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Abstract: Type II polyketide synthase (PKS) systems are a rich source of structurally diverse poly-
cyclic aromatic compounds with clinically relevant antibiotic and chemotherapeutic properties. The
enzymes responsible for synthesizing the polyketide core, known collectively as the minimal cassette,
hold potential for applications in synthetic biology. The minimal cassette provides polyketides
of different chain lengths, which interact with other enzymes that are responsible for the varied
cyclization patterns. Additionally, the type II PKS enzyme clusters offer a wide repertoire of tailoring
enzymes for oxidations, glycosylations, cyclizations, and rearrangements. This review begins with the
variety of chemical space accessible with type II PKS systems including the recently discovered highly
reducing variants that produce polyalkenes instead of the archetypical polyketide motif. The main
discussion analyzes the previous approaches with an emphasis on further research that is needed to
characterize the minimal cassette enzymes in vitro. Finally, the potential type II PKS systems hold
the potential to offer new tools in biocatalysis and synthetic biology, particularly in the production of
novel antibiotics and biofuels.
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1. Introduction

Microbes are a historically rich source of medicinal natural products with clinical
applications ranging from antibiotics to anticancer drugs [1]. Within this rich mélange, type
II polyketide synthase (PKS) systems of bacteria produce a number of aromatic polyketides,
including potent medicinal compounds, such as tetracycline antibiotics and doxorubicin
chemotherapeutics (Figure 1, inset) [2]. While the compounds produced by type II PKSs
are incredibly diverse, they share common structural features. The unifying functional
group is a polycyclic aromatic motif derived from the cyclization of a polyketide chain
(highlighted in blue throughout the manuscript), such as those shown for tetracenomycin
and actinorhodin. The initial polyketide chains of various lengths are formed through
the action of a minimal type II PKS cassette, hence the eponymous name of this class of
compound. The aromatic rings form the core structure of these natural products as driven
by variations in polyketide chain length and tailoring enzymes that create a diverse range
of ring systems and pendant functionality [3].

The vast number and diversity of type II PKS compounds present rich opportunities
to leverage these biosynthetic enzymes for synthetic biology. Despite their commonalities,
type II PKSs that produce polyaromatic- or polyalkene-type structures remain understud-
ied [4] with regard to the in vitro interrogation of individual enzymes due to difficulties
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affiliated with handling these systems. This gap is especially pronounced relative to the
two other major PKS families, Type I [5] and Type III [6].
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Figure 1. The basic construction of the polyketides of tetracenomycin and actinorhodin by type II
polyketide synthases and elaboration to aromatic polycycle. The minimal type II polyketide synthase
(PKS) cassette, composed of an acyl carrier protein (ACP), ketosynthase (KS), and chain length factor
(CLF), work in concert to produce various length polyketides that are subsequently elaborated by
other enzymes to the natural product. Carbon atoms from the starter unit or malonyl extender units
are highlighted in blue. Inset—Structures of oxytetracycline and doxorubicin.

Like fatty acid synthases (FAS, Figure 2), polyketide synthases (PKS) conduct the
organized extension of malonyls-CoA to make more complex compounds [7]. Type I PKSs,
primarily found in bacteria and fungi, exist as massive multi-domain megasynthases [5].
These megasynthases can be subdivided into assembly line and iterative types [8,9]. As-
sembly line type I PKS [8] are composed of individual modules that work to extend the
polyketide chain. Each module contains an acyl carrier protein (ACP), ketosynthase (KS),
and acyltransferase (AT). The ACP from a previous module transfers the growing polyke-
tide chain to the KS. The AT then trans-esterifies an acyl-CoA-derived extender unit which
is loaded on to the ACP. The KS then adds the extender unit to its chain by catalyzing
a Claisen-like condensation before passing it along to the ACP of the next module. The
oxidation state is controlled by the presence or absence of tailoring domains. Iterative type
I PKS [9], like the assembly line types, are still multi-domain megasynthases. However, the
extension of the polyketide chain is accomplished by extending the chain with a single ACP,
KS, and AT. Instead of passing the chain to the next module, the enzymes will continuously
catalyze Claisen-like condensation reactions with the polyketide chain until it reaches the
appropriate length. After chain extension is completed, the chain is passed to the next mod-
ule for down-stream modifications. While it is a single megasynthase, different oxidation
states and methyl substitutions are selectively accomplished by the additional domains.

Type III PKSs make small aromatic molecules, such as chalcones [6]. While primarily
found in plants, they have also been found in bacteria and fungi. Unlike the multi-domain
type I and discrete proteins of type II PKSs, the enzymes in type III PKSs exist as a pair
of homodimers that fulfill the roles played by an ACP, KS, and AT. Within the dimer,
the polyketide chain is iteratively extended by the active sites in each monomer. Upon
completion of the chain, the dimeric pair is capable of cyclizing the chain without the need
for other modules or tailoring enzymes [10]. Due to the lack of tailoring enzymes, such as
those found in type I and II PKSs, the structural diversity of their products is generated by
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altering chain length and cyclization patterns and integrating different starter units [11].

The compounds, called starter units (SUs), are the initial molecules that serve as a base to

grow a polyketide chain [12].
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Figure 2. Comparison of the core architectures and components of fatty acid and polyketide synthase
proteins with example natural products from each class. All types rely on a core KS to conduct a
Claisen reaction to extend the growing chain by an acetate unit. Different oxidation states can be
achieved by the incorporation of additional domains, either within a megasynthase or as discrete
proteins. A legend of abbreviations is shown on the right of the Figure. Domains marked with an
asterisk are not always present.

For further information about these PKSs, there are several excellent reviews for both
type I and type III PKS systems that go further in-depth than the brief overview presented
here. Herbst et al. go in-depth about the architectures of iterative type I PKSs and their
relation to fatty acid synthases (FASs) [9]. For assembly line type I PKS, Nivina et al.
provide a discussion about the diversity of these PKSs and their evolutionary origins [8].
An overview of type III PKS systems in both plants and bacteria is well-described by Yu
et al. with their applications to metabolic engineering detailed by Palmer and Alper [10,13].
More details on the structural and mechanistic similarities between type II fatty acid
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synthases (FAS) and type II polyketide synthases are discussed by Chen et al., who provide
an excellent comparison in their review [14]. Additionally, Smith and Tsai provide a
detailed discussion regarding the comparison of type I FASs and type I PKS modular
components [15]. The focus of this review is limited to type II PKSs with a focus on current
in vitro work and their enzymatic potential in synthetic biology.

While there are some commonalities between all types of PKSs, such as the use of
various starter units and the inclusion of malonyl-CoA as an extender unit, the differences
are distinct. Type I and III PKSs rely on multi-domain megasynthases and homodimeric
proteins, respectively. In contrast, type Il PKSs are composed of multiple discrete enzymes
that can synthesize the polyketide chain or provide later modifications such as cycliza-
tion [16]. It is the discrete nature of type II PKS enzymes that presents a potential advantage
over the other systems.

While type I and III systems are more widely studied and utilized, type II PKSs offer
more flexibility for designer biosynthesis. Introducing non-native modules for polyketide
chain synthesis and modification in type I PKSs, while possible, presents challenges. The
addition or removal of modules in type I PKSs can result in impaired function or even inac-
tivation of the system [17]. Type III PKSs lack tailoring enzymes and are dependent on the
SU and cyclization pattern from its homodimeric proteins to introduce structural diversity
into the products [12]. Because their common core iteratively produces polyketides, Type
II PKSs avoid these pitfalls of the Type I and III systems. The discrete proteins of type II
PKSs offer more options for tailoring enzymes than type III PKSs without the concerns of
module compatibility associated with type I PKSs.

2. Structural and Biosynthetic Diversity in Canonical Type II PKS

Research into type II PKS natural products began in the 1940s with the discovery of
actinorhodin [18], and later in the 1970s with tetracenomycin [19], with their associated
biosynthetic pathways being identified in the 1980s [20,21]. Biosynthetic pathways in
bacteria usually comprise a cluster of genes encoding the proteins responsible for the
biosynthesis of the target metabolite, a grouping referred to as a biosynthetic gene cluster
(BGC). The BGCs responsible for the synthesis of actinorhodin and tetracenomycin are act
and tcm, respectively. These two pathways laid the foundation of our understanding of
type II PKS enzymes and remain the model BGCs for type II PKS studies [22]. Despite
these discoveries, type II PKSs remain relatively uncharacterized and poorly utilized in
comparison to type I and type III PKSs.

Beyond the octaketide-derived anthraquinones and smaller skeletons commonly pro-
duced by plants, fungi, and some bacteria [23-25], there is a wide diversity of type II
PKS products. The structurally smaller, well-defined major classes (Figure 3) include ben-
zoisochromanequinones, anthracyclines, tetracenomycins, aureolic acids, tetracyclines, and
angucyclines. All structures are drawn by highlighting the polyketide-derived core in blue
and proceeding clockwise from the starter unit closest to the top left corner to the ACP
attachment point closest to the bottom left corner whenever possible, as exemplified by the
polyketides for tetracenomycin B2 and T4HN (Figure 1).

Benzoisochromanequinones (Figure 3), such as kalafungin, medermycin, and gra-
naticin, show a variety of activities including antibiotic and potential beta-lactamase
inhibitory activity [26-30]. These natural products share a common octaketide core ex-
emplified by kalafungin, which has no additional oxidative or sugar decoration except
C5 oxidation, as is common in members of this family [26,27]. Medermycin bears an
angolosamine C-glycoside, while granaticin has a doubly attached sugar derived from
4-keto-2,6-dideoxyglucose [28,31,32]. Actinorhodin [18] (Figure 1) is another example of
this class of type II PKS, but without the closure of the C3 acetate into a five-membered ring
as is present in the other examples, as well as its existence as a biaryl dimer, the biosynthesis
of which has only recently been elucidated [33].
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Figure 3. Major classes of type II PKS products, benzoisochromanquinones, anthracyclines (see
also Figure 1 for doxorubicin), tetracenomycins (also tetracenomycin B2 in Figure 1), aureolic acids,
tetracyclines (also oxytetracycline in Figure 1), and angucyclines.

The anthracyclines, for example, nogalamycin (Figure 3) and doxorubicin (Figure 1)
have activity against cancer and share a tetracene core derived from a decaketide with
various oxidation states and pendant sugar functionalities [34-36]. Doxorubicin uses
propionyl-CoA as a starting unit rather than acetate, is O-glycosylated with daunosamine,
and has found strong use as a chemotherapeutic. In addition to oxidation state adjustment
of the tetracyclic core and side chains, it also loses the carboxylate of the final acetate
unit after glycosylation [37]. Nogalamycin does not have an unusual starter unit or late-
stage decarboxylation, but is more structurally interesting with the dual C- and O-linked
nogalamine sugar in addition to O-glycosylated nogalose [38,39]. Despite promising
initial results, neither it nor its semisynthetic analogs have found use because of high
cardiotoxicity, although interest remains high [40-42].

Tetracenomycins, such as tetracenomycin B2 (Figure 1) and elloramycin (Figure 3), are
a smaller family of type II PKS products that derive from a linear cyclization of decaketide
consisting of nine malonyls-CoA and one acetyl-CoA and show antibiotic and cancer inhibi-
tion properties [19,43]. Earlier natural products from the pathway, such as tetracenomycin
B2, retain more aromaticity, while more mature ones have additional tailoring to partially
saturate an aromatic ring via oxidation to a diol [37]. Elloramycin is O-glycosylated with
trimethylated rhamnose, with a production of the sugar encoded outside of the aglycone
cluster [44].

Sharing a similar linear arrangement, the tetracyclines, such as oxytetracycline (Figure 1)
and chlortetracycline (Figure 3) have potent antimicrobial activity that has been improved
upon semisynthetically to create this clinically important class of antibiotics, including
tetracycline, doxycycline, minocycline, and tigecycline [45,46]. Both start with the malonyl-
CoA-derived malonamoyl-CoA and, after extension with eight additional malonyl-CoA
units, the polyketide cyclizes into the linear tetracycle. They are highly tailored post-
cyclization, with enzymes partially unsaturating most of the tetracycle, to give it a sig-
nificant three-dimensional shape and adding additional carbon-, oxygen-, nitrogen-, and
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chlorine-based functionality. While not present in the commercially relevant compounds, C-
and O-glycosylation can occur on this scaffold enhancing activity against cancer cell lines
and resistant bacteria [47—49]. Similar scaffolds arise from fungi as well, although these
originate from a different biosynthetic pathway [50,51]. A less strict interpretation of the
family, where acetates from two malonyls can replace the initial malonamoyl-CoA starter
unit, includes chelocardin, polyketomycin, and dutomycin, which, along with cervimycin,
have spurred chemical investigations into the glycosylation of tetracycline [52-56]. The
structure of these tetracycles, however, resembles that of premithramycinone, suggesting
that these may be more closely related to aureolic acids [57,58].

Aureolic acids, such as olivin and metathramycin, are derived from a decaketide that
initially cyclizes into a tetracyclic core [59,60]. Careful experimentation and hypothesis on
the mithramycin biosynthetic pathway [61], which was later confirmed experimentally [62],
enabled a proposed mechanism of formation that involves the action of a Baeyer—Villiger-
type oxidase, followed by hydrolysis and decarboxylation to give the highly oxidized side
chain off the tricyclic core, the hallmark feature of aureolic acids. This opening of the
core ring system emphasizes that diversity in type II PKS products not only includes the
many potential ring numbers, configurations, and oxidation states but also includes ring
modification after cyclization. While the core of aureolic acids is derived exclusively from
acetate and malonate, this family tends to be highly glycosylated and has potent antitumor
activity [61].

Angucyclines, such as aquayamycin [63] and landomycins [64], are a large family
of type II PKS products and have been thoroughly reviewed [65]. They also derive from
a decaketide, but unlike the previous families where the initial cyclization results in a
linear tetracycle, most (though not all) [66,67] instead cyclize directly in an angular fashion.
Also introduced with this family is a decarboxylative cleavage of the tetracycle from the
ACP, removing an acetate-derived carbon from the isolated natural product, hypothesized
to be catalyzed by LanM2 [68]. As shown by aquayamycin and landomycin, the PKS-
derived core has various oxidation patterns and can be both C- and O-glycosylated [69].
Angucyclines possess both anticancer and antimicrobial activity [65].

Beyond these delimited systems, there are a large number of type II PKS products
with more complex features that are still the result of regular condensation-based cycliza-
tion (Figure 4). Extended angular polyphenols, such as arenimycin [70] and pradimicin
B [71,72], are derived from dodecaketides and have five rings arranged in an angular
fashion [73]. A variety of oxidation states and glycosylation are controlled by tailoring
enzymes [74-76]. Activity includes antimicrobial and antifungal activity, with pradimicins
behaving as lectin mimics and possessing potent antifungal activity [70,72,77]. Others, such
as hedamycin [78,79] and trioxacarcin [80], have larger type-II-PKS-derived cores because
of larger starter units [81,82]. These natural products also contain C- and O-glycosylation
and a diverse variety of oxidations, epoxides for hedamycin, and the complicated polyketal
of trioxacarcin, which contribute to their potent anti-tumor activity [83,84]. Benastatin com-
bines features of the previous molecules as an example of an extended angular polyketide
with a larger starter unit [85,86]. It is an inhibitor of glutathione S-transferase and has
proven amenable to a variety of starter units [85,87].

Apart from the more regular construction of linear and angular polycycles from type I
PKS pathways, multiply fused rings, non-aromatized products, and multiple ring systems
are also possible. Resistomycin displays a range of activities, and unlike the previous
examples, it folds back on itself during cyclization, resulting in its unusual discoid ring
fusion [88,89]. Other significantly complex examples [90] suggest a myriad of folding
possibilities. The formation of enterocin, which contains an unusual polyhydroxy bridged
tricycle at the core of the molecule, is enabled biosynthetically by the pre-cyclization
rearrangement of the polyketide chain by the Favorskiiase EncM and subsequent aldol
condensations [91-94]. Its structure highlights the potential diversity of type II PKS prod-
ucts. Accramycin, and other phenylnaphthacenoid polyketides [95], are hypothesized to
arise from a tridecaketide via cyclizations to form two separate ring systems in a biaryl
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configuration [96]. The polycycle is offloaded in a decarboxylative fashion. Accramycin
and its derivatives, some of which are halogenated [95], show promising activity against
drug-resistant Gram-positive pathogens [97].

Trioxacarcin A

OH

OH

OH O OH

e eeew

Accramycin

Bischloroanthrabenzoxocinone

NH Paramagnetoquinone A

Figure 4. Examples of type II PKS-derived natural products including extended angular polyphenols,
polycycles with different starter units, unusual cyclization patterns, and structures with other atom
incorporation beyond C, H, and O.

Beyond the usual H, C, and O composition of most of the previous type II PKS pol-
yaromatic products, other atoms, such as nitrogen and halogens can be included. Enduracy-
clinone A is another tridecaketide and incorporates the unusual amino acid enduracididine,
likely as part of the ACP-offloading and cyclization process [98]. Pradimicin contains
an amino sugar and has its ACP displaced by an alanine [75]. The polycyclic core of
arenimycin is aminated and glycosylated in an unknown manner as is the core of the
paramagnetoquinones [99,100]. The paramagnetoquinones also contain a five-membered
lactone ring, which is hypothesized to be the result of a hydroxyacetyl-CoA starter unit
that can displace the ACP or cyclize with the free acid that results from offloading [99,100].
Besides the halogenated derivatives of accramycin, bischloroanthrabenzoxocinone is halo-
genated and shows promising activity against a new potential antimicrobial target: fatty
acid synthase [100-102]. Bischloroanthrabenzoxocinone also contains an unusual bridging
ketal, which may be formed from the polyketide during the cyclization process or as part of
a ring opening and reclosure process as was elucidated for certain angucyclinones [103,104].

The previous examples of type II PKS products cyclized directly from the polyketide
to the final polycycle. The exception is the oxidation/ring-opening/decarboxylation se-
quence that results in the aureolic acid family and possibly bischloroanthrabenzoxocinone.
The rearrangement needed to produce enterocin occurs on the polyketide chain prior to
cyclization. Figure 5 shows examples of type II PKS products that first cyclize into linear or
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angular carbocycles, but then subsequently rearrange after this process to form heterocycles
with an enormously diverse level of functionality.
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Figure 5. Examples of type II PKS products with post-cyclization rearrangement or atom excision.

Jadomycin B

The calixanthomycins and other xanthones are predicted to derive from a tridecake-
tide [99,105]. Oxidation and Baeyer-Villiger rearrangement is hypothesized to create an
epoxy ester that hydrolyzes, epoxide opens, and subsequently decarboxylates to form
the xanthone core and reestablish aromaticity [106]. A lactone (or lactam) [107] can also
be formed from the terminal carboxylate, and glycosylation can be prolific [108]. Other
highly modified cores include fredericamycin [109-111], the rubromycin-type spirocycles
purpuromycin [112], and griseorhodin [113], all of which show a variety of activity against
cancer. Formally a pentadecaketide [114] (this type Il PKS is primed by a non-acetate starter
unit) [87,115], fredericamycin undergoes rearrangement and decarboxylation to achieve
its unique quaternary carbon-based spirocyclic ring fusion [116]. Although apparently
inactive in the genomes of the rubromycin family, an amide synthetase is responsible for
lactam formation [117] at the ACP attachment point. Griseorhodins and other rubromycins
are tridecaketides [118] and undergo substantial post-PKS modification to achieve the
highly oxidized spiroketal core [119-121]. The antibiotic thermorubin [122,123] begins
with a singular salicyclic acid starter unit; after the inclusion of eleven acetates, it is hy-
pothesized to cyclize to an all-carbon tetracycle [124]. Tailoring enzymes are predicted
to oxidatively open one polyphenolic ring and reclose it as a lactone [125], which is the
first potential example of the formation of this functional group not formed from the ACP-
bound acetate. Chartreusin [126,127] and its related structures [128] show antibiotic and
chemotherapeutic activity. Its type-1I-PKS-derived aglycone core, chartarin, is derived from
a tetracenomycin-type decaketide through a series of redox reactions and decarboxylation
that enables the rearrangement [129-131]. Derivatives of chartreusin have already been the
subject of some biosynthetic pathway engineering [132]. Like chartreusin, jadomycins [133],
such as jadomycin B [134], are ring-opened and decarboxylated natural products, which, in
this case, are derived from an angucycline-type decaketide [135]. The biosynthetic path-
way is well-investigated [134,135] with the formation of the amino-acid-containing E ring
spontaneous [136], with this process being leveraged to create a variety of derivatives [137].

This sampling of type II PKS structures gives a sense of the diverse chemical space that
can be accessed once the details of the function of the critically important minimal cassette
are elucidated. We would also direct the reader’s attention to a number of excellent reviews
detailing particular aspects of type II PKS natural products. Bililign et al. provide a detailed
description of the biosynthetic pathways of benzoisochromanequinones and angucyclines
along with their modifications with aryl-C-glycosides [138]. Tetracycline biosynthesis and
metabolic engineering, particularly that of oxytetracycline, is well-described by Pickens
and Tang [49]. A detailed review of anthracycline biosynthetic pathways and the clinical
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relevance of anthracycline compounds is provided by Hulst et al. [42]. A comprehensive
review by Rohr and Hertweck breaks down the classes by their unifying themes [139].
Alternatively, a recent review by Xie and Zhang goes in-detail regarding the bioinformatic
classification of both the minimal cassette and tailoring enzymes of each major family of
compounds in type II PKSs [140], with recent tools aiding in this method of classification
for type II PKS products [141].

With few exceptions [142,143], the vast majority of work for interrogating biosynthesis
is a deconstructive in vivo approach, where genes are inactivated and natural product
precursors are isolated. These knockouts are complemented by recombination, where
combinations of mutants bearing the missing gene(s) restore natural product production.
While this approach has successfully elucidated most biosynthetic pathways, it relies
heavily on mass spectrometry to detect trace metabolites, a process that can misidentify
isomers, and by its wholistic, in-species nature, does not usually enable assessment and
in-depth study of the abilities of individual proteins [144]. In this review, we focus on
in vitro work that has been conducted specifically on the minimal type II PKS cassette.
By overcoming gaps in our knowledge of how this system works, both its use and more
precise investigations and use of downstream cyclization and tailoring enzymes can enable
their applications in synthetic biology.

3. Canonical Type II PKS

All type II PKSs follow the same general reaction scheme to create their polyketide
products. A set of three enzymes, known as a minimal cassette, is composed of a ketosyn-
thase (KS or KSy), a chain-length factor (CLF or KSg), and an acyl carrier protein (ACP)
that work together to synthesize a polyketide chain (Figure 6). Decarboxylation of the
ACP-bound malonyl by the CLF and its subsequent transfer to the KS [145] is a typical
method for starter unit preparation, although other methods exist [3]. Once a starter unit is
established on the KS and the ACP is reloaded with malonyl, decarboxylation activates the
ACP-bound malonyl and the resulting enolate attaches to the nascent polyketide held by
the KS. Collapse of the tetrahedral intermediate releases the KS resulting in an ACP-bound
polyketide that has been extended by one unit. Transthioesterification passes the nascent
polyketide, extended by one acetate unit, back to the KS, and extension can then continue.
The CLF dimerized with the KS is believed to stabilize and control the length of the growing
chain [16]. Once the length dictated by the CLF is reached, additional transfer back to the
KS is not possible and the full-length, ACP-bound polyketide dissociates from the KS-CLF
dimer [146]. Downstream cyclases generate the characteristic aromatic core while other
tailoring enzymes add functional groups [140].

Despite the expansive array of structures demonstrating that type II PKSs are a valu-
able source of natural products, individual enzymes are often poorly characterized. The KS
and CLF are usually insoluble when expressed individually, resulting in the formation of
inclusion bodies and precipitation in vitro [3,4,147]. As a result of their insolubility, detailed
in vitro mechanistic studies involving the minimal cassette enzymes have been limited,
leaving major gaps regarding the details of polyketide chain length determination, sub-
strate recognition, and mechanisms of polyketide synthesis from non-acetate starter units.
While recent structural work has shed some light on protein—protein interactions from the
anthraquinone producer Photorhabdus luminescens [146], a more in-depth understanding of
the specific functions and limitations of the enzymes of the type II PKS minimal cassette
would enable the development of new enzymes for use in synthetic biology.

Much of the knowledge of in vitro interactions of the minimal type II PKS cassette, as
well as the limitations of how they can be purified and used, arose from a series of articles
describing the expression of core proteins from the act and tcrm gene clusters. Initial work by
Shen and Hutchinson demonstrated that the minimal type II PKS cassette (tcmKLM) could
be successfully expressed from recombinant strains of the native Streptomyces glaucescens
designed to overexpress the PKS [148]. After preparation as a cell-free extract, the authors
showed that in the presence of acetyl-CoA and malonyl-CoA, precursors in the biosynthesis
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of tetracenomycin were produced. While production occurred only with the co-expression
of the intact cyclase (TemN), subsequent work enabled the expression of individual proteins,
except for the KS-CLF dimer (TcmKL), which had to be co-expressed [149].]

CoA

Figure 6. Claisen-like condensation mechanism of the minimal cassette in type II PKS to grow the
polyketide chain. Once the KS is loaded with a starter unit (A) via one of several mechanisms, the
ACP interacts with malonyl-CoA or transacylases from primary metabolism to obtain a malonyl
for chain extension (B). Decarboxylation activates the malonyl as an enolate on the ACP, which
reacts with the thioester on the KS to form a tetrahedral intermediate (C). Collapse of the tetrahedral
intermediate results in a polyketide extended by one acetate unit attached to the ACP (D). Continued
extension involves the transfer of the extended polyketide back to the KS (E) and the acquisition of
another malonyl by the ACP to reenter the extension cycle (E to B). Once the ACP-bound polyketide
chain is at the appropriate length, it can no longer be accepted back onto the KS (see later Figure)
causing dissociation of the ACP from the KS-CLF dimer (F) and enabling delivery of the polyketide
chain to cyclases for tailoring to various ring systems.

Mirroring these findings, Khosla and coworkers successfully expressed the acti-
norhodin minimal type II PKS (actI1-3) from recombinant Streptomyces coelicolor and showed
that its use as a cell-free extract with acetyl-CoA and radio-labeled malonyl-CoA resulted
in the production of spontaneously cyclized octaketide products [150]. With the inclusion
of the actinorhodin ketoreductase (actlIl), aromatase (actVII), and cyclase (actIV) in the
cell-free preparation, they were able to generate actinorhodin pathway metabolites that
coeluted with authentic standards. Separately, they were able to individually express and
purify the KS-CLF dimer from S. coelicolor and demonstrate its ability to produce sponta-
neously cyclized octaketides in the presence of a variety of holo-ACPs, malonyl CoA/ACP
transacylase, and malonyl-CoA [151].

While these seminal works unambiguously demonstrated the function of the minimal
type II PKS cassette, they also revealed some of the continuing challenges with studying
the function of these enzymes in vitro. Specifically, the KS and CLF could not be purified
separately and needed to be co-expressed and purified as a dimer. Further, while certain
ACPs could be successfully phosphopantetheinylated in vitro, many were only isolated in
their holo form after being expressed from a Streptomyces spp., rather than E. coli. Subsequent
in vitro work on the key minimal type II PKS cluster was thus limited to certain systems and
workarounds [4,152]. There have been conflicting reports about the ability of rat type I FAS
ACP to successfully substitute the native actinorhodin PKS ACP in S. coelicolor [153,154].
Earlier work by Tropf et al. reported pigment production in vivo by expressing rat type 1
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FAS ACP in place of the native ACP in the act minimal type II PKS system [153]. A later
study by Reed et al. recreated the experiment in vivo with rat type I FAS ACP showing
that it can be converted into its holo form by E.coli acyl carrier protein synthase (ACPS),
but pigment production was not observed [154]. A recent study [155] has made some
advances in producing type II PKS products in E. coli. The transcriptional coupling of
the two proteins resulted in the successful purification of the soluble heterodimer with
co-expression, with a four nucleotide (ATGA) transcriptional overlap with KS and CLF of
the alpomycin (alp) type II PKS. Likewise, breakthroughs are forthcoming with respect to
ACP phosphopantetheinylation [156].

3.1. Acyl Carrier Proteins

ACPs are an essential part of polyketide synthesis [157]. These enzymes serve three
functions: loading the starter unit, loading the malonyl-CoA extender unit (Figure 7A),
and exchanging the growing polyketide chain with the KS. In their native form, ACPs
are inactive (apo-ACP). To gain catalytic activity, ACPs must undergo post-translational
modification by a phosphopantetheine transferase (PPTase), which accepts coenzyme A
(CoA) as a substrate and source of phosphopantetheine (PPant). The PPant is attached to a
conserved serine residue on the ACP via a phosphoester bond (Figure 7B), converting the
ACP to its active form (holo-ACP). The PPant prosthetic group with its reactive thiol site at
the end acts as a flexible arm which allows the enzyme to be loaded with both the starter
unit and the malonyl-CoA extender unit and to interact with the other proteins.

A Phosphopantetheine NH,
(e} o} o o </N | N
HS\/\NJ\AN 0.,.03,.0 N _ o o
H H 1 1 [e) N
OH o O J\/U\ _CoA
HO S
Coenzyme A ,ng/o OH Malonyl Coenzyme A
I
(e}
B ACP
ACP PPTase o o n ACP
HS (o Xy ie]
HO/ CoA, Mg?* \AHJ\AH% E HSSy
oA Mg OH o)

Figure 7. (A) The structures of coenzyme A (the phosphopantetheine is highlighted in blue) and the
abbreviated form of the malonyl-CoA unit. (B) Conversion of apo-ACP to holo-ACP by the action
of PPTase. The squiggly line terminating in a thiol in the cartoon to the right represents the flexible
phosphopantetheine arm.

PAn early experiment by Hutchinson and coworkers [158,159] revealed that the
malonyl-CoA:holo-acyl carrier protein transacylase (MCAT) native to a host’s fatty acid
biosynthesis pathway was capable of loading malonyls onto type II PKS holo-ACPs. How-
ever, the addition of malonyl-CoA to the ACP has also been demonstrated to be a sponta-
neous process, an intrinsic property to at least some ACPs [159]. To determine the origin of
malonylation, Arthur et al. synthesized the Act ACP in vitro to ensure it was free from any
potential MCAT contamination [159]. After refolding it with the GroEL/ES chaperone sys-
tem [160] from E. coli and phosphopantetheinylation by acyl carrier protein synthase from
S. coelicolor, incubation with malonyl-CoA and analysis via electrospray mass spectrometry
showed loading of the malonyl extender unit onto the ACP [159]. This result confirmed
that the Act ACP does not innately require MCAT for modification. This resulted in a
revision of the original hypothesis with the new one being that ACPs can self-load, at least
with malonyl-CoA extender units [159].

The ACP can also be involved in starter unit synthesis. A study by Bisang et al.
revealed that decarboxylation of the malonyl-bound ACP to form the acetate starter unit
is catalyzed by the KS-CLF dimer [145]. Residues Cys169 and GIn161 on the KS and CLF,
respectively, were hypothesized to have catalytic activity towards malonyl-ACP. Three sets
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of mutants were created through site-direct mutagenesis to test the catalytic activity, C169A,
Q161A, and the double mutant. The incubation of malonyl-ACP with the double mutant
showed no change in the malonyl-ACP concentrations compared to a control reaction
lacking the native KS-CLF dimer. Incubation with the native CLF and KS C169A mutant
resulted in approximately 40% decarboxylation of malonyl-ACP in 60 min, which showed
that the CLF contributes to the decarboxylative activity of the KS-CLF dimer towards
malonyl-ACP. Incubation with CLF Q161A and the native KS also showed catalytic activity
with 20% substrate decarboxylation after 60 min. This experiment provided evidence that
the decarboxylative ability of the KS alone was insufficient normal rates of polyketide
production. Beyond the ability of KS-CLF dimer mutants to decarboxylate, the ability of
the dimer to produce polyketides as part of a minimal cassette with ACP and malonyl-CoA
substrate was monitored. In the absence of pre-acetylated ACP, polyketide production by
the KS-CLF mutant occurred, but only after a notable lag phase.

Despite these notable successes, as well as critical breakthroughs by Burkart and
colleagues enabling the analysis of protein—protein interactions with the ACP [14], the
phosphopantetheinylation of most type Il PKS ACPs is not straightforward, limiting the
ability to study the individual enzymes of the minimal cluster. However, a recent study
by Charkoudian and coworkers [156] has provided insight into the interactions between
PPTase and ACP that enable recognition and phosphopantetheinylation. The promiscu-
ous B. subtilis PPTase Sfp [161], widely used for phosphopantetheinylation and genome
incorporated for some E. coli strains [162], has been known to fail when modifying type
II PKS ACP both in vitro and in vivo. NMR spectroscopy of an ACP from Gloeocapsa sp.
PCC 7428 and Sfp revealed that enzymes interact to form a complex, but that the expected
post-translational modification does not occur. Multiple sequence analysis of GIoACP with
ACPs known to be modified by Sfp revealed that GIoACP carried polar residues in the —3
and +1 positions relative to the conserved serine attachment point of the ppant in contrast
to nonpolar residues in modifiable ACPs. To test the significance of these residues, they
completed site-directed mutagenesis to modify these positions. The MS analysis of the
resulting Q31G, T35L, and Q31G/T35L mutants after incubation with Sfp revealed that
only the T35L and Q31G/T35L mutants were modified to their holo form, leading to the
conclusion that T35L was essential residue for phosphopantetheinylation. The double
mutant Q31G/T35L showed the greatest levels of phosphopantetheinylation, suggesting
that the Q31G mutation improves efficiency, but is not essential for successful recognition
by Sfp. Furthermore, these ACP mutations were shown to be compatible with its cognate
KS-CLF; upon incubation with the other required protein components, substrates, and
cofactors, a m/z signal consistent with the expected salicylyl undecyl ketide was observed.

3.2. KS-CLF Heterodimer

The ketosynthases (KS) and chain length factor (CLF), also known as KS, and KSg,
respectively, compose the other two-thirds of the minimal cassette [3]. The KS and CLF
form a heterodimer responsible for catalyzing and sequestering the growing polyketide
chain. The KS catalyzes the chain-lengthening Claisen reaction and serves as an anchor
for the polyketide chain, which allows the ACP to leave the complex and reload with
malonyl-CoA. The CLF fulfills two separate roles in the minimal cassette: polyketide chain
length determination and decarboxylation of malonyl-CoA [16,22].

Investigations into the roles played by the KS and CLF in polyketide chain length
began in 2000 [22]. The sequences of act and tcm KSs and CLFs were aligned and divided
into six sections. A series of chimeric proteins were constructed with each section of the
act KS and CLF being systematically exchanged with a corresponding respective section
of the tcm enzymes [22]. While not all combinations produced were functional, some
hybrids produced polyketides of lengths primarily corresponding to the native CLF. This
experiment resulted in three important conclusions: (1) the influence of the KS on chain
length is limited to the D region; (2) the CLF primarily determines chain length; and (3) it is
possible to produce functional recombinant KS-CLF dimers [22].
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In 2004, the crystal structure of the act KS-CLF heterodimer was resolved, providing
insight into the function of the KS-CLF complex [16]. The interface between the two proteins
formed an amphipathic tunnel which differed from the hydrophobic tunnels found in
fatty acid synthases (FASs). Computational modeling provided strong evidence that the
polyketide chain grows into, and is subsequently stabilized, by the tunnel. The resulting
structure formed by the tunnel led to three hypotheses about the KS-CLF function: (1) the
chain length is influenced by “gates” in the tunnel (Figure 8); (2) the first cyclization of
the chain is performed inside the dimer; and (3) the buried chain cannot be accessed by
tailoring enzymes until after it dissociates from the complex.
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Figure 8. Cartoon depicting the gating residues [16] for octaketide (top) production in the acti-
norhodin system and (bottom) the corresponding residues for tridecaketide production in the grise-
orhodin system. Residues from the CLF are shown in green while residues from the KS are shown
in blue. The larger threonine112 and phenylalanine109 (top) cause growth to stop at the octaketide
because the octaketide cannot be accommodated in the binding tunnel and thus cannot be transferred
back to the KS for a continued extension. These are replaced by smaller residues (bottom) for the
tridecaketide, which terminate at methioninel43 and tyrosine140.

Evidence for the first hypothesis is supported by prior work by Tang, Tsai, and
Kholsa [163], where mutations to the act KS-CLF resulted in the production of a decaketide
instead of the original octaketide. Site-direct mutagenesis of the act chain length factor
was used to substitute smaller amino acids in key residues in the protein with the goal of
altering polyketide chain length. Two CLF mutants were created (F116A and F109A /F116A)
and tested both in vivo and in vitro. As a result of the mutations, polyketide chain length
shifted from an octaketide to a decaketide. The double mutant resulted in a ratio that was
96% decaketide in vitro, which clearly established that the altering amino acid size in the
tunnel resulted in a changed polyketide length.

The second hypothesis, that the first cyclization of the chain is performed inside the
dimer, is primarily supported by the presence of C7-C12 or C9-C14 cyclization patterns in
the aromatic products [16]. While many other patterns of cyclization are possible, they are
rarely seen. Evidence opposing this hypothesis is the existence of cyclases that catalyze
C7-C12 and C9-C14 cyclization patterns [140,164], although these may simply accelerate
the process. Further research is needed to support or disprove this hypothesis.



SynBio 2024, 2

98

The third hypothesis is supported by the existence of the buried tunnel used to stabilize
polyketide chain. The authors believe that tailoring enzymes would be unable to reach the
chain until after dissociation from the complex [16].

A more recent crystallographic study has elucidated the interactions of the KS with
the ACP during the extension process [146]. Bode, Groll, and coworkers succeeded in
expressing type II PKS enzymes from the ant pathway [165] of Photorhabdus luminescens in
E. coli, including the KS-CLF dimer complex along with the ACP and its phosphopanteth-
einylation components. The KS-CLF complex emerged from the E. coli with a hexaketide
bound to the KS, a fact the authors attribute to the action of an endogenous E. coli ACP
interacting with the dimer, despite the dimer’s inability to produce polyketides with other
closely related type II PKS ACPs. Co-crystallization with the holo-ACP AntF along with the
KS-CLF dimer AntDE (PDB ID: 6SMP) clearly captured a static image of the tetrahedral in-
termediate that is generated as the ACP hands off the growing polyketide chain back to the
KS. This study directly supports the hypothesis that a host’s native MCAT is a predominate
pathway for malonylation of ACP, reveals details about protein—protein interactions, and
highlights contacts and length restrictions for nascent polyketides growing in the tunnel
formed by the KS-CLF interface.

Despite these key advances, continued investigations into the functional manipulation
of the KS-CLF complex, and to a lesser extend type II PKS tailoring enzymes, have been
limited by handling issues. While E. coli has been a successful host for the production of a
range of natural products, including those by type I PKS systems, its use for the expression
of type II PKS proteins and secondary metabolites has been largely unsuccessful. The
primary bottleneck in type II PKS expression in E. coli is the insolubility of the KS-CLF
heterodimer [147].

Several different methods to improve solubility and expression in E. coli have been
previously explored with limited success. Fusing KS-CLF proteins with solubility tags still
resulted in the formation of inclusion bodies [4]. The overexpression of ¢4, a transcrip-
tion initiation factor, in E. coli successfully increased the production of oxytetracycline to
2.0 mg/L due to upregulating oxyB (CLF). However, it still did not resolve the issue of
KS-CLF insolubility [166]. The method of overexpressing o>* in E. coli has not been tried
with other type II PKS gene clusters. Transcriptional overlap between the KS and CLF
in combination with pGro7 chaperonin plasmids has also been used with some success
to improve solubility with the angucyclinone (Alp) KS-CLF [155,167]. The hypothesis
behind transcriptional overlap was developed by analysising KS-CLF gene clusters in
GenBank. The authors observed that the majority of KS-CLF genes shared a transcription
overlap of four nucleotides and hypothesized that recreating the overlap would improve
solubility. The alp KS-CLF were given a four-nucleotide overlap (ATGA) and produced a
stable heterodimer when purified. Other nucleotide overlaps of 10, 18, and 41 were tested,
with only the 41 nucleotide overlap showing limited improvements in solubility [155].

Alternative hosts for the heterologous expression of type II PKS systems are available,
though they lack the versatility and facility of protein expression in E.coli. Streptomyces coeli-
color and Streptomyces lividans are two common alternatives for type II PKS expression [168].
Unlike E. coli, the physiology of Streptomyces spp. is closer to the native actinomycete pro-
ducers. While tools for genetic manipulation of Streptomyces spp. are well established, they
do not have the same range and versatility as those for E.coli [142]. In addition, Streptomyces
hosts present other issues not found in E. coli. Streptomyces spp. are a rich source of natural
products, and genome sequencing has revealed many cryptic biosynthetic gene clusters.
The presence of these gene clusters poses issues such as cross-talk between biosynthetic
pathways, the production of unintended natural products, and decreased production due
to resources being diverted to other metabolic pathways. Additionally, streptomyces spp.
have a slower growth rate than E. coli [4].



SynBio 2024, 2

99

3.3. Starter Units

In all classes of polyketide synthases, starter units (SUs) are the first units to be loaded
onto the KS and incorporated into the growing polyketide chain. From seminal research
with the act and fcm clusters [18,19], acetate is regarded as the canonical starter unit for type
I PKSs [22]. Canonical acetate starter units are sourced from malonyl groups and, based on
analogies to other systems, were proposed to be decarboxylated either during their addition
to the PKS (such as KS®, a ketosynthase-like decarboxylase domain, in pikromycin PKS)
or via separate machinery (such as for the loading of Ery PKS for erythromycin) [7,169].
The leading hypothesis is that malonyl-CoA ACP is decarboxylated to form the acetate
starter unit that can then join the KS-CLF through a condensation reaction [145,146]. For
non-canonical starter units, several processes may be used [3]. A KSIII, such as the one
proposed in the trioxacarcin pathway [81], or another specialized KS [115] may deliver
the substituted acetate to the type Il PKS ACP. Alternatively, a priming ACP can deliver
starter units to the KS, as proposed for hedamycin [82]. Recent work has demonstrated
that aryl carboxylates can be loaded directly onto the holo-ACP [156]. This flexibility of the
starter unit (examples are shown in Table 1) contributes to the vast structural diversity of
type I PKS products and, with complete deciphering of the minimal cluster, lends itself to
synthetic biology applications.

Table 1. Structures and names of starter units with associated organism, natural product, and method
of identification in type II PKSs.

Starter Unit

Structure Organism Natural Product Method of Identification

Propionate [170-172]

Daunomycin, adriamycin, Isotope enrichment,

S. peucetius 7 L
P doxorubicin, lomaiviticin Gene knockout

Malonamate [173,174]

Isotope enrichment,

S. rimosus Oxytetracycline .
y y Gene mutation

2-Methylbutyrate [81]

S. bottropensis Trioxacarcin A Isotope enrichment

Benzoate [175]

Salicylate [124]

L. Sacchari Thermorubin Isotope enrichment

Hexanoyl [87]
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3.4. Aromatases and Cyclases

Aromatases and cyclases in type II PKSs are tailoring enzymes that control the for-
mation of ring structures from the polyketide chain by catalyzing the formation of C-C
bonds. Since cyclases can produce aromatic rings upon cyclization, aromatase and cy-
clases are often grouped under the sole category of “cyclases” [140]. The polyketide chain
produced by the minimal cassette is unstable, and without tailoring enzymes, it will spon-
taneously cyclize. In the presence of cyclases, spontaneous cyclization of the chain is
suppressed and deliberate cyclization can be directed [140]. Due to the unstable nature
of the polyketide chain, the mechanism of cyclization by cyclases are difficult to study.
However, gene knockout studies and in vitro work have enabled the elucidation of their
cyclization patterns [140,149,164,176].
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Cyclases can be categorized based on their protein class [140]. Didomain TemN-like
cyclases, based on the tetracenomycin BGC, catalyze the first formation of a ring structure
following a C7-C12 pattern [140,164]. Metallo-[3-lactamase and OxyN-like cyclases catalyze
a C5-C14 cyclization pattern for the formation of a second ring structure [140,176]. Tem]-like
cyclases catalyze the formation of second and third ring structures in tricyclic compounds
by forming C7-C16 and C5-C18 bonds, respectively [140,149].

Cyclases in type II PKS systems normally group well within established classes, such
as for the creation of linear tetracycles, tetracenomycins, and tetracyclines (Figure 3). The
tetracenomycin family relies on the following archetypes: TemN, which cyclizes the first
two rings [177-179]; Tem], believed to complete the third ring [44]; and Teml, which
closes the fourth [180]. Oxytetracycline biosynthesis also relies on three cyclases, but
they are not homologous to the tcm series: OxyK, which cyclizes the first ring [181];
OxyN, which cyclizes the second (and possibly the third ring, though this step may be
spontaneous) [182]; and OxyH, an unusual CoA-ligase-like protein which forms the fourth
ring [183]. Intriguingly, of the three predicted cyclases in the thermorubin cluster [125],
two resemble the tcm /elm family while one resembles the oxy family, and the ordering is
blended. This finding suggests that after establishing the controlling features of starter
unit and length with minimal type II PKS cassettes, the mixing of engineered cyclases from
various systems may enable the controlled creation of novel ring architectures.

4. Highly Reducing Type II PKS Systems and Other New Findings

While canonical type II PKS systems have been known for decades, the recent discov-
ery of highly reducing (HR) variants has both challenged the type II PKS paradigm and
expanded their known biosynthetic repertoire. The HR type II PKSs share the same core
features as the canonical type II PKS; a minimal cassette composed of an ACP, KS, and CLF
which work in combination to produce a polyketide chain. What distinguishes HR from the
canonical type is the reduction in the polyketide chain to a polyene chain. Some polyene
natural products (Figure 9), such as aryl polyene pigments [184] and ishigamide [185],
are predominately linear and, after loading with a starter unit, rely predominately on HR
type II PKSs for their structure. Others, such as skyllamycin A [186], are depsipeptides
where the HR type II PKS is responsible for side chain formation and can include tailoring
enzymes that are hypothesized to catalyze cyclization. HR type II PKS can also be used
alongside canonical type II PKS, for example in the construction of simocyclinone D8 [187],
where a glycosylated anguidine core is linked to a substituted coumarin by a polyene.
Multiple HR type II PKSs may also produce varied and complex structures, such as the
colabomycins [188] and asukamycin [189].

The first HR type II PKS system described as such arose from Streptomyces sp.
MSC090213JE08 [185]. Bioinformatic analysis of its genome with antiSMASH revealed
a proposed cryptic biosynthetic gene cluster corresponding to a type II PKS system. To
express the proposed cluster in vivo, genes from the Streptomyces antibiotic regulatory
protein (SARP) transcriptional activator family were inserted into the genome to force the
cryptic clusters to express. Metabolic profiling of the recombinant strain controlled by the
SARP? gene using LC-MS indicated the production of a new metabolite.

The structure of the unknown compound, later named ishigamide (Figure 9), was
identified through a combination of single-dimensional and two-dimensional NMR as
3-((2E AE,6E,8E)-13-hydroxytetradeca-2,4,6,8-tetraenamido)propanoic acid [185]. The pres-
ence of (3-alanine and unsaturated fatty acid moieties suggested the product might be
synthesized and reduced by a PKS pathway with the peptide bond catalyzed by nonri-
bosomal peptide synthetase (NRPS), a peptide ligase, or an ATP-grasp enzyme. Three
potential biosynthetic clusters (type-1-PKS-like, type-II-PKS-like, and type-III-PKS-like) in
the genome were identified as possible sources of ishigamide. To determine which cluster
was responsible, mutants were generated with key enzymes in each cluster disrupted. Only
in the cluster containing the type II PKS was the production of ishigamide abolished [185].
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Later studies were able to successfully reconstitute ishigamide PKS (IgaPKS) in vitro
to investigate the genes behind the minimal cassette [190]. The incubation of the holo-ACP
(Igal0), KS (Igall), and CLF (Igal2) with hexanonyl-CoA, malonyl-CoA, and NADPH did
not yield any polyene product by LC-MS. Instead, the analysis revealed the presence of
3-oxooctanoyl, indicating the ACP was loaded with the hexanoyl-CoA starter unit. This led
to the hypothesis that the minimal cassette could only extend the chain after the reduction
from a ketide to an alkene.
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Figure 9. Natural products that utilize HR type II PKS in their biosynthesis. The polyene(s) derived
from the HR type II PKS are highlighted in blue. Simocyclinone D8 also includes a canonical type
II PKS core (blue bonds). Inset: The structure of cispentacin, a non-canonical amino acid formed
through the action of a type-II-PKS-like minimal cassette [191].

To test this hypothesis, the ketoreductase (Igal3) and dehydrogenase (Igal6) were
incubated with the minimal cassette under the same conditions. LC-MS analysis revealed
four unsaturated carboxylic acid products that were detected: (2E)-octenoic acid, (2E 4E)-
deca-2,4-dienoic acid, (2E 4E,6E)-dodeca-2,4,6-trienoic acid, and (2E 4E,6E,8E)-tetradeca-
2,4,6,8-tetraenoic acid. Each product formed corresponds to a different step in the chain
extension process. The formation of these products only after the addition of ketoreductase
(KR) and dehydratase (DH) proteins strongly suggests that reduction in the keto group is
necessary before the chain can be extended [190].

The unusual nature of the IgaPKS, and its requirement of KS and DH enzymes outside
of the minimal cassette for chain elongation, led to computational and experimental inves-
tigation into the structural basis of the KS-CLF complex [192]. X-ray crystallography of the
Iga KS-CLF confirmed that the two enzymes form the expected heterodimer. However, an
analysis of Igall, the ketosynthase, revealed that it is more similar to KSs from FAS systems
than other type II PKSs. Loading and cross-linking experiments revealed protein—protein
interactions and demonstrated the flexibility of the hexanoyl starter unit in the active site.

Analysis of the KS-CLF substrate pocket revealed the presence of additional polar
amino acids, differing from the ambiphilic pocket of most canonical type II PKSs. Site-
directed mutagenesis was used to systematically substitute each polar amino acid in the
substrate pocket with alanine. The testing of the KS-CLF mutants in combination with
the ACP, KR, and DH revealed that they disfavor transfer of the 3-ketoacyl group from
the ACP to the KS, effectively favoring the formation of the polyene prior to additional
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extension by the PKS. As with other type II PKS systems, the chain length was controlled
by a residue in the CLF [192].

In addition to the canonical and HR type II PKSs, a novel type-II-PKS-like system has
been discovered that is responsible for the biosynthesis of cispentacin, a nonproteinogenic
amino acid with a five-membered non-aromatic skeleton. Bioinformatic analysis of the
amipurimycin (Amc) BGC identified AmcB and AmcF as putative ACP and KS, respectively.
The MS analysis of AmcB confirmed that it can undergo phosphopantetheinylation, which
identifies its function as an ACP. An in vitro analysis of AmcH and AmcB confirmed the
role of AmcH as a 2-oxoglutaryl-ACP ligase with AmcB as its substrate. The coexpression
of AmcF and AmcG resulted in the formation of a heterodimer characteristic of KS-CLF
heterodimers found in typical type II PKS systems. However, upon the incubation of the
heterodimer AmcF-AmcG with AmcB (ACP) and AmcH (2-oxoglutaryl-ACP ligase), the
2-oxoglutaryl starter unit was extended only by one malonyl unit. The heterodimeric
AmcF-AmcG also appears to catalyze an intramolecular aldol condensation, resulting in a
five-member ring that is subsequently tailored by other enzymes into cispentacin [191].

With the addition of HR to canonical type II PKSs, not only can a variety of length
polyketides be formed to furnish intricate polycycles, but polyenes that might link ring
systems [187] or form additional rings [190,191] become available as well. These intriguing
new systems highlight the continuing diversity unlocked from natural product biosynthesis,
even among enzyme families that share many similarities. Further investigations into HR
type I PKSs will likely reveal additional structural diversity and how this fascinating new
class of type II PKS can be adapted to create designed compounds.

5. Future Directions

Previous studies into type II PKS systems have yielded fundamental knowledge
about functions of the ACP, KS, and CLF along with tailoring enzymes. Additionally, the
natural products derived from type II PKS systems have provided clinically relevant drugs,
both in their unmodified and derivatized forms. Given the potential for novel natural
and unnatural products, pursuing further research is critical to learn more about these
remarkable enzymes and unlock their potential for use in chemoenzymatic catalysis and
synthetic biology. For this potential of type II PKS systems to be fully realized, however,
gaps in understanding the properties of the enzymes, which can best be elucidated with
in vitro approaches, must be addressed.

5.1. Acyl Carrier Proteins

Initial studies into the ACPs have revealed insight into their structure and mechanism.
However, our understanding of ACP-protein interactions remained incomplete. For ACPs
to be consistently utilized, further work is needed to understand how type II PKS ACPs
interact with both the native and non-native PPTase for conversion into their functional
holo forms. Research by Charkoudian et al. [156] has shown that interactions between
Sfp and GloACP are heavily influenced by key residues. Confirming the applicability of
these mutations to other non-actinobacterial ACPs would enable the critical breakthrough
of establishing how ACPs interact with the minimal cassette, enabling their consistent
modification and routine use. Beyond this essential extension function, details of how
they can be effectively loaded, both with malonyl and starter units, as well as how they
interact with other enzymes, be it cyclases to form ring systems or KR/DH proteins
to create polyenes, must also be broadly addressed to begin working toward rationally
designed molecules.

5.2. Ketosynthase and Chain-Length Factors

The KS and CLF are fundamental for the production of the polyketide chain that
cyclizes to form the diverse structures found in type II PKS natural products [146], or in
the case of HR type II PKSs, to form a polyene [192]. The most significant challenge to
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address with these enzymes is the successful production of soluble proteins both in vivo
and in vitro.

While previous works have shown success with the expression of these proteins in
Streptomyces, expression in E. coli remains challenging [4]. By identifying the methods of
soluble expression in E. coli, natural product production levels could be improved due to
the wide range of genetic engineering tools readily available for E. coli hosts. The reliance
on the co-expression of the KS-CLF is a major hurdle in dissecting the interactions between
the two and how each might be selectively adapted. For in vitro work, soluble KSs and
CLFs would enable further characterization of type II PKS BGCs and their intermediate
products in addition to creating combinatorial biosynthetic pathways. Furthermore, the
ability to create polyketide chains in vitro expands options for discrete testing of the
function of downstream tailoring enzymes, such as cyclases, for the production of novel
natural products.

Once technical concerns are addressed, there is great potential for creating novel
products by investigating factors that alter polyketide chain length and acceptance of
alternative starter units. Altering the chain length of the polyketide could result in novel
cyclization patterns and products. Incorporating novel starter units into established biosyn-
thetic pathways would further enhance the diversity and functionality of their natural
products. Different polyene chain lengths and their cyclization to aromatic compounds, as
well as the possibility of polymer-type compounds, are a possibility as well with the recent
identification of HR type II PKSs.

5.3. Cyclases

The function of cyclases has been primarily limited to in vivo gene knockout stud-
ies due to issues when handling the minimal cassette in vitro and the instability of the
polyketide products it produces. Once the handling properties of the minimal cassette
are optimized, the incorporation and in vitro characterization of cyclase would provide
foundational knowledge pertaining to their mechanisms in addition to identifying their
promiscuity towards non-native chain lengths. By identifying their promiscuity and factors
related to chain length recognition, novel cyclization patterns and products can be synthe-
sized, setting predetermined scaffolds for further modification by tailoring enzymes, such
as oxidases and glycosylases.

5.4. Derivatized Scaffolds

The polycyclic aromatic cores of the type II PKS have more synthetic potential to
offer than simply the ring structures. Incredibly complex rings can be produced through
oxidations and rearrangements as well as the incorporation of other atoms to produce
heterocycles. The type II PKS systems also offer a range of tailoring enzymes that can
act after cyclization including oxygenases, methyltransferases, and glycosylases [3]. The
benefit of these enzymes can be seen from both a synthetic biology and synthetic organic
chemistry standpoint. For synthetic biology, additional functional groups such as alcohols,
ketones, and epoxides can be stereoselectivity added to the polyaromatic scaffolds, directly
accessing desired compounds or advanced precursors that, in combination with synthetic
chemistry, offer a starting point for further derivatization and modification. Indeed, there
are already established reactions for the modification of biobased molecules [193]. Plentiful
and varied functional groups, including ketones, alcohols, and amines, can be added, and
groups can readily be further oxidized or reduced. The ability to biocatalytically create
and selectively append glycosides is especially promising, given the historical difficulties
of installing these groups chemically [194]. Alkenes, such as those found in the highly
reducing variant of type II PKS, could be hydrogenated into alkanes.

5.5. Biofuel

The structures of highly reducing type II PKS, due to their long hydrocarbon chains,
show promise for use in biofuel production. Long-chain alcohols, such as 1-octonal, have
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been considered a renewable alternative to petroleum diesel due to their similar fuel
properties [195]. While the biosynthesis of 1-octonal has been successfully constructed
in vivo, the production yields were low due to the activities of the enzymes involved
in chain elongation [196]. The long hydrocarbons chains produced by the HR type II
PKS present a potential alternative for the biosynthetic or semi-synthesis of 1-octanol.
Additionally, modifications to the CLF in a PKS system create the potential for the synthesis
of both longer and shorter hydrocarbon chains in alcohols.

6. Conclusions

In summary, a large body of meticulous work has demonstrated the impact of type
II PKS natural products in medicine. This study has also significantly advanced our
knowledge of the genetics of the BGCs and the functions of their associated enzymes. The
in vivo production of antibiotics and anticancer therapeutics has been an undeniable boon,
but the full potential of these systems has not yet been fully realized. To truly harness
the biosynthetic capabilities of type II PKSs, additional work is needed to characterize the
functionalities of the minimal cassette, much of which is best performed in vitro in order to
elucidate the range, flexibility, and compatibility of the various components. Additionally,
nascent research into the highly reducing variant of type II PKS has yet to reveal the
structural diversity and enzymatic capabilities of these systems. Beyond their established
importance in the production of antibiotics and chemotherapeutics, type II PKS systems
can continue to impact other fields of medicine as well as expand to diverse fields, such as
the production of biofuels. As a whole, type II PKS systems show promise in the field of
synthetic biology once further enzymatic characterization unlocks their full potential.
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