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Abstract

Modular polyketide synthases produce a vast array of bioactive molecules that are the basis of 

many highly valued pharmaceuticals. The biosynthesis of these compounds is based on ordered 

assembly lines of multi-domain modules, each extending and modifying a specific chain-

elongation intermediate before transfer to the next module for further processing. The first 3D 

structures of a full polyketide synthase module in different functional states were obtained recently 

by electron cryo-microscopy. The unexpected module architecture revealed a striking evolutionary 

divergence of the polyketide synthase compared to its metazoan fatty acid synthase homolog, as 

well as remarkable conformational rearrangements dependent on its biochemical state during the 

full catalytic cycle. The design and dynamics of the module are highly optimized for both catalysis 

and fidelity in the construction of complex, biologically active natural products.

Introduction

Nature has an impressive capacity for chemical synthesis, illustrated most dramatically in its 

ability to produce a vast diversity of secondary metabolite molecules or natural products. 

Polyketides and non-ribosomal peptides are natural products generated by complex enzyme 

assemblies that function as biosynthetic machines. Among the most fascinating machines 

are the many polyketide synthases (PKS) and non-ribosomal peptide synthetases (NRPS) 

organized as assembly lines wherein pathway intermediates move from one synthetic 

module to the next in a defined order. Within each module, the pathway intermediate is 

extended by a specific 2-carbon ketide (PKS) or an amino acid (NRPS). Intermediates are 

tethered by thioester linkage to the phosphopantetheine cofactor of each carrier protein, and 
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may undergo further modification after extension. In some pathways, this common strategy 

for intermediate tethering facilitates mixing of ketide and peptide extension units to create 

hybrid polyketide-peptide products.

Most drugs in clinical or veterinary use are natural products or their derivatives [1] and, 

given the urgent need for new drugs, secondary metabolic pathways represent an area of 

outstanding importance for exploring new leads [2]. Accordingly, modular PKS, NRPS and 

hybrid systems are subjects of intensive research in academic and industrial laboratories 

around the world, aiming to delineate the pathways for the production of promising 

compounds and also to provide the basis for bioengineering efforts [3]. Nevertheless the 

natural sources of bioactive molecules have barely been explored, as the number of 

pathways being studied is far outpaced by the abundance of pathways being identified in 

microbial genome sequences [4]. Although the natural functions of nearly all polyketide, 

nonribosomal peptide and hybrid natural products are unknown, these often secreted 

molecules likely tailor the local environment to benefit the producing organism in its 

ecological niche. Furthermore, secondary metabolites produced by PKS or hybrid pathways 

undoubtedly are natural contributors to human health, as several thousand pathways have 

been identified in the microbiomes of healthy people [5].

Structural biology studies have provided significant insights into the architecture and 

function of modular PKSs [6,7]. The focus of this review is the structure of a PKS module 

and new results [8••,9••] that inform our understanding of its function within a biosynthetic 

assembly line.

The PKS module extends a polyketide intermediate in two-carbon increments through the 

decarboxylative condensation of thioester-activated acyl groups. Besides the two-carbon 

elongation step, a module may optionally modify the extended intermediate. The obligatory 

extension includes acyltransferase (AT) selection of a building block from the CoA pool for 

loading onto an acyl carrier protein (ACP) domain, and condensation with the upstream 

intermediate by a ketosynthase (KS) domain to produce an elongated β-keto product (Figure 

1a). In the canonical PKS module, up to three reductive reactions may then occur to generate 

a β-hydroxy (ketoreductase (KR) reduction of β-keto), an α,βalkene (dehydratase (DH) 

action on β-hydroxy), or a fully reduced intermediate (enoylreductase (ER) reduction of α,β-

alkene). In the PKS module, these domains are fused in the order KS-AT-DH-ER-KR-ACP 

(Figure 1b). The enzymology of the individual catalytic domains is well understood, and 

models have been proposed to explain the catalytic fidelity of individual modules [10]. Each 

mega-synthase assembly line consists of several modules that typically act in a strict order. 

A terminal thioesterase (TE) domain in the final module of the pathway offloads the final 

ACP-tethered intermediate, in many cases cyclizing it to a macrolactone (Figure 1c).

Much of the remarkable diversity of polyketide natural products is due to the specific 

sequence of modules within a pathway together with the modification domains within each 

module that produce unique β-keto, β-hydroxy, α,β-alkene or fully reduced intermediates. 

Given Nature’s predisposition for gene duplication and pathway expansion, it is not 

surprising that more substantial modifications of the canonical PKS module are also 

common, including the insertion of sequences that encode functionalities for methyl transfer 
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[11], halogenation [12] and β-branching [13]. Additionally, some gene clusters do not 

encode an AT domain within each module, but instead use a pathway-associated in trans AT 

to supply a common building block at each extension step [14]. Most PKS gene clusters also 

encode tailoring enzymes that convert the released polyketide to the final biologically active 

natural product in reactions such as glycosylation [15], methylation [11], epoxidation and 

hydroxylation [16].

Operation of the assembly line - docking domains

To synthesize a specific product, the modules of a PKS pathway must operate in a defined 

sequence. This requires that each ACP domain deliver the product of its module to the KS 

domain of the next module in the assembly line. Intermediate delivery to the next module is 

straightforward when modules are fused within a single polypeptide. In other cases, pathway 

fidelity is assured by weak, but specific, non-covalent association of short “docking 

domains” at the ACP C-terminus of the upstream module and the KS N-terminus of the 

downstream module [17]. Two docking architectures have been characterized [18,17,19], 

both involving the docking of a C-terminal helix in the upstream module to an N-terminal 

coiled-coil helix dimer of the downstream module. In actinobacterial pathways, the “class 1” 

C-terminal docking helix is preceded by a helical dimerization element [18], whereas in 

cyanobacterial and myxobacterial pathways, the “class 2” C-terminal docking peptide is 

monomeric [19].

Relationship of PKS module to metazoan FAS

The type I PKS module and the metazoan (type I) fatty acid synthase (FAS-I) have a 

common evolutionary ancestor. In addition to homologous catalytic and ACP domains, these 

megasynthases possess a common domain order (Figure 1b) and homodimeric association 

[20]. However, PKS modules within a multi-component pathway act in a defined sequence 

in which each catalytic domain is typically used only once, with the order of modular 

interactions determined by cognate docking domains. By contrast, the FAS-I is a singular 

entity that always functions iteratively without need for docking domains. In 2006, three 

crystal structures (porcine FAS-I [21], PKS KS-AT di-domain [22], PKS KR domain [23]) 

revealed several previously unknown architectural features common to the PKS and FAS 

systems (Figure 2). Based on these landmark results, the dimeric metazoan FAS-I became 

the de facto model for the dimeric PKS module, effectively replacing two earlier models 

[24,25]. Arguably the strongest evidence for a common PKS-FAS architecture came from 

crystal structures of KS-AT di-domains excised from PKS modules [22,26,19], which are 

strikingly similar to the KS-AT of FAS-I. Both dimers are elongated with the KS domains 

(blue) at the dimer interface, the AT domains (green) at the periphery and an 80-amino-acid 

KS/AT linker domain (gray) between KS and AT (Figure 2). In both systems, a 30-amino-

acid “post-AT linker” (red) extends from the AT, crosses the KS/AT linker domain surface, 

and threads between the KS/AT linker domain and the KS domain to terminate near the 

dimer interface. The PKS KR structure led to the important realizations that the KR of both 

PKS and FAS-I is the product of a gene duplication, resulting in “structural” (KRS) and 

“catalytic” (KRC) sub-domains, and that the ER domain is inserted between KRS and KRC 

[23]. A higher-resolution porcine FAS-I structure [27] led to the identification of a pseudo-
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methyltransferase domain (ψMT) between the DH and ER domains (Figure 2b), where bona 

fide MT domains are found in some PKS modules. The FAS-I-based PKS model appears to 

be well organized for genetic manipulation, as the obligatory extension domains (KS-AT) 

form one wing of the structure and the reductive domains (DH-ER-KR) form a second wing 

in which one, two or all three domains may be absent. The small ACP domain, which must 

transit all the active sites, and the terminal TE domain were not positioned in the model, as 

they were present but disordered in the porcine FAS-I crystal structure.

Other aspects of the PKS module and FAS-I differ, particularly in the reductive domains 

(Figure 2). The PKS inter-domain linkers are shorter than the corresponding FAS-I linkers 

and dissimilar in sequence. The linker peptides connecting the ER and KR domains form a 

two-stranded β-sheet in the FAS-I that does not exist in an excised PKS ER-KR di-domain 

[28], and the orientation of ER relative to KR is radically different in the PKS and FAS-I. 

The quaternary structures of some catalytic domains also differ in the two systems. The 

FAS-I ER is dimeric whereas the PKS ER domain is monomeric with a helix that blocks 

dimer formation [28]. Despite their common fold, the dimeric DHs have strikingly different 

monomer orientations in PKS [29] and FAS-I, and the PKS DH domain remains dimeric 

when excised whereas the excised FAS-I DH behaves as a monomer. Moreover, the terminal 

PKS TE domain is a dimer [30] while the FAS-I TE is monomeric [31].

Segue from crystallography to single-particle electron cryo-microscopy

Structures of excised domains from PKS modules have accumulated in the past decade, but 

structures of full modules have remained elusive. This is despite heroic attempts at 

crystallization in many labs, including our own. Models have been proposed to explain 

multi-domain catalysis [10] or to fit small-angle x-ray scattering data for PKS modules in 

solution [32,33]. Likewise, knowledge of the metazoan FAS-I structure remains limited to a 

single snapshot of the porcine FAS-I in one crystal form [27] as well as maps from low-

resolution negative-stain electron microscopy (EM) showing flexibility in the region 

connecting the upper KS-AT wing and the lower reductive wing [34,35]. The working 

assumption of the field has been that inherent flexibility poses great challenges for 

crystallization of both PKS modules and FAS-I. More recently, we explored the feasibility 

of electron cryo-microscopy (cryo-EM) to study PKS module structure and quickly 

discovered that a few “canonical” PKS modules had remarkably homogeneous 

conformations. For detailed studies, we chose the native monomodular polypeptide, PikAIII 

(module 5), from the well characterized pikromycin PKS (Pik) of Streptomyces venezuelae 

[36], a canonical pathway closely related to the prototypical erythromycin PKS (DEBS) of 

Saccharopolyspora erythraea [37]. PikAIII catalyzes the extension of a pentaketide 

intermediate and transfers its hexaketide product to the PikAIV termination module 6 

(Figure 1d). Effective biochemical assays have been developed for PikAIII and for coupled 

PikAIII-PikAIV catalysis [38,39], which enabled us to evaluate our findings and 

interpretations through a series of biochemical experiments involving site-directed 

mutagenesis.
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Single-particle cryo-EM capabilities and advances

The resolution achievable by cryo-EM has steadily improved over the past 10–20 years 

thanks to advances in instrumentation and image processing methodologies. Primarily 

propelled by the recent development of direct-electron detectors that facilitate the recording 

of images with minimal noise and blurring [40,41], cryo-EM has now entered the “club” of 

high-resolution structure determination methods [42–44]. Importantly, near atomic-

resolution cryo-EM structures are not limited to large macromolecular complexes such as 

ribosomes or highly symmetric assemblies such as viruses, but can also be achieved for 

complexes well below 400 kDa [45•,46•]. As the community has gained experience in using 

single-particle EM for macromolecular complexes, the requirements for sample quality have 

become clear and techniques for sample preparation have been further refined. The ability to 

obtain such structures in solution at high resolution is a game changer in many areas of 

molecular biology and alleviates many of the bottlenecks associated with X-ray 

crystallography or NMR. Nevertheless, the achievable resolution by single-particle cryo-EM 

is fundamentally limited by the inherent dynamics of the system and the extent to which 

compositional and conformational heterogeneity can be effectively addressed 

computationally through particle classification procedures. It is thus expected that 3D 

reconstructions of relatively small macromolecular complexes with a near continuum of 

conformations will be limited in resolution, and may in fact be inaccurate at even low 

resolution.

Given these considerations, it was surprising that PikAIII, a canonical PKS module 

composed of four catalytic domains, KS-AT-KR-ACP, was highly homogeneous in solution 

and yielded 3D reconstructions with resolutions as high as 7 Å from data recorded on a 

conventional CCD detector [8••,9•• ]. At 300-kDa, the PikAIII dimer is considered a 

relatively small cryo-EM target and, if compounded by significant flexibility, would yield 

3D reconstructions of limited accuracy and resolution. However, in this case the resolution 

of the final EM maps was limited more by the instrumentation than by the sample. The EM 

maps were of sufficient detail for construction of pseudo-atomic PikAIII models, which 

were created by rigid-body positioning the high-resolution crystal structures of individual 

domains (KS dimer, AT, KR, ACP) into the well resolved EM density.

The PikAIII structures were full of surprises. The two most significant are a substantially 

different overall architecture from the prevailing FAS-based model, and the substrate-

dependent localization of the ACP domain. In retrospect, both of these features are highly 

evolved and facilitate pathway throughput of the polyketide chain elongation intermediate as 

it is extended and reductively processed during a single catalytic cycle.

Overall architecture

The PKS module has an overall arch shape (Figure 3a), a major departure from the more 

open architecture visualized in the porcine FAS-I crystal structure [27] (Figure 3b). The arch 

shape of the PKS module creates a single reaction chamber for intermediates tethered to the 

ACP, as the active sites of catalytic domains face into the chamber. The PKS and FAS 

structures have identical KS dimers, but differ most dramatically in the positions of the AT 
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domains relative to the KS dimers. The arch shape and single reaction chamber of the PKS 

module are created by an “AT-down” conformation whereas the FAS-I open architecture is 

due to an “AT-out” conformation. The position of the post-AT linker peptide, which 

connects the AT to the KR domain of PikAIII, could not be determined in the current EM 

maps.

The dramatic difference in architecture of the PKS module and FAS-I is due to a radically 

different interface of the KS domain with the 80-amino-acid KS/AT linker domain. The 

KS/AT linker domain (gray) and the AT domain (green) are positioned identically to each 

other in the PikAIII module (Figure 3a) and in the excised KS-AT di-domains (Figure 2a), 

as an excellent fit to the EM density was obtained without internal adjustment of the KS/AT 

linker domain to the AT domain. Thus we refer to these two domains together as the “linker-

AT unit”. Relative to the KS, the linker-AT unit of the PKS module differs by an ~120º 

rotation compared to its position the porcine FAS-I or in structures of excised PKS KS-AT 

di-domains [22,26,19], representing an ~40 Å difference in the AT active site position. The 

linker-AT unit appears to be a fixed unit in cis-AT PKS pathways. For example, guided by 

the domain architecture from the original KS-AT di-domain structures, two groups excised 

linker-AT units and obtained crystal structures [47,48] in which the interfaces of KS/AT 

linker domain and AT domain are identical to those of the PikAIII full module (Figure 3c). 

In contrast to the KS/AT linker domain, a small ferredoxin-like sub-domain of the AT 

occupies more varied positions relative to the AT core. Moreover, the structures of KS-ATs 

excised from two DEBS modules [22,26] and a curacin module [19] reveal evidence for 

flexibility of the linker-AT unit relative to the KS, although all are in an “AT-out” position 

(Figure 3c). The orientation of linker-AT unit relative to KS also differed among the 

biochemical states of PikAIII, although all are in an “AT-down” position. Intriguingly, the 

KS/AT linker domain is clearly a feature of PKS modules. In trans-AT pathways, the 

KS/AT linker domain is not part of the standalone trans AT enzyme [49], but is instead 

associated with the KS domain, as seen in two recent KS crystal structures [50,51] (Figure 

3d).

The PKS module is inherently dimeric. Nature employs at least two types of dimerization 

elements in addition to the dimeric KS, DH and TE catalytic domains. Surprisingly, in many 

cases the extensive dimer interface of the KS domain is insufficient for module 

dimerization. We found that PikAIII dimerization requires the small post-ACP dimerization 

element of the class 1 docking domain [8••]. The proximity of the dimerization element to 

the ACP may explain why the ACP domains were faithful to the module dimer symmetry in 

all EM maps. Consistent with this observation, retention of the post-ACP dimerization 

element was essential for efficient di-module catalysis (PikAIII::PikAIV) when the native 

PikAIII class 1 docking domain was replaced with a monomeric class 2 docking domain 

[19]. Another type of dimerization element was discovered recently in the spinosyn 

pathway, consisting of a 55-amino-acid insert between the post-AT linker and the KR 

domain [52]. Similar dimerization elements have been detected in pathways with 

monomeric class 2 post-ACP docking domains [19].

The single reaction chamber of the PKS module effectively sequesters the AT and KR active 

sites away from the ACPs of other modules, a potentially significant factor in pathway 
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fidelity. The reaction chamber also protects the module ACP from other reactants. For 

example, to generate the pentaketide-KS state of PikAIII (Figure 4b), the pentaketide 

intermediate was delivered as the thiophenol-activated mimic [53] of pentaketide-ACP4. The 

small-molecule mimic reacted with the PikAIII KS catalytic cysteine, but no adduct at the 

PikAIII ACP5 phosphopantetheine thiol group was detected by mass spectrometry.

Travels of ACP

Another major surprise of the PikAIII structures was the substrate-dependent localization of 

the ACP domain. Even without an acyl group (holo-ACP), the ACP was well localized 

within the reaction chamber at two distinct positions distant from the active sites. The ACP 

traveled to active site entrances dependent on its acylation state and on the biochemical state 

of the module, generally residing at the active site entrance appropriate to the next reaction 

of its cargo. The series of structures provides significant new information about the 

dynamics of ACP and its interaction with the catalytic domains (Figure 4), as well as a new 

baseline for future analyses relating to substrate selectivity and catalytic efficiency.

ACP localization led to the important discovery of a second, previously unknown entrance 

to the KS active site. When loaded with a methylmalonyl building block, the PikAIII ACP 

localizes to a KS active site entrance within the reaction chamber where it awaits the 

intermediate from the upstream module (Figure 4c). The ACP of the upstream module 

(PikAII, module 4) delivers its pentaketide intermediate through another entrance, which is 

outside the reaction chamber (Figure 4a). After pentaketide delivery, the outside entrance is 

blocked by a slight shift in the linker-AT unit. This dual-entry scheme cleverly avoids mix-

ups within KS domains that must interact with two different ACPs. The outside entrance 

was well established by structures of a number of enzymes from the thiolase superfamily, 

but the entrance within the reaction chamber was unanticipated. Re-examination of the 

crystal structures of excised PKS KS-AT didomains [22,26,19] revealed an open or flexibly 

covered KS active site entrance at the position of the intra-module ACP entrance in PikAIII, 

and its functional role was established through mutagenesis. In contrast, KS domains or 

discrete forms of the enzyme (e.g. from FAS, type II PKS) that interact with only one ACP 

or with acyl-CoA substrates have only the previously identified “side” entrance.

When the PikAIII KS catalytic cysteine is loaded with the upstream intermediate, the 

outside entrance is blocked by a slight shift in the linker-AT unit compared to its position in 

other biochemical states of the module. Two recent KS crystal structures provide the first 

views of bona fide substrates as covalent intermediates in the KS active site. One structure is 

for a PKS that acts on acyl-CoA substrates [54], and the other is excised from a trans-AT 

pathway [51]. The spacious KS active sites appear to provide binding pockets adapted to 

their substrates, and based on these high-resolution substrate complexes, it is challenging to 

predict the position of a new building block delivered through the entrance for the module 

ACP. Interestingly, recent structures of excised KS domains from two trans-AT pathways 

[50,51] do not indicate the presence of a second active site entrance. As the AT domain 

forms one wall of the PikAIII reaction chamber, we anticipate unique features in the module 

architecture for the trans-AT PKSs.
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After the PikAIII KS extends the pentaketide intermediate, the β-ketohexaketide-ACP 

moves to the KR active site where it stalls in absence of the NADPH cofactor (Figure 4d). 

The ACP contacts the KR “cofactor lid”, which directly overlooks the NADPH nicotinamide 

site and is consistent with a recent hexanoyl-CoA-KR complex structure [55]. The direction 

from which a β-keto substrate enters the KR active site is thought to establish the chirality of 

the β-hydroxy KR product [56], and the ACP is in a perfect position to introduce its 

substrate under the lid into the active site from either direction. Two sequence motifs in PKS 

KR domains are strongly correlated with specific stereochemical outcomes [57] through a 

mechanism that is not apparent in structures of excised KR domains but may involve 

blocking access from one direction or the other after cofactor binding [58].

Finally, the ACP is expelled from the reaction chamber after KR-catalyzed reduction of the 

β-ketohexaketide to the β-hydroxyhexaketide (Figure 4e). The module product is thus 

positioned to interact with the outside entrance to the KS active site of the next module 

(PikAIV) in the pathway and completion of the biosynthetic process that results in formation 

of narbonolide (Figure 1c).

Summary and remaining questions

The unanticipated structures and dynamics of the PikAIII module provide long-awaited 

explanations for the astounding pathway throughput and fidelity in type I PKS systems. The 

stable localization of ACP according to the ketide intermediate it carries can contribute 

substantially to pathway throughput by placing it in an optimal position for the next reaction 

of the biochemical cycle. Thus, the ACP does not diffuse freely in the vicinity of the module 

active sites, as was generally thought. How much ketide variability can the module tolerate 

without loss of ACP localization, and does this differ among catalytic domains? Current 

efforts indicate that pathway throughput is substantially slowed by modest changes to the 

natural pentaketide substrate (Hansen, D. A. and Sherman, D. H. unpublished), but is this 

due to bottlenecks at specific domains or general lack of ACP localization? These critical 

questions must be answered if we are ever to achieve the long-standing goals of scalable 

chemoenzymatic synthesis using modular PKSs, or efficient structural diversification using 

combinatorial biosynthesis with engineered PKS pathways.

ACP localization also contributes to pathway fidelity. The ACP is sequestered within the 

reaction chamber until the final synthetic step is complete, then ejected from the chamber 

and made accessible to the next module (Figure 4e). This mechanism prevents the 

accumulation of aberrant pathway intermediates by protecting the ACP from erroneous 

reactions in the catalytic domains of other modules, of which the KS of the downstream 

module may be the most critical. Specificity in the ACP::KS protein-protein interaction of 

discrete cognate modules (in addition to the docking domain interaction) has been reported 

and predicted to contribute to pathway fidelity [59]. In such cases, it may be especially 

important to sequester the upstream ACP away from the downstream KS until catalysis is 

complete in the upstream module. It is noteworthy that the upstream ACP4 for the PikAIII 

module did not localize in any position with respect to the downstream KS5 in the absence 

of bound pentaketide intermediate [8 ], indicating that any ACP4::KS5 specificity is weak in 

this case.
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Many details remain to be established for the remarkable progression of conformational 

changes and ACP travels throughout the PikAIII biosynthetic cycle. The domain 

connectivity within the dimeric module was not established with certainty, as the inter-

domain peptides were not discernible in the EM maps. The 8-20 amino-acid connector from 

the KS to the linker-AT unit is also disordered in all crystal structures of excised KS-AT 

didomains. In the excised PKS KS-AT didomains and the FAS-I, the post-AT linker 

occupies remarkably similar positions along the KS surface, but the radically different 

interface of KS to linker-AT unit requires that the post-AT linker be elsewhere in the PKS 

module. The EM maps revealed several structural changes associated with the PikAIII 

module biochemical state, including shifts in the linker-AT unit, changes at the intra-module 

KS entrance, and an end-to-end (i.e. 180º) flip of the KR domain. Understanding these 

dynamic features and their functional consequences will require structural snapshots at 

higher resolution than in the initial cryo-EM study.

Finally, the PKS module structures raise several global questions. Are all PKS modules from 

cis-AT pathways like PikAIII, or do other PKS modules have different conformations? How 

are DH, ER and the growing number of non-canonical domains (e.g. halogenase [60], 

sulfotransferase [61]) accommodated in the module architecture? Does the post-ACP 

dimerization element at the module C-terminus contribute to the overall arch shape? How 

flexible is the interface between the KS and the linker-AT unit? Does the metazoan FAS 

exist in any PKS-like conformation? The new structures are an excellent starting point to 

answer these and other questions about PKS module architecture and function.
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Highlights

• The first structures of a polyketide synthase module were solved by cryo-EM.

• The module structure is strikingly different than its fatty acid synthase homolog.

• Structures illustrate the dynamics of the module during its catalytic cycle.

• The carrier protein domain localizes optimally for the next reaction of its cargo.
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Figure 1. 
PKS module catalysis and organization. (a) Reactions catalyzed by a canonical PKS module 

with a full complement of reductive domains. The fourth extension module of the 

pikromycin pathway [36] uses a methylmalonyl-CoA building block to extend the 

tetraketide intermediate to a fully reduced pentaketide. The building block added in this 

extension is shown in red; the wavy bond represents phosphopantetheine. (b) Order of 

domains within the PKS module and the metazoan FAS-I. The offloading TE domain is 

present only in the terminal module (PikAIV) of PKS pathways. (c) TE offloading to 

generate narbonolide, the macrolactone product of the pikromycin PKS assembly line. (d) 
Overall conversion catalyzed by PikAIII, the fifth extension module of the pikromycin 

pathway.
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Figure 2. 
Comparison of domain structures from PKS and metazoan FAS mega-enzymes. (a) 
Domains excised from PKS modules, including the CurL KS-AT (PDB 4MZ0, [19]) and 

CurH DH (PDB 3KG7, [29]) from the curacin pathway, ER2-KR2 (PDB 3SLK, [28]) from 

the spinosyn pathway, and the pikromycin TE (PDB 2HFJ, [29]). (b) Domains of the 

metazoan FAS, including the KS-AT, DH and ψMT-ER-KR from the porcine FAS (PDB 

2VZ9, [27]) and the TE (PDB 3TJM, [31]) excised from the human FAS. The KS domains 

are in blue, AT green, DH red, ER yellow, KR dark (catalytic) and light (structural) purple; 

the KS/AT linker, ψMT and TE domains are in gray. Cofactors and active site residues are 
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rendered as spheres in atomic coloring. The post-AT linker peptides are shown in red in the 

KS-AT images. In all images, the PKS module or FAS-I twofold axis is vertical. To 

facilitate comparison, the PKS and FAS-I KS domains are oriented identically, as are the ER 

monomers and the core domains of TE monomers.
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Figure 3. 
Comparison of PKS and FAS overall structures. (a) PikAIII with β-ketohexaketide-ACP 

(EMD-5664, [9••]). (b) Porcine FAS (PDB 2VZ9, [27]). (c) Linker-AT unit within cis-AT 

PKS pathways, including within the PikAIII module [8••], excised from a zwittermicin 

module (PDB 4QBU, [48]) and excised as a KS-AT (PDB 4MZ0, [19]). (d) KS/AT linker 

domain association with KS in trans-AT PKS pathways, including KS2 excised from the 

bacillaene PKS (PDB 4NA2, [51]) and the trans AT from the disorazole pathway (PDB 

3RGI, [49]). Structures are rendered with KS dimers in a common orientation; the excised 

ZmaA AT in (c) and the trans AT in (d) are shown in the same orientation as the left-most 

AT of CurL KS-AT. Domains are colored as in Figure 2.
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Figure 4. 
Travels of ACP in the catalytic cycle of PikAIII PKS module [8••,9••]. (a) Delivery of the 

pentaketide intermediate by ACP4 (red) of the upstream module to the exterior entrance to 

the KS active site (EMD-5651). (b) Pre-extension pentaketide-loaded KS with holo-ACP 

docked at the AT active site entrance (EMD-5663). (c) Methylmalonyl-ACP docked at the 

KS active site entrance within the reaction chamber (EMD-5653). (d) Post-extension β-

ketohexaketide-ACP docked at the KR active site (EMD-5664). (e) Post-reduction β-

hydroxyhexaketide-ACP outside the reaction chamber where it is accessible to the next 
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module in the pathway (EMD-5666). Domains are colored as in Figure 2 with transparent 

surface rendering for all but the ACP domains. The biochemical state of the module is 

shown adjacent to the molecular drawing.
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