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Abstract Modular polyketide synthases (type I PKSs) in bac-
teria are responsible for synthesizing a significant percentage
of bioactive natural products. This group of synthases has a
characteristic modular organization, and each module within a
PKS carries out one cycle of polyketide chain elongation; thus
each module is non-iterative in function. It was possible to
predict the basic structure of a polyketide product from the
module organization of the PKSs, since there generally
existed a co-linearity between the number of modules and
the number of chain elongations. However, more and more
bacterial modular PKSs fail to conform to the canonical rules,
and a particularly noteworthy group of non-canonical PKSs is
the bacterial iterative type I PKSs. This review covers recent
examples of iteratively used modular PKSs in bacteria. These
non-canonical PKSs give rise to a large array of natural prod-
ucts with impressive structural diversity. The molecular mech-
anism behind the iterations is often unclear, presenting a new
challenge to the rational engineering of these PKSs with the
goal of generating new natural products. Structural elucidation
of these synthase complexes and better understanding of po-
tential PKS-PKS interactions as well as PKS-substrate recog-
nition may provide new prospects and inspirations for the
discovery and engineering of new bioactive polyketides.
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Introduction

Polyketides are a highly diverse group of natural products,
which are biosynthesized from short acyl-CoA units by poly-
ketide synthases (PKSs) (Hopwood 1997; Staunton and
Weissman 2001; Hertweck 2009). The polyketide natural
products represent an important source of novel therapeutics,
and research of polyketides has led to the discovery of an
enormous variety of molecular structures with a wide range
of biological activities. Many of these have found use as new
pharmaceuticals, such as antibiotics, immunosuppresants,
antiparasitics, hypolipidemics, and anti-tumoral agents
(Fischbach and Walsh 2006).

Over the past two decades, the biosynthetic gene clusters
for a broad range of polyketide natural products have been
identified and characterized, and the studies of structures, ac-
tivities and mechanisms of PKSs have led to strategies in
rational engineering and combinatorial biosynthesis, which
have further expanded the polyketides’ structural diversity
(Khosla 2000; Wilkinson et al. 2003). Bacterial modular
PKSs (type I) are particularly attractive targets for this pur-
pose, due to their defined modular organization, remarkable
versatility, and amenability for pathway engineering (Shen
and Thorson 2012; Watanabe 2008; Weissman and Leadlay
2005; Williams 2013; Winter and Tang 2012; Zabala et al.
2012). In general, a PKS module consists of individual do-
mains in charge of selecting, fusing, and processing the build-
ing blocks. The substrates for chain initiation and extension
are selected and activated by an acyl transferase (AT) domain,
and transferred to the 4′-phosphopantetheinylated acyl carrier
protein (ACP) domain. The ketosynthase (KS) domain cata-
lyzes the decarboxylative Claisen-like condensation between
the substrate and the growing polyketide, forming a carbon-
carbon bond between the alpha carbon of the extender unit
and the thioester carbonyl of the ACP-bound acyl chain.
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While a PKS module requires a minimum of these three do-
mains to function, other domains are commonly present which
serve to further tailor the nascent polyketide: the ketoreductase
(KR), dehydrogenase (DH), and enolreductase (ER) domains
function sequentially to reduce the β-keto group into a fully
saturated acyl chain (Fischbach and Walsh 2006). Because
PKS modules vary in the presence of these β-keto-
processing domains and thus in the degree to which the β-
keto is reduced, PKSs generate a vast diversity and complex-
ity of polyketide products (Chan et al. 2009) (Fig. 1).

PKSs are classified according to the structural organization
of their functional domains. Type I PKSs consist of a single
large polypeptide chain housing multiple different domains
capable of catalyzing different reactions. Such multimodular
PKSs are found in both bacteria and fungi. Type II PKSs are
usually found in bacterial systems and are made up from sep-
arate dissociable proteins, each serving a different function
during polyketide synthesis (Zhang and Tang 2009). Typical
products of type II PKSs are aromatic metabolites, although
exceptions are known (Gaitatzis et al. 2002). Type III PKSs
utilize acyl-coenzyme A (CoA) thioesters directly, rather than
depending on extender units tethered to an ACP. Type III
PKSs also produce aromatic metabolites and are mainly dis-
tributed in the plant kingdom, but occasionally occur in bac-
teria (Moore and Hopke 2001). While these three classifica-
tions of PKSs are useful generalizations, nature does not limit
itself to only three rigidly defined methods for generating
polyketide metabolites (Muller 2004). In this review, we will
focus our discussion on examples in which bacterial modular
PKSs (type I) synthesize polyketides in a non-canonical iter-
ative manner, which combines the two traits once thought to
be mutually exclusive to fungal or to bacterial systems
(Fig. 1).

Type I PKS

Type I PKSs are often further subdivided into two major
groups: the iterative (fungal) type I PKSs and non-iterative
(bacterial) type I PKSs (Cox 2007; Hertweck 2009;
Hopwood 1997; Smith and Tsai 2007; Staunton and
Weissman 2001). A fungal iterative PKS (iPKS) is usually
a single-module protein consisting of a single set of func-
tional domains. Although containing only a single module,
a fungal iPKS is nevertheless capable of conducting mul-
tiple rounds of chain extension and β-keto processing. The
varied reduction level of the β-keto during each round of
elongations is the most intriguing feature of this group of
PKSs (Crawford and Townsend 2010; Fujii 2010; Kennedy
et al. 1999). These iPKSs are largely confined to fungal
systems, and thus will not be discussed in this review.
Bacterial type I PKSs, in contrast, include multiple sequen-
tial modules, each of which contain the needed extending

and tailoring domains, and operate in a modular fashion
with each module being responsible for only one round
of chain elongation and subsequent β-keto processing be-
fore passing the nascent polyketide onto the downstream
module which carries out another round of chain extension
and processing. Examples of such modular type I PKSs
include those responsible for the biosynthesis of the
macrolides such as erythromycin (Cortes et al. 1990;
Donadio et al. 1991; Smith and Tsai 2007) and avermectin
(Omura et al. 2001). These bacterial type I PKSs thus carry
out each successive chain extension cycle by a different set
of active sites (domains) housed in separate modules, and
one or more such modules may exist on each multifunc-
tional polypeptide. Importantly, in most modular type I
PKSs, each active site is used only once; thus the modular
type I PKSs are said to be non-iterative. This linear mech-
anism was found in the biosynthesis of numerous bacterial
polyketides by type I PKSs (Broadhurst et al. 2003; Challis
2008; Khosla et al. 2009; Moss et al. 2004; Sherman 2005;
Winter et al. 2011).

Despite the canonical organization and co-linearity
found in the majority of bacterial type I PKSs, non-
canonical examples have continued to emerge from bac-
teria (Fig. 1) (Fisch 2013; Shen et al. 2007). These non-
canonical type I PKSs possess the basic modular organi-
zation, but often include unusual arrangements of the
functional domains. They exhibit a phylogenetic distance
from either fungal iterative type I PKSs or bacterial non-
iterative type I PKSs, making them fall into five new
subgroups, including bacterial type I iPKS for aromatic
compounds (Zhang et al. 2013), polyunsaturated fatty acid
(PUFA) synthases (Kaulmann and Hertweck 2002; Metz
et al. 2001), enediyne synthases (Liu et al. 2002; Van
Lanen et al. 2008), polycyclic tetramate macrolactams
(PTM) synthases (Blodgett et al. 2010; Li et al. 2014)
and some trans-AT type I PKSs (Cheng et al. 2003; El-
Sayed et al. 2003; Gay et al. 2014; Musiol and Weber
2012; Piel 2010). These phylogenetic studies have shown
the proposed evolutionary relationship underlying the cat-
alytic diversity of PKSs (Jenke-Kodama et al. 2005;
Zhang et al. 2013). The bacterial aromatic iPKSs and
PTM-type PKSs make up two independent clades that lie
close to each other and sister to canonical type I PKSs, but
are phylogenetically distant from the clades containing
two other types of bacterial iPKSs, the enediyne synthases
and PUFA synthases, as well as the clades containing
fungal non-reducing PKSs (NR-PKSs) and highly reduc-
ing PKSs (HR-PKSs) (Crawford and Townsend 2010; Liu
et al. 2015b) (Fig. 2). The phylogenetic differences and
relationships between the subgroups in type I PKSs has
given rise to the development of a rapid PCR approach to
specifically access the genes encoding these enzymes (Jia
et al. 2006; Zhao et al. 2008).
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Fig. 1 Examples of natural products synthesized by bacterial modular PKSs (type I) that are discussed in this review
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Non-canonical bacterial type I PKS

Bacterial type I PKSs were originally thought to be rigidly
modular and co-linear with the core structure of final products
(Fig. 3a), so that the basic structure of an unknown compound
produced by this type of PKSs could be deduced from bioin-
formatics analysis of the PKS genes. Due to the high level of
amenability, type I PKS systems have the potential to be
engineered to make novel analogues of known metabolites.
Indeed, new compounds have been accessed by re-
programming type I PKS systems in a number of ways, such
as loading module swapping, module deletion or insertion,
and domain swapping or inactivation (Xu et al. 2013).

However, many deviations from the canonical rule have
been discovered in bacterial type I PKSs in recent years.
Broadly speaking, there are two types of deviations: non-
canonical domains and non-canonical modules. Non-
canonical domains include presence of unusual domains, ab-
sence of domains for required functions, loss of domain spec-
ificity, and novel domain functions and domain organization

 Bacteiral_aureothin_AurA 

 Bacteiral_pimaricin _PimS1 

 Bacteiral_monensin_MonAI

 Bacteiral_erythromycin_EryA1 

 Bacteiral_epothilone_EpoD 

 Bacteiral_stigmatellin_StiH

 Bacterial_HSAF_PKS

 Bacterial_ikarugamycin_PKS

 Bacterial_frontalamide-like compound_PKS

 Bacterial_mellein_SACE5532

 Bacterial_azinomycin_AziB

 Bacterial_neocarzinostatin_NcsB

 Fungal_lovastatin_LovF

 Fungal_monacolin_MkB

 Fungal_fumonisin_Fum1p 

 Fungal_aflatoxin_PksA

 Fungal_melanin_PKS1

 Fungal_melanin_PKS1

 Bacterial_neocarzinostatin_NcsE

 Bacterial_C-1027_SgcE

 Bacterial_maduropeptin_MdpE

 Bacterial_EPA and DHA_OrfA

 Bacterial_DHA_ Orf8

 Bacterial_EPA_PfaA

0.1

Fig. 2 Phylogenetic analysis of different types of PKSs based on the
sequence of KS domains. Enzymes and their GenBank accession
numbers are listed as follows: bacterial aromatic iPKS (3 sequences,
including AziB for azinomycin biosynthesis, ABY83164.1; NcsB for
neocarzinostatin biosynthesis, AAM77986.1; SACE5532 for mellein
biosynthesis, YP_001107644.1); PTM-type iPKSs (three sequences,
including PKS for HSAF biosynthesis, EF028635.2; PKS for
ikarugamycin biosynthesis, KF954512.1; PKS for frontalamide-like
compound biosynthesis f rom Streptomyces albus J1074,
ABYC01000481); modular PKSs (six sequences, including PimS1
module 1 for pimaricin biosynthesis, CAC20931.1; MonAI: module 1
for monensin biosynthesis, AAO65796.1; EryA1: module 2 for
erythromycin biosynthesis, YP_001102988.1; AurA for aureothin
biosynthesis, CAE02602.1; EpoD for epothilone AAF26921.1; StiH for
stigmatellin CAD19092.1); HR-PKSs (three sequences, including Fum1p

for fumonisin biosynthesis, AAD43562.2; LovF for lovastatin
biosynthesis, AAD34559.1; MkB for monacolin biosynthesis,
ABA02240.1); NR-PKS (three sequences, including PksA for aflatoxin
biosynthesis from Aspergillus flavus, AAS90093.1; PKS1 for melanin
biosynthesis from Colletotrichum lagenaria, BAA18956.1; PKS1 for
melanin biosynthesis from Glarea lozoyensis, AAN59953.1); enediyne
synthases (three sequences, including SgcE for C-1027 biosynthesis, ZP_
11383500.1; MdpE for maduropeptin biosynthesis, AAQ17110.2; NcsE
for neocarzinostatin biosynthesis, AAM78012.1); PUFA synthases (three
sequences, including PfaA for EPA biosynthesis from Photobacterium
profundum, AAL01060.1; Orf8 for DHA biosynthesis from Moritella
marina, BAA89382.2; OrfA for EPA and DHA biosynthesis from
Schizochytrium AAK72879.2). Similar sequences were aligned with
ClustalW and the tree shown was generated using the MEGA 5.0

�Fig. 3 Examples of canonical bacterial type I PKSs and non-canonical
bacterial type I PKS. KS ketosynthase; AT acyltransferase; DH
dehydratase; KR ketoreductase; ACP acyl carrier protein; TE
thiolesterase; C-MeT C-methyltransferase; ER enoyl reductase; B
branching domain
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(Katz 2009). For example, the newly discovered branching
domain acetylates an enzyme-bound enoyl moiety by means
of a Michael-like conjugate addition, resulting in a β-branch
instead of an elongated backbone in rhizoxin biosynthesis
(Fig. 3b) (Bretschneider et al. 2013). Trans-acting domains
are discrete enzymes that act only at specific points during
the synthesis of nascent acyl chains, remaining physically
separate from the usual modifying domains in the modular
PKSs. Examples include the trans AT in AT-less PKS systems
such as leinamycin synthase (Fig. 3b) and kirromycin syn-
thase (Cheng et al. 2002, 2003; Musiol et al. 2011), the dis-
crete KR domain SiaM from the SIM7248 biosynthetic path-
way and AntM from the antimycins biosynthetic pathway
(Zou et al. 2013; Liu et al. 2015a), and the discrete DH domain
in the biosynthesis of phoslactomycin (Chen et al. 2012;
Palaniappan et al. 2008). The reveromycin PKS is another
example where the genetic organization of the biosynthetic
gene cluster and the corresponding proteins are not co-linear
(Takahashi et al. 2011). The analysis of the reveromycin PKS
shows that it is possible that after translation, RevC protein
(containing module 1–3), associates with RevA (module 4–6)
instead of RevD, whose gene is located next to and down-
stream of RevC, to bring the set of contiguous domains to-
gether to form functional modules. Therefore, even when the
PKS genes are not present on the chromosome in a co-linear
arrangement, the gene products form a specific head-to-tail
complex through which the polyketide chain is processed in
a programmed fashion and biosynthesis occurs in a co-linear
fashion.

Non-canonical domains affect the co-linearitymainly in the
modification of the backbone, such as generating unpredict-
able reduction levels of the β-keto group. But the non-
canonical modules usually result in changing the size of the
backbone in the final products. The most frequently encoun-
tered examples of such aberrations are the skipping of various
single domains, or sometimes of entire modules (El-Sayed
et al. 2003); conversely, individual modules may be usedmore
than once, giving rise to the so-called module stuttering,
which is one example of iterative behavior in bacterial PKSs
(Moss et al. 2004). Such events lead to inconsistency between
the genetic organization of the biosynthetic gene cluster and
its corresponding proteins, and its ultimate PKS metabolite
(Hertweck 2015).

A PKS which skips over modules usually does so in pro-
grammed skips, passing over extraneous functional domains
or modules in a PKS for which there is no obvious need in the
biosynthesis of the corresponding polyketide, such as occurs
in the biosynthesis of mupirocin (El-Sayed et al. 2003).
Truncated derivatives are also produced in trace amounts dur-
ing the biosynthesis of avermectin and epothilone (Fig. 3b)
(Julien et al. 2000;Molnar et al. 2000), suggesting the aberrant
bypass of one or another module during biosynthesis which
leads to unusual compounds.

Iterative use of one or more modules will often result in
longer polyketide chains than those predicted by the co-linear
model (Fig. 3b). This module iteration composes a large group
of non-canonical bacterial type I PKS, and the iteration events
can happen accidently or in a programmed manner. Besides
those with a special domain organization, which already fall
into new subclasses of type I PKSs (bacterial aromatic iPKS,
PUFA synthases, enediyne synthases), there are still many
extraordinary examples which do not conform to any existing
classifications. In the following sections, we focus on the it-
eration events known to occur in bacterial type I PKSs and
discuss potential mechanisms behind this phenomenon.

Iteratively used bacterial type I PKS

Bacterial iterative type I PKSs can be considered in two cate-
gories: entirely iterative PKSs (fungal iPKS-like) and partially
iterative PKSs (module iteration).

Entirely iterative bacteria PKSs

Bacterial type I iPKSs producing aromatic compounds

Most aromatic polyketides produced in bacteria are synthe-
sized by type II (non-modular) PKSs. However in 1997,
AviM, a single-module PKS, was found responsible for the
biosynthesis of orsellinic acid, a phenolic moiety in
avilamycin (Fig. 4a) (Gaisser et al. 1997). Heterologous ex-
pression provided experimental evidence for single-module
AviM’s iterative synthesis of the aromatic moiety. Another
example of bacterial iterative type I PKS for aromatic com-
pounds is CalO5, which is involved in calicheamicin biosyn-
thesis (Fig. 4a) (Ahlert et al. 2002). Besides the monocyclic
aromatic polyketides, several bacterial type I PKSs were
found to generate higher-order aromatic polyketides through
iterative use of the same module, such as NcsB, which cata-
lyzes the formation of a naphthalinic acid moiety in
neocarzinostatin biosynthesis (Fig. 5a) (Zazopoulos et al.
2003). So far, bacterial type I iPKSs are associated with the
biosynthesis of chlorothricin (Jia et al. 2006), maduropeptin
(Van Lanen et al. 2007), polyketomycin (Daum et al. 2009),
pactamycin (Ito et al. 2009), tiacumicin B (Xiao et al. 2011),
azinomycin B (Ding et al. 2010), and (R)-mellein (Sun et al.
2012).

Bacterial aromatic iPKSs are typically organized in the
order of KS-AT-DH-(KR)-ACP (Fig. 4a), and share high ho-
mology with each other, which is just like a common module
of canonical type I PKSs. Interestingly, the module order of
these bacterial iPKSs is also homologous to fungal iPKS, such
as 6-MSA synthases (Fujii 2010), except the absence of C-
methylation (CMeT) and enoylreductase (ER) domains.

546 Appl Microbiol Biotechnol (2016) 100:541–557



Bacterial aromatic iPKSs contribute to the diversity of
polyketides generally through their unusual domain functions,
different mechanisms for polyketide off-loading and post-
synthesis modifications (Fig. 5). For instance, the KR domain
of most of the aromatic iPKSs contains a motif similar to the
Leu-Asp-Asp motif of B-type ketoreductases, suggesting that
all the KR domains of bacterial aromatic iPKSs specifically
generate a D-hydroxy group by reduction of the β-keto group
(Fig. 5) (Keatinge-Clay 2007; Wu et al. 2005). But different
KR domains vary the hydroxylation pattern, generating differ-
ent cyclized rings (5-methyl-1-NPA for AziB and 2-hydroxy-
5-methyl-1-NPA for NcsB) (Fig. 5). An unusual off-loading

mechanism was discovered in several bacterial aromatic
iPKSs—a dedicated AT is utilized to release the polyketide
products from PKSs in the biosynthesis of chlorothricin,
pactamycin, avilamycin, tiacumicin B, and calicheamicin
(Fig. 5) (Castillo and Perez 2008; He et al. 2009; Weitnauer
et al. 2001, 2004).

Unlike the complex multicyclic aromatic scaffolds pro-
duced by type II PKSs, aromatic polyketides produced by
bacterial type I iPKSs are relatively simple and consist of a
set of mono- or bicyclic aromatic products. Thus bacterial
aromatic iPKSs provide a relatively simple system for under-
standing the catalytic mechanisms behind the synthesis of

A

B

C

D

Fig. 4 Domain organization of
bacterial type I iPKSs and
representative compounds
produced by these synthases. The
domain organizations of iterative
type I PKSs are classified into
type I iPKS for aromatic
compounds, PUFA iPKS,
enediyne iPKS, and PTM iPKS.
ACPn, multiple ACPs; PPTase,
4′-phosphopantetheinyl
transferase
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aromatic polyketides. Further understanding of these domains
in bacterial aromatic iPKSs will hopefully facilitate the alter-
ations of the functionalities on the aromatic polyketides, open-
ing a new door to biosynthetic engineering and production of
novel natural products.

Polyunsaturated fatty acid synthases

Polyunsaturated fatty acids (PUFAs) are believed beneficial to
human health and nutrition. PUFAs contain multiple cis dou-
ble bonds and have been identified in various marine bacteria.

A gene cluster pfa from Shewanella sp. was cloned into
Escherichia coli and found responsible for eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) biosynthesis
(Fig. 4b) (Metz et al. 2001). Five open reading frames were
subsequently found to be the minimal gene set for PUFA
biosynthesis (Okuyama et al. 2007). The main PUFA iPKS
can contain five to nine tandem ACP domains, in addition to
the other common domains such as KS, AT, KR, and DH
(Fig. 4b). After expressing the PUFA iPKSs (pfaABCDE)
from S. japonica in E. coli, together with a series of in vitro
and in vivo characterizations, Jiang and co-workers

SCoA

HOOC SCoA

O

O O

O

S-Enz

OH

HO

O

O

OH

OH

O

SCoA

HOOC SCoA

O

O O

O

S-Enz

O

HO

O

O

OH

OH

O

OH

SCoA

HOOC SCoA

O

O O

O

S-Enz

OH

O

O

OH
OO

OEnz-S

OH

OH

OH

AviN
O

OH

OH

O

O

OH

Cl Cl

A. Bacterial type I iPKS for naphthalenes

AziB for naphthalinic acid in azinomycin B biosynthesis

NcsB for naphthalinic acid in neocarzinostatin biosynthesis

B. Bacterial type I iPKS for dihydroisocoumarin

SACE5532 for dihydroisocoumarin in mellein biosynthesis

C. Unusual mechanism for product release

+

+

+

(5 X)

5 X H2O

(5 X)

(4 X)

4 X H2O

2 X H2O

5-methyl-1-NPA

2-hydroxyl-5-
methyl-1-NPA

(R)-mellein

AviH, AviG4

Avilamycin

AviN, a dedicated AT for product release in avilamycin biosynthesis

Fig. 5 Iterative polyketide
biosynthesis of aromatic
compounds by bacterial type I
iPKSs and an unusual product
off-loading mechanism in
avilamycin biosynthesis. The
selective keto-reduction patterns
are highlighted in red
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demonstrated that each of the predicted ACPs can be
phosphopantetheinylated by the phosphopantetheinyl trans-
ferase (PPTase) in the cluster and each of the tandem ACPs
is functionally equivalent for PUFA biosynthesis, but the
number of ACPs controls the PUFA titer (Jiang et al. 2008).
PUFA synthases from terrestrial origin, the linoleic acid pro-
ducing myxobacteria, Sorangium and Aetherobacter were re-
cently reported (Gemperlein et al. 2014). The gene organiza-
tion, catalytic domain arrangement, and sequence identity of
these PUFA synthases differ significantly from the marine
system. 1-Acylglycerol-3-phosphate O-acyltransferase
(AGPAT), a domain located at the C-terminus of the synthase,
is considered to be a unique and common characteristic of
terrestrial PUFA synthase. Variations also existed between
the two myxobacterial pathways, such as the variable number
of tandemACPs. The significant differences among the PUFA
synthases provide platform for the biosynthetic mechanism
study. However, it remains unclear how the PUFA synthase
complexes control the number of iteration and the level of
unsaturation of the carbon chains.

Enediyne synthases

The enediynes are a family of antibiotics containing a strained
ring system (nine or ten membered), which are extremely
cytotoxic (Fig. 4c) (Lam et al. 1993). The biosynthetic gene
clusters for two suchmetabolites, the chromoprotein antibiotic
C-1027 (Liu et al. 2002) and calicheamicin (Ahlert et al.
2002), have been identified. Shen and co-workers cloned the
gene cluster for the nine-membered enediyne C-1027 from
Streptomyces globisporus and found that an iterative type I
PKS is responsible for the biosynthesis of the enediyne core
(Fig. 4c) (Liu et al. 2002). The type I PKS encoded by sgcE
contains six domains. Four of the domains (KS, AT, KR, and
DH) were in a characteristic order of known type I PKSs; one
domain, unusually located at the region between AT and KR,
was proposed to be an ACP; most unusually, the C-terminal
domain was a PPTase domain. This arrangement is very rare
but appears general to enediyne PKSs. Overall, enediyne
PKSs show the greatest homology to PUFA iPKSs (Fig. 2).

The involvement of SgcE in C-1027 biosynthesis was con-
firmed by gene inactivation and complementation: a ΔsgcE
mutant eliminated C-1027 production, and overexpression of
sgcE in ΔsgcE restored C-1027 production (Liu et al. 2002).
This single-module iPKS could iteratively catalyze the assem-
bly of a linear polyunsaturated intermediate, which was fur-
ther processed by a series of desaturations to furnish the two
alkyne groups, then cyclized to afford the enediyne core.
Indeed, a group of five to ten genes that flank the sgcE PKS
gene are highly conserved and homologous either to oxidore-
ductases or to proteins of unknown functions. These genes
seem to be only associated with enediyne biosynthesis,

implying a possibly novel chemistry involved in the synthesis
of the highly distinct structure of enediynes.

Another characterized enediyne is calicheamicin, which is
a model for the ten-membered enediyne antibiotics (Fig. 1).
The calicheamicin gene cluster was cloned from
Micromonospora calichensis (Ahlert et al. 2002). The cluster
contains a gene, calE8, encoding a type I PKS with the same
domain organization as SgcE of C1027 (Fig. 4c). The involve-
ment of CalE8 in calicheamicin biosynthesis was also con-
firmed by gene inactivation. CalE8 PKS catalyzes the biosyn-
thesis of a polyunsaturated intermediate in an iterative pro-
cess, and modifications by the associated oxidoreductases
within the gene cluster then form an enediyne core intermedi-
ate (Belecki et al. 2009; Zazopoulos et al. 2003). The similar-
ity between SgcE and CalE8 clearly suggests a common poly-
ketide pathway for the biosynthesis of both nine- and ten-
membered enediynes. SgcE and CalE8, therefore, represent
a novel family of iterative type I PKSs. Townsend and co-
workers further revealed insights into the biosynthesis of
enediyne core structures by studying CalE8 that was heterol-
ogously expressed in E. coli (Belecki and Townsend 2012,
2013). Their results showed that a programmed octaketide
was preferentially accumulated on the enzyme and may be a
key precursor to the enediyne core of calicheamicin.

Polycyclic tetramate macrolactam iPKS

Polycyclic tetramate macrolactams (PTMs) are a group of
structurally distinct natural products produced by a variety
of bacterial species (Fig. 4d) (Blodgett et al. 2010). A combi-
nation of small molecule chemistry, biosynthetic analysis, and
genome mining in diverse bacteria led to the recognition of
this group of compounds as a new class of natural products
with diverse biological activities. Thus far, the most striking
feature of PTM biosynthesis is that there is only one single-
module PKS-NRPS hybrid gene, despite the obvious presence
of two unlike polyketide moieties in the PTM skeleton (Lou
et al. 2011). This suggests that this single-module PKS is
responsible for the synthesis of the two polyketide moieties
of PTM skeleton.

Heat-stable antifungal factor (HSAF), which has a 5,5,
6-tricyclic system, was isolated from the Gram-negative
bacterium Lysobacter enzymogenes (Li et al. 2006; Yu
et al. 2007; Xu et al. 2015). It exhibits potent inhibitory
activity against a wide range of fungi, and the studies of
HSAF biosynthesis led to the recognition of the first PTM
iPKS (Yu et al. 2007; Lou et al. 2011, 2012; Li et al. 2014).
The hybrid PKS-NRPS for HSAF biosynthesis has a typi-
cal modular organization, KS-AT-DH- KR-ACP for the
PKS portion and C-A-PCP-TE for the NRPS portion
(Figs. 4 and 6). There are no obvious remnants of an inac-
tive enoylreductase (ER°) domain or a methyltransferase
(CMeT) domain, as seen in several iterative fungal PKS-
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NRPS with the similar organization, or other types of bac-
terial iPKSs. Although this type of iterative PKS-NRPS
had been seen in fungi, it was very rare in bacteria until
recent years. Phylogenetic analyses showed that PTM
iPKSs are more closely related to bacterial aromatic
iPKSs, rather than to fungal iPKSs (Fig. 2).

The PTM scaffold of HSAF is apparently derived from
two separate hexaketide chains along with an ornithine res-
idue. However, the biosynthetic gene cluster contains only a
single PKS-NRPS and the PKS contains only a single mod-
ule. This suggests that the same PKS module would act not
only iteratively, but also separately, in order to construct the
two different hexaketide chains and link them with the
NRPS-activated ornithine to form the characteristic PTM
scaffold. The HSAF biosynthetic gene cluster has been het-
erologously expressed in Streptomyces hosts, in which the
native PKSs have been deleted, and showed that the new
hosts produced HSAF analogues (Li et al. 2014). The itera-
tive polyketide biosynthesis was also demonstrated in vitro
using purified PKS and NRPS proteins. A hexaketide poly-
ene was detected as the biosynthetic intermediate in the
in vitro reactions, indicating that the single-module PKS is
indeed an iterative PKS—it assembles two separate polyke-
tide chains by catalyzing five cycles of chain elongation for
each of the hexaketides (Fig. 6). The timing of the transfer
of the second hexaketide chain is interesting, since it likely
occurs immediately after the fifth cycle of polyketide chain
elongation, before the newly formed β-keto group of the
second hexaketide chain can be processed by the KR do-
main and DH domain. All of PTM natural products hitherto
discovered retain this unprocessed β-keto group in the final
structure (Fig. 4d). The determining factor for this precise
timing is not known, but is possibly related to the tailoring
redox enzymes that are proposed to cooperate with the PKS-
NRPS in elaborating the PTM scaffold (Li et al. 2014).

Recently, the Gulder group reported heterologous expres-
sion of the ikarugamycin biosynthetic gene cluster in E. coli
(Antosch et al. 2014), and the Zhang group reported the en-
zymatic mechanism for formation of the inner 5-membered
ring and demonstrated the polyketide origin of the
ikarugamycin skeleton (Zhang et al. 2014). Ikarugamycin is
a Streptomyces-derived PTM which has a 5,6,5-tricyclic sys-
tem (Fig. 4d). Both the Gulder and Zhang groups showed that
a three-gene cluster, including a PTM iPKS, is sufficient for
ikarugamycin biosynthesis. In light of the huge number of
uninvestigated PTM-type gene clusters in databases, studies
of PTM iPKS should facilitate research into a new area of
iterative bacterial type I polyketides. Improved understanding
of the iterative mechanisms could be used to guide biosynthet-
ic engineering efforts.

Partially iterative bacterial PKSs

In entirely iterative bacterial type I PKSs, the iteration events
occur in the whole PKS complex. But in some bacterial type I
PKSs, the iteration events can happen on only one or two
modules within a multi-module assembly line. Module
stuttering was used to describe the iterative use of only one
module in a multi-module PKS, and is usually implicated
when the number of modules present in a PKS is fewer than
the number of condensation events required for complete bio-
synthesis of the corresponding polyketide (Katz 2009).
Iteration can be either aberrant or programmed, and many
examples of module iteration have been reported in the bio-
synthesis of polyketides in the recent years.

Unimodular iterations

An aberrant iteration was observed in the biosynthesis of
erythromycin A in S. erythraea, in which minor metabolites

Fig. 6 Iterative polyketide
biosynthesis by PTM iPKS, a
single-module, bacterial type I
PKS hybridized with an NRPS
module, which synthesizes two
separate hexaketide chains in the
biosynthesis of HSAF
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resulted from iterative use of onemodule of the PKSs (Fig. 7a)
(Wilkinson et al. 2000). This was the first example of how a
processive and co-linear modular PKS complex could operate
in an iterative manner. This iteration is considered as aberrant
because the iterative products were produced in trace amounts
and the native modular PKSs generally exert a rigorous con-
trol over the chain length. Structural elucidation of the final
products indicated that the iteration event occurred during the
fourth chain extension (Fig. 7a). Such a homologation reac-
tion would require the normal pentaketide product of module
4, attached to ACP4 (DEBS2), to be transferred back onto the
active site cysteine residue of the KS4 domain of the same
module, rather than being processed onto the downstream
KS5 domain of DEBS3 (Fig. 7a). A second, module 4-
catalyzed chain extension cycle would occur, producing a
novel hexaketide chain attached to the ACP4 (DEBS2). This
new hexaketide intermediate would be transferred to the KS5
(DEBS3) domain and the elongation process would then prog-
ress in the normal manner to give a ring-expanded octaketide
product. The explanation for this aberrant iteration is that the
location of the module 4 allows the iteration event to occur
before the transfer of the pentaketide intermediate to the next
module, but this event only happened rarely.

Similar biosynthetic iteration has been found in epothilone
PKSs, which synthesize the 18-membered macrolactones
(Hardt et al. 2001). Both module 5 and module 6 can be
iteratively used, resulting in six different by-products based
on different substrate selectivity of the AT domains. The di-
versity of the iterative by-products indicated that the iteration
events could happen to different modules within the same
assembly line.

Apart from the occasional and unpredictable aberrant iter-
ation event in some bacterial type I PKSs, most iterative PKS
events are tightly controlled and apparently have developed
during the evolution of the assembly lines. These programmed
iterative events are found in the biosynthesis of a number of
natural products. The classic examples for the programmed
iterative use of a module are the type I PKSs for stigmatellin,
aureothin (two iterations each), and borellidin (three itera-
tions) (Fig. 7a).

The electron transport inhibitor stigmatellin is an aromatic
compound isolated from the myxobacterium Stigmatella
aurantiaca (Gaitatzis et al. 2002). By analysis of the structure
and gene cluster, Muller and co-workers proposed that there
must be three more malonyl-CoA units added to the backbone
by two modules, StiH or StiJ (Fig. 7a) (Beyer et al. 1999;
Gaitatzis et al. 2002). This iteration is different from the ring
expansion in erythromycin biosynthesis, since stigmatellin is
the only product observed in the culture broth, strongly sug-
gesting a dedicated and programmed iterative processing in
this PKS assembly. Either StiH or StiJ could be used iterative-
ly, while the other modules worked classically. It was also
possible that this iteration was actually from an in trans

module outside the gene cluster. To exclude this possibility,
the authors inactivated every other PKS-containing gene clus-
ter in the genome of S. aurantiaca. However, none of these
mutations eliminated the production of stigmatellin, showing
that its biosynthesis is solely the responsibility of the sti locus,
apparently necessitating iterative use of the associated PKS.

The biosynthesis of lankacidin is a very unusual example
of the iterative use of a PKS module. A module, consisting of
KS-DH-CM-ACP1-ACP1-KS-AT spread over four proteins,
was proposed to be iteratively used for the first five conden-
sations (Mochizuki et al. 2003). The presence of repeated,
virtually identical, ACP domains is also an interesting feature,
suggesting that this module may be involved in iterative use,
with twin ACP domains having different uses.

The aureothin PKS also contains a programmed iteratively
used module (Fig. 7a) (He and Hertweck 2003, 2005;
Traitcheva et al. 2007). The iteration module, AurA, not only
works iteratively, but also selects the p-nitrobenzoate starter
unit, revealing that the interplay of multiple components is
essential to control the exact number of elongation cycles
(Busch et al. 2013). Hertweck and co-workers proposed that
the iteration happened by retrotransfer of the biosynthetic in-
termediate from one PKS subunit to the opposite PKS subunit
of the synthase complex (Busch et al. 2012). They confirmed
that KS1 was in charge of priming the PKS, thus leaving a
vacant position for the retrotransfer of the diketide. KS2 func-
tions as a gatekeeper that controls the chain length of polyke-
tide. The substitution of module 1 of AurA to the avemectin
module 1 resulted in abolition of iteration, indicating that it-
eration is completely due to aureothin module 1. The deletion
of the TE domain enabled the authors to track the intermedi-
ates produced by aur PKS (Busch et al. 2013). The biosyn-
thetic logic found in aureothin PKS was used to morph an
artificial pathway, which generates a complex polyketide that
was initially isolated from a different bacterium (Sugimoto
et al. 2014). This is the first example of engineering modular
PKS to generate known bioactive compounds. The synthase
of neoaureothin, a homolog of aureothin, also employs the
module 1 iteratively, but allows additional chain elongation.
The resulting derivatives of the truncated nor PKS variants
suggested the iterative modules might compensate for the loss
of a module, while downstream modules serve as the gate-
keepers to control the chain length (Sugimoto et al. 2015).
Iterative PKS programming was also found in the biosynthesis
of etnangien (Menche et al. 2008) and crocacin (Muller et al.
2014). The investigation of programmed module iterations
may lead to new diversity of polyketide compounds through
combinatorial biosynthesis.

Bimodular iterations

PKS module iteration was initially thought to involve only
one module. However, a novel bimodular iteration was
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revealed in 2008 (Chopra et al. 2008). A protein involved in
the biosynthesis of a phosphoglycolipid called mannosyl-β-1-

phosphomycoketide (MPM) was proposed to contain two
complete sets of modules and to synthesize mycoketide by

Fig. 7 Iterative polyketide biosynthesis through modular iteration in bacterial type I PKS
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five alternating condensations of methylmalonyl and malonyl
units, using an iterative mode of PKS catalysis (instead of
terpene synthase catalysis) (Fig. 7b). The chemical structure
of mycoketide contains branching at every alternate ketide
unit, suggesting an alternative use of two modules wherein
one module would condense a branched C3 ketide unit and
the next would add a C2 unit. Site mutation and radiolabeled
experiments confirmed that the AT1 prefers methylmalonyl-
CoA while the AT2 recruits malonyl-CoA. On the basis of
biochemical, computational, mutagenic, analytical ultracentri-
fugation and atomic force microscopic studies, it was pro-
posed that the PKS12 protein could be organized as a large
supramolecular assembly mediated through specific interac-
tions between the C- and N-terminus linkers. This interaction
enables the intermolecular acyl chain transfer between two
proteins. PKS12 protein thus forms a modular assembly to
perform repetitive condensations analogous to iterative pro-
teins (Chopra et al. 2008). This novel intermolecular iterative
biosynthetic mechanism provides new perspective on the un-
derstanding of polyketide biosynthetic machinery and also
suggests new ways to engineer polyketide metabolites.

Iterative mechanisms

Khosla and co-workers proposed a ratchet mechanism for the
naturally noniterative PKS assembly line, that is, the first helix
of ACP domain is preferentially recognized by the KS of next
module instead of the one in its own module (Kapur et al.
2012). The KS-ACP recognition and interaction allow unidi-
rectional translocation of the growing polyketide chain. Upon

this theory, an intrinsically noniterative PKS could be
engineered to be iterative by rational swapping the first ACP
helix. Indeed, a noniterative DEBS module has been
engineered to catalyze two rounds of chain elongation by re-
placing ACP helix I from module 3 to ACP helix I from
module 2 (Kapur et al. 2012).

Although many examples of bacterial type I iPKSs have
been reported, the mechanism that controls the iteration pro-
cesses in these iPKSs has not been clearly elucidated (Busch
and Hertweck 2009). A probable mechanism could be that
iteration is an intrinsic feature of the module like FAS and
fungal iPKSs. Alternatively, a force coming from the down-
stream, for example, the KS domain which only accepts an
intermediate with a particular chain length, could encourage or
restrict the upstream module to iterate, passing the nascent
polyketide back upstream for another round of elongation. A
combination of both is possible in some of the reported cases
(Busch et al. 2013). The number or freedom of the iteration is
influenced by the intrinsic property of the iterative module
itself, but the size of the final product is determined by the
selectivity of the downstream gatekeepers (Sugimoto et al.
2015).

Despite the lack of experimental evidence in general, the
process of iteration in bacterial type I iPKSs could be mirrored
on what has been described for fungal iPKSs: (1) KS domain
catalyzes the Claisen condensation reaction between the start-
er and extender units, driven by decarboxylation of the ex-
tender unit; (2) the intermediate is passed back to the KS
domain to be extended by another ketide unit; (3) the finished
polyketide chain is released from the enzyme only once the
polyketide has reached its predetermined length, which is

Fig. 8 Possible mechanisms of
iteration in a single-module type I
iPKS, intrachenar transfer versus
interchenar transfer (a) and the
experimentally supported
interchenal retrotransfer in
aureothin biosynthesis (b)
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unique for each iPKS. In principle, the iteration might happen
under the following scenarios: the intermediate is transferred
from the ACP domain of one PKS chain to (a) ACP domain
on the same PKS chain (intrachenar), (b) ACP domain on the
opposite PKS chain (interchenar), (c) KS domain upstream on
the same PKS chain (intrachenar), or (d) KS domain upstream
on the opposite chain (interchenar) (Fig. 8). Through targeted
domain mutagenesis, cross-complementation experiments,
and metabolic profiling, Hertweck and co-workers proposed
an interchenar retrotransfer model for the iPKS involved in
aureothin biosynthesis (Busch et al. 2012). They revealed that
the N-terminus ACP is not involved in the iteration process,
ruling out an ACP-ACP shuttle (Fig. 8). This is also consistent
with the fact that most bacterial iPKSs do not have an N-
terminal ACP. Furthermore, an aurA (ΔKS, ΔACP) and
aurA (ΔAT) heterodimer proved to be nonfunctional, whereas
aureothin production was restored in a ΔaurA mutant
complemented with aurA (ΔKS)-aurA (ΔACP). This finding
supports that the most likely scenario is (d), a retrotransfer of
the biosynthetic intermediate from the ACP onto the KS do-
main located on the opposite polypeptide strand. Finally, ev-
idence also suggested that iteration events in a modular poly-
ketide assembly line are controlled by multiple factors (Busch
et al. 2013). The interplay of multiple components is essential
not only to the exact number of iteration cycles, but also to an
unobstructed metabolite flux in the assembly line. The kinet-
ics can be an important factor in this process. For example in
aureothin PKS, the KS1 of AurA is exclusively in charge of
priming the PKS and the retrotransfer of the diketide, and the
KS2 of AurB is a gatekeeper only accepting an intermediate
with a right size. For a programmed iteration to take place,
KS1 must control the rates of priming and retrotransfer of the
diketide. When a designated loading module of the
avermectin PKS was placed in front of AurA, the iteration is
completely lost in the engineered PKS (Busch et al. 2013).

Final remarks

PKSs are generally classified into three types according to
their organizations. With the increasing number of PKSs fall-
ing into the category of non-canonical PKSs, the boundaries
between the different types are no longer so well defined.
Non-canonical type I PKSs expand the diversity of natural
product biosynthesis, making engineering and rational design
in synthetic biology even more complicated. Iteration is likely
the most unpredictable event that occurs in polyketide biosyn-
thesis. The iterations can happenwithin one or twomodules of
a giant multi-module assembly line, and iterations can occur
either once or multiple times. In the case of AurA, the iterative
module can be repetitively used for four times until the length
of the intermediate is selected by the next KS gatekeeper. For
entirely iterative PKSs, such as those for bacterial aromatic

polyketides, PTM, PUFA, and enediynes, these modules have
the potential to provide the entire core structures of the target
compounds, which could also be further engineered to pro-
duce libraries of complex polyketides. Programmed iteration
may have the potential to be engineered to produce
polyketides with diverse lengths and modifications.

However, the realization of engineered biosynthesis relies
on the understanding of the molecular basis behind iterations
in bacterial type I PKSs. Although several groups have begun
to investigate the mechanisms of iteration and timing of
retrotransfer, more work has to be done to understand these
processes and to translate the knowledge into polyketide bio-
synthetic engineering. At the same time, these iterative events
continue to reveal that Nature recruits unexpectedmechanisms
to synthesize novel natural products. With the progress in PKS
structural biology and in depth biochemical studies, we antic-
ipate that new insights into the molecular mechanisms by
which bacterial modular PKSs control iterations will continue
to emerge.
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