation in kalimantacin biosynthesis, it is highly
likely that selective re-protonation gives the exo-f-methylene
moieties in phormidolide. An unusual feature of the modular
PKS is the apparent separation of one pair of ACP,s (both
contain the conserved tryptophan HMGS recognition motifs)**
across two ORFs at the C-terminal of PhmH and N-terminal of
Phml. Tandem ACP, domains are commonly encountered at
the point of B-branching, however, how the split across separate
multi-modular proteins affects the relationship and catalytic
activity of these two domains remains to be experimentally
determined. It should be noted that an ambiguity in labelling of
ECH; and ECH, domains was identified and analysis of the
sequences deposited in genbank suggest that PhmO is in fact
the ECH; domain and PhmN is the ECH, domain. Using
chemical synthesis, computation and NMR analysis, the
stereochemistry of phormidolide has also been reassigned by
Ndukwe et al.**7**

Fig. 20 Phormidolide contains five B-branches, three endo-f-methyl branches (C-3, C-11 and C-19) and two exo-B-methylenes (C-9 and C-
31). The HMGS cassette contains three ECH, domains, one trans-acting (PhmN) and two modular cis-acting (PhmE and Phml) located at the sites
of exo-B-methylene formation. A truncated (#) ECH domain is located upstream of the ACP,s. The modular architecture of PhmE which loads
a glycerate unit to initiate biosynthesis prior to exo-B-methylene incorporation is shown.
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Fig.21 Leptolyngbyalide A contains five B-branches with three different branch structures; two saturated B-methyl branches (C-5 and C-9), two
endo-B-methyl branches (C-3 and C-17) and one exo-B-methylene (C-29). The HMGS cassette contains a trans-acting ECH, (LeptW) and an in-
cis ECH, (Leptl) adjacent to a truncated (#) ECH at the point of exo-B-methylene incorporation. The modular architecture and proposed
biosynthetic intermediates of LeptQ suggests a saturated B-methyl and endo-B-methyl are incorporated by the triplet of ACPas.

6.4 Leptolyngbyalide (1, 3 and 6)

Through mining a collection of cyanobacteria, a 91 kb ¢rans-AT
PKS cluster that produces leptolyngbyalide A was identified."*
This compound is structurally related to phormidolide but
contains a different f-branching pattern. There are again five -
branches in total: two endo-B-methyl, one exo-p-methylene and
two saturated B-methyl branches (Fig. 21). At the point of exo-B-
methylene incorporation (C-29) an in-cis ECH domain likely acts
as a decarboxylase to give B,y-unsaturation in preference to the
trans-acting ECH,. An endo-B-methyl is introduced at C-17 and
an in-cis ER domain gives the saturated p-methyl at C-9. The ER
is part of a split module whereby the two ACP,s are again split
across two polypeptide chains (LeptP and LeptQ).

The final steps of the pathway are uncertain as there is one
less module in the LeptQ than expected for the creation of a 14-
membered macrolactone ring. It is predicted that an iterative
use of the KS and triplet of ACP,s is used to install the final two
B-branches as the final ACP lacks the Trp-flag of ACP,s.
However, this would require the selective installation of a satu-
rated B-methyl at C-5 followed by an endo-B-methyl at C-3
possibly whilst tethered to the triplet ACPs with no obvious
mechanism for the selective incorporation of each branch.
Additionally, the PKS lacks an in-cis ER located within the
module so the enzyme responsible for reduction is also uncer-
tain. Deciphering the mechanism of consecutive B-branch
installation in LeptQ would provide greater knowledge into the
constraints required for correct f-branching.

6.5 Oocydin, haterumalides and biselides (1 and 6)

The haterumalides, and the structurally related biselides, are
a series of chlorinated natural products that have shown anti-
tumour activity against breast, lung and colon cancers
(Fig. 22A)."*"” They have been isolated from a range of

This journal is © The Royal Society of Chemistry 2021

organisms, including protobacteria, sponges/porifera and
tunicates. All compounds share a macrolactone core but vary in
their patterns of B-branching, oxygenation and esterification
partners. The gene cluster for oocydin A (also known as hater-
umalide NA) from the genome of the rhizosphere bacterium
Serratia plymuthica A153 was identified and a biosynthetic
pathway proposed.” The gene cluster contains a 5 enzyme
trans-acting HMGS cassette as well as two modular ECH
domains in OocL, the first of which is truncated and the second
a full-length ECH, domain. The originally proposed biosyn-
thesis suggests the DH-oMT-FbkH tri-domain normally used to
load glycerate units is inactive and instead a malonyl starter
unit is utilised (Fig. 22B). Incorporation of an endo-fB-methyl
takes place within module 1 of the PKS and, due to the lack of
ketone in the final product, it is assumed that module 3 is
skipped. Mutation of the trans-acting ECH, (OocC) resulted in
lack of product formation and the authors therefore suggested
that the trans-acting HMGS is responsible for endo-B-methyl
branching rather than the modular ECH domains.

During the investigation of OocK, a flavin-dependent mon-
ooxygenase also defined as a Baeyer-Villiger monooxygenase
(BVMO), Meoded et al. revealed the domain inserts oxygen
atoms into f-ketoacyl functionality to yield esters.*”® The
authors re-examined the early stages of biosynthesis on the type
I PKS OocJ and noted the identical set of domains are found at
the start of PhmE in the biosynthesis of phormidolide
(Fig. 22C). Whilst the structural features predicted to be incor-
porated are lacking in oocydin A, examination of other
members of the haterumalide and biselide families showed
they possess similar chemical structure to phormidolide. By
analogy, it was therefore proposed that a glycerate unit may
prime the PKS followed by exo-B-methylene incorporation
facilitated by the modular ECH, domain to introduce the B,y-
unsaturation. Chain extension and oxygen insertion by OocK

Nat. Prod. Rep., 2021, 38, 723-756 | 741
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Fig. 22 B-Branching in the haterumalide and biselide natural products. (A) Structures of the natural products. (B) The original proposal for the
biosynthesis of oocydin A (haterumalide NA). (C) Updated proposal based on the oxygen insertion of OocK, a Baeyer-Villiger monooxygenase,
suggests an exo-B-methylene is introduced in module 1 of OocJ and an endo-B-methylin module 3. The HMGS cassette utilises a modular ECH,
domain with a truncated (#) upstream ECH at the point of exo-B-methylene incorporation.

yields the ester moiety which then undergoes endo-B-methyl
incorporation at module 3 (previously thought to be silent)
using the trans-acting ECH, to produce the o,B-unsaturation.
The functional groups introduced in this way are not always
transferred through to the final product architecture, however,
it is suggested that additional enzymatic transformations may
take place in different producing organisms to give rise to the
diversity of B-branched compounds in the haterumalide and
biselide family.

The proposed B-branching mechanistic steps show homology
to phormidolide and kalimantacin that introduce both an endo--
methyl and an exo-f-methylene into the same compound
(Sections 6.2 and 6.3). Selectivity is achieved by in-cis modular
ECH, domain activity in preference to the trans-acting ECH, to
produce the exo-f-methylene, whilst the endo-B-methyl arises
from trans-acting ECH, reactivity. Further credence is added to
the newly proposed biosynthesis as the two pairs of ACPs in OocJ
(exo-p-methylene) and OocL (endo-B-methyl) both contain the
tryptophan-flag indicating they are ACP,s and so both the B-
branching events are feasible in these pathways.

6.6 Ripostatin (1 and 10)

Ripostatin, an antibiotic with a novel binding mode to bacterial
RNA polymerase, is produced by Sorangium cellulosum So ce377
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by a mixed cis/trans-AT PKS. In the biosynthetic pathway, selective
incorporation of two different B-branches into the final polyketide
structure must be achieved by a single HMGS cassette
(Fig. 23).2>"3° The endo-B-methyl forms via the canonical pathway
whilst tethered to the di-domain of ACP,s in RipD. However, the
carboxymethyl B-branch lacks the final ECH,-catalysed decar-
boxylation and occurs while tethered to the single ACP, in RipE,
immediately prior to off-loading by the terminal thioesterase. As
a result, a degree of control is required during assembly to
prevent decarboxylation either by excluding the ECH, domain or
a faster in-cis reaction. The isotopic labelling pattern for the
polyketide terminus shows the incorporation of an intact acetate
into both the linear chain and carboxylmethyl B-branch. As
a result, this information alone does not define the type of B-
branch incorporated into the final structure. Considering the
stereochemistry of previously characterised dehydration reac-
tions, the ECH;-catalysed reaction likely gives the o,fB-alkene.
Macrolactonisation with the acrylate moiety gives rise to ripos-
tatin A with a carboxymethyl B-branch but must occur in
a manner to prevent decarboxylation by the ECH, domain.

6.7 Bongkrekic acid (1 and 10)

Bongkrekic acid, produced by Burkholderia gladioli, is an acute
respiratory toxin targeting the mitochondrial ADP/ATP

This journal is © The Royal Society of Chemistry 2021
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Fig. 23 Ripostatin contains an endo-B-methyl branch and a carbox-
ymethyl-B-branch installed by a trans-acting HMGS. An endo-B-
methyl is installed in RipD and the carboxylated B-branch in the final
step before release from the PKS by the terminal TE domain.

Bongkrekic acid HORE

BonA
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transporter required for oxidative phosphorylation. Its biosyn-
thesis is an interesting example of the divergence of a biosyn-
thetic pathway from a common intermediate to introduce two
different B-branches within one biosynthetic assembly line: an
endo-p-methyl and a carboxymethyl B-branch (Fig. 24). Isotopic
feeding studies with the bongkrekic acid producer B. gladioli
strain revealed a cleaved acetate as part of the endo-pf-methyl
branch incorporated at an early stage via the single ACP, in
BonA. It also demonstrated intact acetate incorporation into the
late-stage, carboxymethyl B-branch at the B-branching di-
domain ACPs in BonD. A five-enzyme HMGS cassette was
found in the gene cluster with no obvious mechanism for the
selective installation of either B-branch.***3?

The original publication annotated a B,y-unsaturated B-
branch arising from ECH;-catalysed dehydration.*** The B,y-
alkene is not a substrate for ECH, domains and therefore this
alkene regiochemistry might hint at a mechanism for selec-
tive B-branch incorporation. However, parallels have been
drawn with the biosynthesis of bryostatin in which a B,y-
unsaturated acrylate moiety is introduced but the ECH;
domain (BryT) in bryostatin was shown to selectively produce
an a,p-alkene rather than B,y-alkene as found in the product
(Section 5.7).

The acetate labelling pattern of bongkrekic acid is also
consistent with the formation of a,B-unsaturation from the
dehydration reaction that simply does not undergo decarbox-
ylation and results in a carboxymethyl B-branch, analogous to
ripostatin biosynthesis (Section 6.6). Isotopic feeding studies
would not be able to differentiate between these two outcomes

=

iso-bongkrekic acid

BonD
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& \
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Fig.24 Bongkrekic acid and iso-bongkrekic acid contain two B-branches; an endo-B-branch and a carboxymethyl branch. The installation of an
endo-B-methyl occurs on BonA whilst the carboxylated B-branch is formed in the final step catalysed by the type | PKS (BonD) which lacks an

off-loading domain.
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due to the incorporation of an intact acetate moiety into each
position. However, the ubiquitous o,B-unsaturation arising
from ECH;-catalysed dehydration either observed or reasonably
assumed for all other pathways suggests this is a more likely
result. No isomerase has been reported in the gene cluster to
interconvert the double bond isomers, which suggests the
outcome of dehydration is maintained in the final product
unlike the biosynthesis of bryostatin.

Studies on the ECH;-catalysed dehydration in kalimantacin
biosynthesis revealed the thioester is orientated cis to the
growing polyketide chain in the MG-ACP intermediate arising
from dehydration whilst the a-proton and B-branched group are
cis-orientated (Section 6.2). The alkene geometry in bongkrekic
acid is consistent with this stereochemical outcome further
suggesting an a,B-dehydration occurs. Migration of the double
bond between the two carboxylic acids could therefore result in
the formation of iso-bongkrekic acid which contains the
opposite double bond isomer.

The lack of off-loading domain from the modular PKS led
to a currently unproven and unique hypothesis of concurrent
B-branching and off-loading. If o,B-dehydration is the correct
ECH,; product, then either a steric or kinetic mechanism may

o o
@‘WSMOH
o
\ TaK
0

View Article Online

Review

exist to occlude the ECH, domain from accessing MG-ACP or
to hydrolyse the final product from the PKS prior to aberrant
catalysis by ECH,. This would be similar to the selectivity seen
in the kalimantacin B-branching pathway that demonstrated
the preferential in-cis production of an exo-f-methylene
branch rather than an in-trans endo-B-methyl branch.

6.8 Myxovirescin (2 and 4)

One of the most complex B-branching cassettes is found in the
gene cluster of myxovirescin (Fig. 25).****** The natural product
contains two different f-branches: an endo-pf-methoxymethyl at
C-12 arising from hydroxylation (TaH) and O-methylation (TaQ)
of an endo-p-methyl branch, and an unusual saturated B-ethyl
branch at C-16 formed from the reduction (TaO) of an endo--
ethyl branch.™* There are two pairs of ACP,/HMGS domains in
the gene cluster, however, only single copies of KS°, ECH; and
ECH,. In vivo feeding studies with labelled precursors estab-
lished the origin of the C-12 branch to be acetate and the C-16
branch to be methylmalonyl/propionate.’® An AT (TaV) and KS°
(TaK) are responsible for the formation of Ac-ACP; from
malonyl-CoA, whilst it is predicted an AT/DC domain (TaD)
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Fig. 25 Incorporation of endo-B-methoxymethyl and sat-B-ethyl branches in the biosynthesis of myxovirescin. The gene cluster encodes a KS°
(TaK) and AT/DC (TaD) to form acetyl-ACPp and propionyl-ACPp respectively. Two ACP/HMGS pairs then select and react either acetyl-ACPp
(TaB/TaC) or propionyl-ACPy (TakE/TaF) with the modular B-ketothioester. Dehydration and decarboxylation are carried out by the same ECH,/
ECH, pair (TaX/TaY) prior to oxidation (TaH) and O-methylation (TaQ) to produce the endo-B-methoxymethyl at C-12 or reduction (TaO) to

produce the sat.-B-ethyl group at C-16.
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loads the propionyl-ACPy, from methylmalonyl-CoA in a similar
way to leinamycin (Section 5.8).'**

In vitro reconstitution of the HMGS cassette demonstrated
two translationally coupled ACP,/HMGS pairs whereby TaB/TaC
selectively introduce the C-12 ethyl branch and TaE/TaF the C-
16 branch,™® which was supported by in vivo gene deletions.™”
Furthermore, a ATaF mutant produced a compound with endo-
B-methyl branches at C-12 and C-16, proving TaF could
complement for TaC."** However, the opposite complementa-
tion was not observed, and these results were further supported
in vitro whereby TaC may accept substrates bound to either of
the ACP,s, whilst TaF only functioned with its cognate ACP,.
Overall, two distinct sets of enzymatic machinery are utilised in
the formation of different B-branches, with the shared steps
occurring only once a selective HMGS-catalysed condensation
has taken place.

6.9 Guangnanmycin and weishanmycin (6 and 10)

Mining of bacterial genomes using the DUF-SH di-domain from
the leinamycin gene cluster led to the identification of new
clusters than encode structurally-related compounds.” Guang-
nanmycin and weishanmycin are two of the compounds iden-
tified through this screen and both possess unusual pB-

Guangnanmycin Weishanmycin

GnmF @

ACPp  Ks° HMGS ECH;, ECH,
@ WsmU i WsmE @
PACP,  KS° HMGS  ECH, ECH, !
GnmT / WsmR N@@ *

C-9 exo ’\"

GnmT / WsmR * %

c-3 @DUF
carboxymethyl

Fig. 26 Guangnanmycin and weishanmycin both contain an exo-§-
methylene and a carboxylated B-branch. The HMGS cassette only
contains an in-cis ECH, domain at the point of exo-B-methylene
installation which prevents aberrant decarboxylation at C-3. There are
two HMGS domains in the gene cluster but it is currently unknown
whether they are both active.
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branching cassettes and mechanisms of incorporation (Fig. 26).
Both compounds contain an exo-f-methylene and a carbox-
ymethyl B-branch, two HMGS homologues, a trans-acting ECH,
domain but no trans-acting ECH,. The only ECH, present is
a cis-acting ECH, domain located at the point of exo-B-methy-
lene incorporation. By locating the ECH, domain within the
type I PKS high fidelity of the pathway is achieved by preventing
aberrant decarboxylation at the point of carboxymethyl -
branch installation. This is different to the selective installation
of carboxymethyl f-branches in ripostatin and bongkrekic acid
which contain trans-acting ECH, domains and therefore
differential installation of carboxylated and decarboxylated B-
branches (Sections 6.6 and 6.7). Interestingly, the clusters both
contain two HMGS domains which accept Ac-ACPp, as the
starter unit for B-branching. GnmU and WsmS clade with
HMGS domains that use propionyl-ACPp, as the B-branching
group, however, neither utilise this alternate substrate.
Considering the rest of the HMGS cassette is shared the reason
for these two rather unusual homologues in the pathway is not
completely clear.

Further analysis of the DUF and SH domains from 29
leinamycin-family pathways (including guangnanmycin and
weishanmycin) revealed these domains cluster according to the
B-branching pattern at C-3. One clade contains domains that
react at the site of B-branches derived from propionyl-ACPp
whilst the other reacts at B-branches that derive from Ac-ACPp,.
The DUF-SH di-domains within GnmT and WsmR clade with
those that utilise Ac-ACPp which highlights the unusual
requirement for HMGS homologues.

6.10 Largimycin (6 and 12)

The largimycins were discovered from genome mining of
Streptomyces strains where several BGCs were discovered but
were poorly expressed.”®® One such gene cluster, showing
similarity to the leinamycin cluster was activated and a range of
natural products termed the largimycins were isolated (Fig. 27).
This class was differentiated from the leinamycins by the
presence of an oxazole heterocycle instead of a thiazole moiety,
cyclisation through an oxime ester to form a 19-membered
macrolactone ring, the presence of an epoxide and one or more
S-conjugated CysNAc sidechains in addition to a number of
derivatisations of C-17 that together form the family largimycin
A1-A4. Similar to the leinamycin biosynthetic pathway, the C-3
propionyl B-branch and subsequent derivatives were again
proposed to be formed from methylmalonyl-CoA. The B-
branching cassette is composed of a specialised propionyl-
accepting ACPp (LrgL), HMGS (LrgM1) and a dual function
AT/DC (LrgK) that is homolgous to LnmK and replaces the
separate AT and KS° domains. Interestingly, a second B-
branching cassette (LrgA, LrgD, LrgM2) included an in-cis ECH,
(Lrg]) which suggests that an exo-B-methylene group should be
present at C-9 as observed in the guangnanmycin/
weishanmycins. However, largimycin A1-A4 all contain a C-9
ketone suggesting the B-branching cassette was skipped or
Inactivation of LrgO, a putative NAD(P)/FAD-
dependent oxidoreductase thought to be responsible for

inactive.
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Fig. 27 The structures of largimycin Al and Ol. The gene cluster
encodes an acetyl-accepting ACPp, KS® and HMGS for the introduc-
tion of an exo-B-methylene and a propionyl-accepting ACPp, AT/DC
and HMGS to install the 1-carboxyethyl B-branch.

oxime formation, resulted in the production of largimycin O1,
a compound containing a C-9 exo-B-methylene branch. It was
suggested that the exo-B-methylene is the natural precursor
before processing enzymes oxidatively cleave the alkene to form
the ketone.

7. Bioinformatics

The diverse and often unique chemistry encoded within
components of trans-AT assemblies has been exploited in the
genome mining and bioinformatic analysis of Nature's vast
array of biosynthetic pathways and natural products. To date
several different approaches have been adopted but these
fundamentally rest on the same principle; the probes are
anticipated to target trans-AT pathways. The choice of probe
might uncover a wide range of trans-AT pathways or alterna-
tively select for a highly specific chemistry that allows the
expansion, for example, of known homologs around a scaffold
of potential therapeutic value. Both approaches utilise or reveal
patterns in the fundamental PB-branching machinery and
chemistry of the natural products.

7.1 HMGSs as probes for trans-AT pathways

These key features have been demonstrated by Shen and co-
workers by combining knowledge of published pathways,
gene cluster analysis and bioinformatics for superior predic-
tions of new or orphan clusters. The clading of HMGSs and
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their associated donor ACPs was initially uncovered during
the identification of leinamycin-type biosynthetic pathways
using a highly specific probe.” In leinamycin biosynthesis the
DUF-SH domain incorporates sulfur into the polyketide
backbone and this unusual sequence was used to search for
biosynthetic pathways incorporating a similar domain that
may encode for leinamycin analogues with potentially potent
anti-cancer properties. This discovery based genome mining
chemistry approach led to the annotation of 28 Inm type gene
clusters and the discovery of the guangnanmycins and
weishanmycins within this new family of leinamycin natural
products. Variations in B-branching were a prominent feature
of these homologs and phylogenetic analysis from the 28
biosynthetic pathways showed that the HMGSs responsible for
the B-branching at C-3 clustered into two subgroups depend-
ing on their use of either acetyl-ACPp or propionyl-ACPp, as
substrates. HMGSs responsible for B-branching at C-9 where
acetyl-ACP, was used exclusively also claded as a separate
group. This highlighted the power of the HMGS sequences in
bioinformatic analysis of these biosynthetic pathways.

More generally, the presence of an HMGS cassette in a gene
cluster provides evidence that a form of B-branching is incor-
porated into the biosynthetic product. Whilst a diverse range of
B-branches may be introduced by changing the effective enzy-
matic composition of these cassettes, the HMGS remains
common to them all. Applying HMGS DNA sequences as
experimental probes also benefits from strongly conserved
regions of encoded primary sequence and relatively low
numbers of occurrence per genome compared to more abun-
dant PKS domains (KS, KR, DH). Huang and co-workers adop-
ted this approach to apply both in silico genome mining of
bacterial strains as well as experimental surveying of soil
samples using HMGS DNA probes.*** From the in silico analysis,
a total of 251 HMGSs derived from p-branching pathways could
be grouped as a distinct cluster. Associated acetyl and propionyl
ACPps also formed separate clades and the study has now
provided a far more general confirmation that a substrate
specific HMGS clades with the appropriate ACPp. Donor ACPs
also claded separately to non-B-branching ¢rans-AT PKS ACPs,
suggesting their co-evolutionary relationship with ¢rans-AT PKS
assembly lines.

7.2 KS domains

Initial bioinformatic results from Nguyen et al. showed
phylogenetic analysis from t¢rans-AT systems whereby KS
domains did not clade by individual pathways but by the
accepted substrate that is to be processed downstream.'*®
Research by Jenner et al. showed that alongside this analysis
KSs exert a level of selective pressure over which substrates are
accepted or rejected to ensure fidelity within polyketide
biosynthesis."* A recent paper by Helfrich et al. not only
broadened the specificity of KS clades to a myriad of specific
condensation products but also showed the predictive powers
available to the modern chemist."® Bioinformatics has
allowed for the development of predictive tools and models to
mine organisms for previously unstudied biosynthetic gene

This journal is © The Royal Society of Chemistry 2021
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clusters. Furthermore, Piel and co-workers have created a tool
that allows for the prediction of chemical structure from
genomic information for trans-AT PKSs.***

8. Other forms of branching at the -
position
8.1 Michael addition

B-Alkylation of polyketides may also be achieved through
Michael addition to an a,B-unsaturated thioester, a mechanis-
tically different pathway from that used by HMGS cassettes.**
In the biosynthesis of rhizoxin, a two-carbon unit is introduced
at the B-position and then cyclisation occurs to generate a d-
lactone (Fig. 28)."*> An unprecedented modular architecture (KS-
B-ACP) was observed with a newly defined branching domain
(B). In vitro reconstitution of the module, X-ray crystallography,
protein cross-linking and stable isotope studies were used to
elucidate the mechanism of branching. An ACP-bound malonyl
group is decarboxylated and attacks the B-position of a KS-
bound o,B-unsaturated thioester (Fig. 28A). The 5-hydroxy
group subsequently attacks the KS-thioester to liberate the &-
lactone product in which the malonyl-derived thioester
becomes the point for chain extension.

Investigation into the scope of the reaction revealed amine
and carboxamide nucleophiles could be used to synthesise
lactam and glutarimide analogues (Fig. 28B and C)."** Genetic
analysis of the glutarimide-containing polyketides revealed
a homolog to the B-domain that was labelled an X-domain. A
range of chimeras were constructed and used to demonstrate
complementation between B/X-domains and the structural
rather than catalytic role they play in the formation of (-
branched polyketides.** For more detailed examples see the

review by Miyanaga.'*®

Rhizoxin

NH,
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Methyl of cleaved
acetate unit

B-alkylation

Methyl from pseudo
a-alkylation

(¢}

Methyl from

Amphidinolide B

Fig. 29 Structure of amphidinolide B with coloured labels repre-
senting each type of branching. Blue: presumed methyl from B-
alkylation. Red: methyl from in-chain carbon deletion. Green: methyls
from pseudo a-alkylation, after in-chain carbon deletion a carbon in
the B-position can be alkylated but would appear as an a-carbon from
acetate feeding studies.

8.2 Pseudo a/B-branching in marine dinoflagellates

The biosynthesis of polyketides from marine dinoflagellates
presents an intriguing array of structural diversity arising from
a/B-branching. In 2014 Wright et al. stated that all isolated
compounds isolated from these sources contain at least one B-
alkylation and the majority of these arise from cleaved
acetate.™®

Amphidinolide B is a macrolactone and is a member of
a large family of similar compounds that possesses a range of -
branches off the core ring (Fig. 29)."*”'*® Feeding studies with
isotopically labelled precursors revealed that whilst the B-
branches arose from C-2 of acetate, the labelling of the carbon
backbone was inconsistent with sequential acetate incorpora-
tion. As these branches originate from acetate rather than SAM
(as for a-alkylation) it has been suggested that B-branching is
under the control of an HMGS cassette. It is currently proposed

(o]

NH,

Fig. 28 Bacterial polyketide rhizoxin contains an unusual two-carbon B-branch. (A) The mechanism of 3-lactone formation via Michael addition
onto the unsaturated «,B-thioester followed by cyclisation. (B) The amino variant in the synthesis of lactams. (C) The formation of pharmaco-

logically-important glutarimide moiety by attack of a carboxamide.
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HOOC

Bongkrekic acid

Fig. 30 Bongkrekic acid binding to the mitochondrial ADP/ATP
transporter from Thermothelomyces thermophila. (A) Structure of
ADP/ATP transporter (pdb: 6GCI) with bongkrekic acid shown in
green. (B) Expanded view of the active site showing the key electro-
static, hydrogen bonding interactions and the horseshoe shape
formed by the backbone.

that of the six branches, four have been installed by f-branching
and two are installed by a new mechanism called pseudo a-
alkylation. Pseudo a-alkylation occurs through in-chain carbon
deletion, a phenomena rarely seen outside dinoflagellate
PKS.146'149_151

Due to large and complex genomic DNA, the synthases
responsible for these complex molecules are not easily iden-
tified so currently labelling studies provide the only evidence
of B-branch incorporation by an HMGS cassette; vicinal
carbon-13 labelling and carbon-13 and deuterium labelling
have shown consistent incorporation patterns for exclusive
acetate incorporation in the polyketide chain and branching
products, ruling out proposals of succinate or a-ketoglutarate
precursors,**>133
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9. The role of B-branching

B-Branching equips biosynthetic pathways with a powerful
mechanism by which polyketide chemistry can be diversified and
may be of particular importance for classes of polyketides char-
acterised by their extended linear or macrocyclic nature. However,
the true role of B-branching remains to be elucidated and the many
examples presented here are yet to be mapped to a specific
structure-activity relationships. There are however several exam-
ples where B-branched products have been co-crystallised with
biological targets, providing valuable insights into their structure-
function relationships.

9.1 Specific functionalisation

Perhaps the most obvious observation is that a branch may
provide a unique chemical handle, imbuing the natural products
with additional chemistry, polarity or charge. In its simplest form
this may amount to selectively injecting patches of tailored
hydrophobicity to replace a carbonyl group but with the intro-
duction of more tailored chemistry, other interactions are made
possible. The crystal structure of the inner mitochondrial matrix
ADP/ATP transporter from the fungus Thermothelomyces thermo-
phile complexed with bongkrekic acid has recently been reported
(Fig. 30).** The structure captured the “matrix-facing” confor-
mation complementing the previous reported “cytoplasm-facing”
conformation. Bongkrekic acid competitively inhibits the native
nucleotide substrates by binding in a central cavity and forming
a large number of electrostatic interactions and hydrogen bonds.
These interactions include the carboxymethyl B-branch and distal
carboxylate which is adjacent to an endo-B-methyl branch. The
two ends of the molecule are brought together in a horseshoe
shape with the di-acid end mimicking the phosphate binding of
ATP whilst the unsaturated carbon backbone partially mimics the
adenine ring and also excludes ATP. The B-branches appear to
play an important role in the tight-binding of bongkrekic acid to
the transporter, particularly the non-decarboxylated branch.

HN___O. n
2!
b

o (e}

Kalimantacin B

Fig. 31 Kalimantacin A and B binding to saFabl. (A) Structure of Fabl (PDB: 6TBB) bound to kalimantacin A (green backbone) and NADPH (cyan).
(B) Expanded view of kalimantacin A in the binding pocket showing key hydrophobic and hydrogen-bonding interactions. The E/Z geometry of
the diene is highlighted and the sp?/sp® centres of the B-branches are annotated. (C) Expanded view of Fabl (PDB: 6TBC) bound to kalimantacin B
and NADPH highlighting the altered geometry due to the presence of the E/E double bond geometry.
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9.2 Molecular conformation

B-Branches may also modulate the conformational and ener-
getic landscape sampled by a molecule. Perhaps most
intriguing is the role of multiple consecutive B-branches in the
same molecule. Recently the crystal structures of kalimantacins
A and B bound to Staphylococcus aureus enoyl-acyl carrier
protein reductase (saFabl) were reported (Fig. 31).'* In both
structures, kalimantacin lies across the entirety of the bound
NADPH co-factor, blocking entry of the enoyl-acyl carrier
protein substrate. The consecutive arrangement of sp? and sp*
B-carbons form a hindered hydrophobic portion of the molecule
that interacts with a hydrophobic patch on Fabl. As well as key
hydrophobic and hydrogen-bonding interactions to the enzyme,
kalimantacin deploys its two hydrophilic ‘ends’ to form
a number of defined interactions with the NADPH nicotinamide
ring and the ribose group at one extreme and the adenine ring
at the other. Interestingly the consecutive arrangement of sp”
and sp® B-carbons imparts a specific curvature to the molecule
that may mimic the bent conformation of the natural bound
fatty acid. This pose places the carboxylate group close to the
site of the carbonyl of the thioester that would be reduced in the
complex of bound acyl-ACP. Despite the switch in double-bond
geometry, kalimantacin B appears to maintain these key inter-
actions but molecular dynamics simulations revealed this
complex was less stable in line with reduced activity.

10. Conclusion

An important structural feature of many biologically active
polyketide-derived natural products is the presence of one of
more B-branches. Carbon-carbon bond formation at the elec-
trophilic B-carbon of the growing polyketide chain is catalysed
by a multi-protein HMGS cassette which is responsible for
loading, aldol addition, dehydration and (commonly) decar-
boxylation to install structurally different types of B-branches.
Whilst the canonical steps are shared by many pathways,
exquisite selectivity is achieved by adding or omitting domains
or employing domains with altered selectivity. The PKS must
use a variety of methods (protein—protein interactions, in-cis
tethered domains and in-cis vs. in-trans reactions) to ensure the
correct fidelity at the point of B-branch installation. Whilst the
role of B-branches is not well understood, influencing shape
and functionality available for interaction with biological
targets are two possible benefits.
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