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The structure of a polyketide synthase bimodule core
Yves U. Tittes, Dominik A. Herbst†, Solène F. X. Martin, Hugo Munoz-Hernandez, 
Roman P. Jakob, Timm Maier*

Polyketide synthases (PKSs) are predominantly microbial biosynthetic enzymes. They assemble highly potent 
bioactive natural products from simple carboxylic acid precursors. The most versatile families of PKSs are orga-
nized as assembly lines of functional modules. Each module performs one round of precursor extension and 
optional modification, followed by directed transfer of the intermediate to the next module. While enzymatic 
domains and even modules of PKSs are well understood, the higher-order modular architecture of PKS assembly 
lines remains elusive. Here, we visualize a PKS bimodule core using cryo–electron microscopy and resolve a 
two-dimensional meshwork of the bimodule core formed by homotypic interactions between modules. The 
sheet-like organization provides the framework for efficient substrate transfer and for sequestration of trans- 
acting enzymes required for polyketide production.

INTRODUCTION
Polyketide synthases (PKSs) are biosynthetic factories, primarily 
occurring in microbes, for the production of bioactive secondary 
metabolites, which have applications in medicine as antibiotics, im-
munosuppressants, and anticancer drugs (1,  2). PKSs assemble 
polyketides by stepwise condensation and modification of acyl 
building blocks (3). The most versatile class of PKSs, type I PKSs, is 
organized into dimeric functional modules. Each module contains 
a condensing region comprising the condensing ketosynthase (KS) 
and a substrate-loading acyl transferase (AT) domain. Modules may 
further comprise an optional modifying region that often contains 
a double-hotdog-fold domain (DH). DH domains can have different 
enzymatic functions to act as dehydratases (3), isomerases (4), branch-
ing enzymes (5), or epimerases (6). Throughout stepwise polyketide 
synthesis, the intermediates are tethered to an acyl-carrier protein 
(ACP) domain. ACPs are integral parts of the multidomain PKS 
polypeptides and are flanked by flexible peptide linkers. Modular 
type I PKSs (modPKSs) consist of multiple modules acting as an 
assembly line. Each module performs one step of chain extension 
and optional modification of the added moiety and passes on the new 
intermediate to the KS of the downstream module for the next ex-
tension step. Individual modPKS proteins typically consist of two to 
four modules, and they carry docking domains at their termini, me-
diating interactions to upstream or downstream modules in the as-
sembly line (Fig. 1A). A complete assembly line commonly consists 
of more than 10 modules (7, 8).

Two distinct types of modPKSs have evolved that either incor-
porate AT domains in each module (cis-AT PKSs) (9) or use 
trans-acting AT domains (trans-AT PKSs) (10). In many modPKSs, 
the organization of modules is colinear from gene order to protein 
interaction and biosynthetic reaction step (11), but trans-AT PKSs 
are known for exceptions to this rule of collinearity (12, 13). In cis-AT 
PKSs, the AT is connected to the KS by a ~130–amino acid linker 
domain (LD), the only common nonenzymatic scaffolding domain 
in modPKSs. Despite the absence of AT domains, trans-AT PKSs 
still contain LDs. On the basis of homotypic interactions of LDs in 

crystal structures of isolated KS domains, Keatinge-Clay and col-
leagues (14) proposed LDs of trans-AT PKSs to form lateral interac-
tions between equivalent KS domains, termed laterally interacting 
KS sequences (LINKS). Structural data are available on individual 
PKS domains, two- to three-domain fragments (11) and individual 
modules of trans-AT (5) and iterative- or cis-AT (15–19) PKSs, but 
for the higher-order architecture of PKS multimodules, only con-
ceptual models of serpentine (20), helical (21), sheet (14), and linear 
(22) arrangements have been proposed. Clusters of trans-AT PKSs 
of up to 0.2-m size were identified by immunostaining electron 
microscopy (EM) in Bacillus subtilis (23). ModPKSs are important 
targets for natural product engineering, but efforts toward reengi-
neering PKS assembly lines thus far are only partially successful 
(24). They are hampered by a lack of structural insights into the in-
terplay of domains and modules and the architectural requirements 
for productive multimodular biosynthesis (11). Here, we resolve the 
organization of a PKS bimodule core by combining crystallographic 
and cryo-EM analysis of a fragment from a bacterial trans-AT PKS. Our 
analysis includes structures of isolated domains and of domains in 
the context of a bimodular assembly line and the higher-order orga-
nization of the bimodule core into a LINKS-bridged array.

RESULTS
Structural analysis of a trans-AT PKS bimodule core
We studied the KS3-DH3-ACP-KS4 (K3DAK4) fragment of a 
438-kDa four-module protein (GenBank: BBR47_39880) from the 
orphan biosynthetic gene cluster 11 (BGC11) of Brevibacillus brevis 
strain NBRC [National Institute of Technology and Evaluation (NITE) 
Biological Resource Center] 100599 (Fig. 1, A and B). This fragment 
contains two subsequent KS domains; compared to a minimal PKS 
bimodule, it only lacks a flexibly tethered terminal ACP. We refer to 
this fragment as bimodule core. We combined x-ray crystallographic 
analysis of recombinantly expressed isolated enzymatic domains 
at 1.6 Å (KS3), 2.2 Å (DH3), and 3.2 Å (KS4) (Figs. 2 and 3 and table S1), 
with cryo-EM visualization of domains in the context of the bimodule 
core at 2.9-Å resolution (KS3 and KS4) (Fig. 1C, figs. S1 to S3, and 
table S2) and the entire bimodule core polymerized into filaments 
at 6.8-Å resolution with maps focused on subregions at 4.0- and 
3.9-Å resolution, respectively (Fig. 1D and figs. S1 to S3). The mobile 
ACP domains with their linkers remain unresolved.
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Individual K3DAK4 bimodule cores adopt a single type of compact 
structure based on cryo-EM two-dimensional (2D) class analysis 
(figs. S1B and S3B), a linear arrangement of enzymatic domains 
(Fig. 1C) with substantial variability of domain positioning, in par-
ticular for DH3. We represent the individual bimodule core by a 
hybrid model assembled from high-resolution cryo-EM structures 
of KS3 and KS4 in the context of the bimodule core and a crystallo-
graphic model of DH3. The presence of alternative noncompact 
arrangements in solution cannot be ruled out. Folds and dimeriza-
tion interfaces of individual domains (Fig. 3 and fig. S2, A to D) are 
preserved upon integration into the dimeric K3DAK4 bimodule 
core. The overall organization of domains in the third module with 
the DH3 domain positioned along the central dimer axis of KS3 
(Fig. 1C) above the KS active sites agrees with previous models for 
iterative PKSs [LovB (19) and MAS-like PKS5 (18)] or trans-AT 
PKS didomains [RhiE (5)] but differs from a model proposed for 
the cis-AT PKS PikAIII (15).

The K3DAK4 bimodule core forms filaments
Filaments of the K3DAK4 bimodule core form spontaneously and 
co-occur on cryo-EM grids with individual bimodule cores in vary-
ing populations. The average visualized filament (Fig. 2, A and B) 

contains around 20 dimeric bimodule cores with dimensions of 
100 Å in length (in filament direction) and 160 Å in height (Fig. 1D), 
equivalent to a total filament length of 200 nm. Filaments can bend 
by up to approximately 12° per module. Our structural analysis 
does not identify any specific mechanism of filament length deter-
mination. Filament formation occurs via homotypic LINKS inter-
actions (Fig. 1D and fig. S4), providing lateral connections of each 
KS domain with two identical domains of the two neighboring 
bimodule cores. The linear organization of stacked KS3, DH3, and 
KS4 domains resembles that observed for individual bimodule 
cores, but LINKS interactions reduce the overall conformational 
variability. In the filament, the two KS domains of all bimodule 
cores are locked in the same orientation, while the DH3 domains 
maintain a higher degree of rotational freedom (Fig. 2, A and B).

The distances between the centers of mass of KS3-DH3 and 
DH3-KS4 in the filaments are highly similar at around 60 Å. Given 
the discrepancy between the KS3-DH3 linker length of only nine 
amino acids and the linkers between DH3 and KS4 comprising 
89 amino acids plus the ACP domain, the distance similarity be-
tween the DH and both KS domains is intriguing. No fully ordered 
rigid contact site between DH3 and KS4 or local binding of linker 
regions enforcing proximity is observed, suggesting that transient 

Fig. 1. The architecture of the K3DAK4 bimodule core of the B. brevis BGC11 PKS. (A) Functional annotation of BGC11 as provided by Antismash (47). Regions coding for 
PKS and nonribosomal peptide synthetase (NRPS) core enzymes (black) or auxiliary enzymes (blue) are indicated. The domain organization of encoded PKS and NRPS proteins 
is shown schematically; PKS domains are labeled and shown in color; NRPS condensation (C), adenylation (A), and methylation (M) domains are shown as white circles; and 
small black circles represent carrier proteins. bp, base pair; kbp, kilo–base pair. (B) Domain and modular organization of the BBR47_39880 protein; the minimal K3DAK4 bimod-
ular fragment containing two subsequent KS domains is indicated in red. (C) Pseudo-atomic model of an isolated dimeric K3DAK4 bimodule core assembled from individual 
high-resolution structures based on cryo-EM 2D classes (figs. S1B; S2, C to F; and S3B). The ACP is not resolved, and plausible positions are depicted schematically. (D) Surface 
representation of the K3DAK4 bimodule core (vertical) filament (horizontal) [Protein Data Bank (PDB) 7ZSK]. Individual KS and DH dimer models were rigid body–fitted into the 
overall intermediate resolution cryo-EM map (map 1 in fig. S1), with DH3 initial models positioned in two different orientations for visualization of rotational disorder, and the 
mobile ACP is indicated schematically. Distances between the center of mass of dimeric domains (right) and overall dimensions are indicated (left, top).
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dynamic interactions are responsible for maintaining this organi-
zation. An obvious candidate is the transient binding of ACP to 
individual enzymatic domains distributed across the filaments. In 
addition, a loop region in KS4 (residues 1994 to 2006), termed here 
the clamp loop (figs. S5 and S6), protrudes toward DH3 and is 
posed to mediate further transient interactions. This loop is more 
prominent in trans-AT KSs (figs. S5 and S6) although also present 
in a small subset of less than 1% of cis-AT KSs (fig. S5D). Given 
its preferential occurrence in trans-AT PKS, it may also serve as a 
docking point for trans-acting enzymes. We hypothesize that the 
avidity of multiple transient ACP and clamp loop interactions 
across extended filaments results in the observed fixed inter-
modular distance, which determines the spatial constraints for 
substrate transfer.

The lateral interactions of KS domains
The two KS domains of the bimodule core adopt a canonical thio-
lase fold with complete active sites based on the structural conserva-
tion of the Cys-His-His motif (Cys694-His829-His869 for KS3 and 
Cys1766-His1901-His1941 for KS4) (Fig. 2, C to F). Both KS3 and KS4 
clade with active KSs in transATor, a computational prediction tool 
for trans-AT PKS BGC products (25). The crystal structures of the 
separately expressed KS domains and the cryo-EM structures of 
the KS domains in the context of the isolated bimodule core closely 
resemble each other (fig. S2, A to G). The largest difference is ob-
served for a region around the active site of KS4, which contains 
an extended ~20–amino acid loop absent from KS3. This region 
remains disordered in the crystal structure of isolated KS4 but is 
ordered in the cryo-EM analysis of the bimodule core (figs. S2, E to 

Fig. 2. Cryo-EM analysis of K3DAK4 filaments and individual bimodule cores. (A) Cryo-EM micrograph from the filament dataset. (B) Hybrid representation of two 
adjacent bimodule cores within the filament assembled from two focused refinement maps for laterally linked pairs of KS3 (light gray/orange) and KS4 (dark gray/orange) 
dimers (maps 2 and 3 in fig. S1) and an excised region covering a pair of DH3 dimers (green) from an overall map of the bimodule core filament (map 1 in fig. S1). KS3 and 
KS4 form homotypic LINKS interactions. In the top view, the KS3 and DH domains are obscured by the KS4 domain (cf. also movie S1). (C to F) Structural analysis of dimeric 
KS3 and KS4 domains in isolation or in the context of K3DAK4 bimodule cores. (C) Cryo-EM map derived from focused refinement of KS4 in individual bimodule cores at 
2.9-Å resolution. (D) X-ray crystallographic model of the isolated KS4 domain at 3.2-Å resolution. Notably, the area around the C terminus of KS4 is better ordered in the 
cryo-EM map (also see figs. S2 and S3A). (E) Cryo-EM map derived from focused refinement of KS3 in individual bimodule cores at 2.9-Å resolution. (F) X-ray crystallographic 
model of the KS3 domain at 1.6-Å resolution. The active site cysteine is oxidized in the crystal to a sulfinic acid. Asterisks in (D) and (F) depict position of the second 
protomers active site.
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G, and S3A). KS3 and KS4 feature an LD domain with a lateral 
trigonal three– helix LINKS motif (14). Homotypic LINKS inter-
actions of these motifs combined with the dimeric structure of KS 
domains are the sole basis for filament formation; LINKS-based 
contacts are also involved in crystal lattice formation in our crystal 
structures of both isolated KS domains (fig. S4, A to C). The LINKS 
interaction in KS3 covers the sequence region of Asn1061 to Lys1096 
with 16 amino acids directly contributing to the interface. In KS4, 
the interaction region is between residues Asn2132 to Gln2167 with 
18 amino acids involved in contacts (fig. S4, A to C). At 38.9%, the 
sequence identity between KS3 and KS4 is lower in this region than 
across the entire KS domains. Distinct amino acid differences in the 
LINKS interfaces, such as Phe2139 of KS4 occupying the position 
equivalent to Leu1068 in KS3, explain the homospecificity of LINKS 
interactions (fig. S4, A to C). The integration of functional domains 
into the context of a multimodular PKS provides strong avidity of 
dimeric interactions across modules. The multimodular context 
thus reduces the evolutionary pressure on maintaining stable di-
merization interfaces of individual domains (fig. S7). Consequently, 
KS domains derived from modular PKS are more likely to dissociate 
into monomers in solution than monofunctional dimeric KS en-
zymes, and this behavior is observed here for KS3 (fig. S7). In cryo-
EM analysis, we also observed the isolated KS3 domain to dimerize 
via its LINKS interface without formation of the canonical thiolase 
fold KS dimerization interface (fig. S1A).

The dimeric organization of the K3DAK4 DH3 domain
The double-hotdog-fold DH3 is the central domain in the bimodule 
core. It defines the connecting region between KS3 and KS4 of 
the bimodule core, may engage in transient interactions across mod-
ule borders, and provides the N-terminal anchoring point for the 
substrate-shuttling ACP domain. Still, DH3 retains a large degree 
of conformational variability within the bimodule core, which we 
interpret as rotational flexibility modeled by positioning the well- 
ordered crystal structure of the dimeric DH3 domain in two extreme 
orientations in the complete filament composite model (Figs. 1D 
and 2B). On the basis of crystallographic analysis, the DH3 domain 
forms a canonical double-hotdog fold observed in PKS dehy-
dratases, isomerases, and product template domains and contains 
active site residues (Asp1349-His1172) characteristic of enzymatically 
active dehydratase domains (Fig. 3A) (6). The overall shape of the 
DH3 dimer is the result of a distinct mode of dimerization, different 
from those observed in cis-AT PKS or the iteratively acting PKS 
LovB (Fig. 3B and fig. S8). Trans-AT PKS and cis-AT PKS use 15 to 
20 residues within the first 100 N-terminal amino acids for forming 
the DH dimer interface. DH domains of cis-AT PKS dimerize via 
N-terminal loops interacting with the solvent facing side of strands 
1-2 and 5-6 of the double-hotdog fold. In DH3, however, the 
same loop between 1 and 2 is involved in homotypic dimerization 
with its counterpart of the second protomer. The interprotomer 
angle in trans-AT PKS and cis-AT PKS DHs is similar, in the range 

Fig. 3. The dimeric structure of the isolated DH3 domain of K3DAK4. (A) Overview of the 2.2-Å resolution crystal structure of DH3 (left) and a close-up view of one 
active site (right). The active site of the second protomer is indicated by an asterisk. The angle between the two protomers is indicated. (B) Comparison of the dimer in-
terface of DH3 (green) with the dehydratase domain of the cis-AT PKS CurF (turquoise). Models are aligned on the right protomer. The inset highlights the different topol-
ogy of  strand and N-terminal loop interactions in the dimerization interfaces of DH3 and CurF DH.
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of ~140° to 190° (fig. S8E), but as a consequence of the different 
interaction topologies, the overall shape of the DH3 dimer is clearly 
different from those of cis-AT PKS DH domains (fig. S8, C and D). 
It also strongly differs from the DH dimer of the iterative LovB PKS, 
which is bent in opposite direction (fig. S8, A and B). To analyze the 
conservation of DH dimer organization within BGC11 and, more 
generally, the family of trans-AT PKS, we investigated crystal struc-
tures of DH4 [Protein Data Bank (PDB) 5HQW] from BGC11 and 
of the MlnD DH (PDB 5IL5) from the macrolactin trans-AT PKS of 
Bacillus amyloquefaciens, which we have determined previously. 
Both MlnD and DH4 use the same mode of dimer formation as 
DH3 (fig. S8F), supporting the existence of a third fundamental 
type of dimeric DH architecture specific to trans-AT PKS, reflecting 
the distinct evolutionary path of trans-AT PKSs, iterative fatty acid 
synthase–like PKSs, such as LovB, and cis-AT PKSs as previously 
inferred from phylogenetic and structural analysis (19, 26, 27).

DISCUSSION
The organization of a single complete PKS assembly as a linear but 
flexible stack of modules is obtained by propagating the module- to-
module stacking observed here along the central dimer axis. The con-
formational variability of DH domains in these models increases the 
space that the ACP can access. Trans-AT PKS modules mediating 
different steps of modifications of intermediates differ in their domain 
composition and may contain a ketoreductase (KR) (3) or DH-KR 
segment instead of the single-DH domain. Because of the absence of 
defined rigid DH interactions, the linear assembly line architecture 
proposed here could accommodate all variations of the modifying 
domains and would even be compatible with the modular structure of 
cis-AT PKSs, which lack LINKS elements for lateral filament formation.

Horizontal filament formation between assembly lines via the 
LD (14) domains at each KS complements the vertical stacking of 
modules (Fig. 4). Association of extended assembly lines is favored 
by the avidity of multiple docking domains and LINKS-mediated 
interactions, even if individual domains in an assembly line would 
exhibit weak or no homotypic association, e.g., for individual trans-
AT KS domains without LINKS motifs (14), or if the affinity of 
interpolypeptide docking elements are low (8). We hypothesize that 
multivalent transient interactions in two dimensions will result in 

module alignment and distance restraints between modules beyond 
the direct effect of peptide linker length to provide the framework 
for ACP-mediated substrate shuttling. Homospecific LINKS inter-
actions ensure that assembly lines are always zipped up into filaments 
in register with product extension. Together with the moderate dis-
tance between neighboring assembly lines, this architecture could 
support ACP-mediated hopping of intermediates between neighbor-
ing assembly lines (see ACP positions in Fig. 4) as a strategy to over-
come road blocks and to increase efficiency of precursor extension.

Extending the architecture of K3DAK4s filaments observed in 
cryo-EM with an average length of around 20 bimodules onto the 
entire BGC11 with 17 modules yields an extended 2D sheet structure, 
with dimensions that would be consistent with in vivo size estimates 
of 0.1 to 0.2 m obtained for a complex of many copies of the bacil-
laene trans-AT PKS (14, 23). Local condensation of entire assembly 
lines into a 2D mesh would support sequestration of trans-acting 
enzymes, in particular, the essential trans-acting AT-AT-enoyl re-
ductase (ER) domains by avidity of a multitude of weak interactions.

Notably, trans-AT PKS and, in particular, the BGC11 studied here 
form hybrid assembly lines with monomeric nonribosomal peptide 
synthetase (NRPS) modules to link amino acid and carboxylic acid 
building blocks. NRPSs require large-scale conformational flexibil-
ity for their multistep reactions (28–31). A 2D meshwork organiza-
tion of trans-AT PKS not only provides different options for linking 
to or integrating NRPS modules (fig. S9) but also imposes steric re-
straints. Understanding the interplay between these two types of bio-
synthetic modules will be a crucial step toward engineering hybrid 
systems to massively expand the chemical product space.

Our analysis of a trans-AT PKS bimodule core covers all levels of 
organization from individual domains to filaments of multimodular 
PKS systems (Fig. 4). The visualization of a sheet-like organization 
of a trans-AT PKS assembly line provides a comprehensive basis for 
probing the role of trans-AT PKS assembly formation in vivo and 
for engineering bioinspired enzymatic systems.

MATERIALS AND METHODS
Cloning and protein expression
B. brevis (strain 47/JCM 6285/NBRC 100599 obtained from NBRC) 
was cultured at 30°C for 2 days in LB. Cells were pelleted and washed 

Fig. 4. Schematic depiction of a K3DAK4 filament. Each bimodule core forms LINKS interactions with both its neighboring bimodule cores. The DH dimers in the middle portray 
a large degree of rotational freedom that together with flexible linkers (schematically indicated by dashed lines) may enable the ACP to reach also laterally to neighboring 
bimodule cores in the filament. The filament bends by up to 12° in direction of filament extension, and twisting in other directions occurs with smaller magnitude.
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using lysis buffer [10 mM tris-HCl (pH 8.0), 25 mM EDTA, and 100 mM 
NaCl]. Cells were resuspended in lysis buffer and incubated for 
1 day at 37°C after addition of ribonuclease (RNase) and lysozyme, 
followed by incubation for 1 day at 50°C supplemented with 0.028% 
of SDS and proteinase K (0.22 mg/ml). DNA was purified using 
phenol-chloroform extraction (32) and dissolved in tris-EDTA 
buffer [10 mM tris-HCl (pH 8.0) and 1 mM EDTA]. The BbC0ZGQ6 
(B. brevis strain 47/JCM 6285/NBRC 100599, amino acids 532 to 
2220, construct K3DAK4) bimodule core construct was cloned into 
the Gateway entry vector pDONR221 and transferred via Gateway- 
cloning into a modified pACEBac1 coding for an N-terminal His10-
myc-Flag-tag and pETG10A-N-H6. The baculovirus expression 
system was used for protein production (33). Bacmids were trans-
fected into, and virus generation was carried out in Sf21 insect cells 
(Expression Systems, IPLB-Sf-21-AE), grown in HyClone insect 
cell medium (GE Healthcare Life Sciences). Baculovirus-infected 
Sf21 cells (BICs) were harvested at generation 2 after transfection 
and stored at −80°C. The individual domains KS3 (amino acids 532 to 
1135), DH3 (amino acids 1135 to 1434), and KS4 (amino acids 1587 to 
2220) were each cloned out of the pETG10A-N-H6 vector into p7XNH3 
vectors using FX cloning (34).

For expression of the full-length bimodule core K3DAK4, BICs 
were used to infect Sf21 cells, and cells were harvested after 3 days by 
centrifugation. Pellets were stored at −80°C. The isolated domains 
KS3, DH3, and KS4 were expressed in Escherichia coli BL21 (DE3) with 
induction using 0.1 mM isopropyl--d-thiogalactopyranoside at an 
optical density at 600 nm of 0.8, followed by overnight expression at 
30°C. Cells were harvested using centrifugation and stored at −80°C.

Protein purification
Sf21 cells were resuspended in lysis buffer [50 mM NaPO4 (pH 7.5), 
75 mM NH4SO4, 50 mM imidazole, 10% glycerol, 4 M bestatin, 
2 M pepstatin A, 20 M phenantroline, 2 M phosphoramidon, 5 mM 
-mercaptoethanol, 10 mM MgCl2, deoxyribonuclease, and RNase] 
and lysed by sonication. The lysate was cleared by centrifugation 
(158,420g for 1 hour at 4°C), filtered (0.45 m), and loaded onto two 
serially connected 5-ml high-affinity Ni-charged resin column 
(GenScript) preequilibrated with lysis buffer. Unbound protein was 
eluted with 10–column volume (CV) lysis buffer 15-CV NiA [50 mM 
NaPO4 (pH 7.5), 75 mM NH4SO4, 100 mM imidazole, 10% (v/v) 
glycerol, 4 M bestatin, 2 M pepstatin A, 20 M phenantroline, 
2 M phosphoramidon, and 5 mM -mercaptoethanol]. The sam-
ple was eluted with 4 CV of NiB [20 mM tris-HCl (pH 8.0), 50 mM 
NH4Cl, 350 mM imidazole, 10% glycerol, 4 M bestatin, 2 M pep-
statin A, 20 M phenantroline, 2 M phosphoramidon, and 5 mM 
-mercaptoethanol] and diluted 1:4 with AIC-A [20 mM tris-HCl 
(pH 8.0), 20 mM NH4Cl, 10% glycerol, 4 M bestatin, 2 M pepsta-
tin A, 20 M phenantroline, 2 M phosphoramidon, and 5 mM 
-mercaptoethanol]. The sample was loaded onto a 6.5-ml anion 
exchange column (PL-SAX, 4000 Å, 10 m, Agilent), followed by a 
wash step of 8 CV using AIC-A. Elution was performed with a gra-
dient from 30% AIC-B [20 mM tris-HCl (pH 8.0), 500 mM NH4Cl, 
10% glycerol, 4 M bestatin, 2 M pepstatin A, 20 M phenantroline, 
2 M phosphoramidon, and 5 mM -mercaptoethanol] to 100% AIC-B 
in 9 CV including a hold of 2.5 CV at 49%. Pure fractions were pooled 
and concentrated [50-kDa molecular weight cutoff (MWCO) 
Sartorius Vivaspin 20, 3220g, 5-min cycles], followed by size exclu-
sion chromatography (Superdex 200 prep-grade 16/600, GE Healthcare) 
using GF buffer [50 mM NaPO4 (pH 7.5), 75 mM NaCl, 5% (v/v) glycerol, 

and 1 mM TCEP (Tris-(2-carboxyethyl)phosphin)]. Elution fractions 
were analyzed by SDS–polyacrylamide gel electrophoresis, pure 
fractions were combined, concentrated to 1.1 mg/ml (50-kDa MWCO 
Satorius Vivaspin 20, 3220g, 5-min intervals), and stored at −80°C.

E. coli cells were resuspended in lysis buffer 2 [50 mM Hepes-
KOH (pH 8.0), 500 mM NaCl, 20 mM imidazole, 10% glycerol, 2 M 
pepstatin A, 20 M phenantroline, 4 M E-64, 2 M phosphoramidon, 
and 5 mM -mercaptoethanol] and then lysed on ice using sonica-
tion. The lysate was cleared by ultracentrifugation (158,420g for 
30 min at 4°C), filtered (0.8 m), and loaded onto a with lysis buffer 
preequilibrated 5-ml high-affinity Ni-charged resin column (Gen-
Script). Two wash steps were performed with 9 CV of lysis buffer, 
then 9 CV of NiA2 [50 mM Hepes-KOH (pH 8.0), 50 mM NaCl, 
20 mM imidazole, 10% (v/v) glycerol, 1 M pepstatin A, 10 M 
phenantroline, 2 M E-64, 1 M phosphoramidon, and 5 mM - 
mercaptoethanol], followed by elution using 8 CV of NiB2 [50 mM 
Hepes-KOH (pH 8.0), 50 mM NaCl, 400 mM imidazole, 10% (v/v) 
glycerol, 1 M pepstatin A, 10 M phenantroline, 2 M E-64, 1 M 
phosphoramidon, and 5 mM -mercaptoethanol]. The sample was 
dialyzed overnight into 1.6 liters of dialysis buffer [12.5 mM Hepes-
KOH (pH 8.0), 31.25 mM NaCl, 11.875% (v/v) glycerol, and 5 mM 
-mercaptoethanol] under addition of 200 g of C3 protease 
(homemade) to cleave the N-terminal His10 tag, followed by removal of 
cleaved tag and uncleaved protein using an orthogonal 5-ml column 
packed with high-affinity Ni-charged resin (GenScript). Subsequently, 
the sample was concentrated (10-kDa MWCO Satorius Vivaspin 20, 
3220g at 4°C, 10-min intervals) and subjected to size exclusion chro-
matography (Superdex 200 prep grade 16/600, GE Healthcare) in 
GF buffer 2 [20 mM Hepes-KOH (pH 8.0), 250 mM NaCl, 5% (v/v) 
glycerol, and 5 mM dithiothreitol]. All isolated domains (KS3, DH3, 
and KS4) were purified following the same protocol but using a 
Superdex 75 prep grade 16/600 GE Healthcare column for the DH3 
domain. All purification steps were carried out at 4°C.

Crystallographic analysis of isolated domains
Crystallization experiments were performed using the sitting-drop 
vapor-diffusion technique. KS3 crystals were grown at 4°C with 
a mix of 0.2-l drops of protein (12 mg/ml) in GF buffer 2 with 
0.2 l of reservoir solution [1% (w/v) polyethylene glycol (PEG) 
monomethyl ether (MME) 2000 and 1 M Na succinate]. DH3 crys-
tals were grown at 20°C with a mix of 0.2-l drops of protein 
(3.9 mg/ml) in GF buffer 2 with 0.2 l of reservoir solution [20% (w/v) 
PEG MME 500; 10% PEG 2000, 0.1 M tris-bicine (pH 8.5), 0.06 M 
MgCl2 hexahydrate, and 0.06 M CaCl2 dihydrate]. KS4 crystals were 
grown at 20°C with a mix of 0.2-l drops of protein (4 mg/ml) in GF 
buffer 2 supplemented by 10 mM MgSO4 with 0.15 l of reservoir 
solution [0.2 M (NH4)2SO4, 0.1 M sodium citrate (pH 5.22), and 
8% (w/v) PEG 3350]. All crystals were cryoprotected in mother 
liquor with ethylene glycol added to 25% (v/v) before flash freezing 
in liquid nitrogen. All data were collected at the Swiss Light Source 
(Paul-Scherrer Institute, Villigen, Switzerland) at 100 K. KS3 data-
sets were collected at PXIII, DH3, and KS4 datasets were collected 
at PXI, with wavelengths of 1.00, 1.00, and 0.98 Å, respectively. Data 
reduction was performed using XDS (35) and XSCALE (35), and 
phases were determined by molecular replacement in Phaser (36, 37). 
The final models were built using model building in Coot (38) and 
refinement in PHENIX (39) (table S1).

KS3 (7ZM9) crystallized in space group C2 with a unit cell of 
a = 126.78 Å, b = 92.69 Å, c = 99.27 Å, and  = 92.54°. Our earlier 
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structure of the isolated KS2 domain from BGC11 was used for re-
placement (PDB 4Z37). The final model was refined to RWork/RFree 
of 0.15/0.17 at 1.62-Å resolution. Ramachandran values are 97.46%/ 
2.54%/0.00% (favored/allowed/outliers).

DH3 (7ZMF) crystallized in space group of P21212 with a unit 
cell of a = 72.38 Å, b = 197.36 Å, and c = 39.17 Å. Our earlier structure 
of an isolated DH domain of another module (DH4) of the BGC11 
served as a replacement model (PDB 5HQW). The final model was 
refined to a RWork/RFree of 0.22/0.25 at 2.21-Å resolution. Ramach-
andran values are 97.58%/2.42%/0.00% (favored/allowed/outliers).

KS4 (7ZMC) crystallized in space group C2221 with a unit cell of 
a = 73.56 Å, b = 191.79 Å, and c = 293.81 Å. Two datasets from a 
single crystal were merged using XSCALE. A search model was gen-
erated in Swiss model (40) using KS3 as a template, refined into the 
EM density of KS4 using PHENIX (39), and then used as a replacement 
model for molecular replacement in Phaser (37). The final model was 
refined to an RWork/RFree of 0.26/0.29 at 3.1-Å resolution. Ramach-
andran values are 93.14%/6.67%/0.19% (favored/allowed/outliers).

Cryo-EM sample preparation, data collection, and analysis
Samples were thawed, centrifuged (2100g for 30 min at 4°C), dia-
lyzed overnight at 4°C into 37.5 mM NaPO4 with 5 mM TCEP, and 
centrifuged again (21,000g for 5 min at 20°C). Sample were diluted 
to 0.15 mg/ml (~1 M) and incubated at 23°C for 2 to 6 hours be-
fore grid preparation. The 300-mesh Cu lacey grids (Agar Scientific) 
were glow-discharged (45 s) in air, a 4-l sample was applied using 
a clipped pipette tip, adsorbed for 60 s, and plunge-frozen in liquid 
ethane using a Leica EM GP (3-s blot, 90% humidity, 20°C).

Three datasets were collected on a Titan Krios G1 (Thermo Fisher 
Scientific) electron microscope equipped with a Gatan LS Quantum 
energy filter and a K2 Summit detector (Gatan) in superresolution 
mode. Movies were collected with 50 frames over 10 s of exposure 
at a dose rate of ~6 e− s −1 Å−1 and a pixel size of 1.058 Å (0.529-Å 
superresolution pixel size) (table S2). Movies were motion-corrected 
using patch motion correction, followed by patch CTF correction in 
cryoSPARC (Structura Biotechnology Inc.). Particles were picked 
using the blob picker (filaments) and template picker (individual 
bimodule cores), followed by multiple rounds of 2D classification 
and sorting in cryoSPARC (fig. S1). For the filaments no symmetry 
was applied, whereas the individual bimodule core set had twofold 
symmetry applied in the final steps.

Ab initio classes for both the bimodule core dataset and the fila-
ment dataset were generated in cryoSPARC. After picking with an 
initial 2D class–derived template, a set of 99,566 particles of indi-
vidual bimodule cores was selected from 2D classes. A large degree 
of flexibility between the individual dimeric domain prevented high- 
resolution reconstruction of the entire bimodule core. From the 
same dataset, using a template representing a single KS domain, a 
total of 353,464 particles after 2D classification were selected for 
further processing of individual KSs. An ab initio model was calculated 
in cryoSPARC, and nonuniform homogenous refinement, iterated 
with local and global CTF (contrast transfer function) refinement 
yielded a map at 2.9-Å resolution, which represents a combination 
of KS3 and KS4 domains as evident form the densities for noniden-
tical side chains and few differences of main chain regions. A 3D 
variability analysis (3DVA) on the whole set, followed by clustering 
into two clusters provided two starting models for heterogeneous 
refinement starting at a high initial resolution of 5 Å, leading to a 
split of 182,315 in the first and 171,149 particles in the second class, 

respectively. Map analysis confirmed successful sorting into KS3 
and KS4 based on side-chain densities, few main-chain differences 
and relative position of residual density representing further do-
mains of the bimodule core. Further nonuniform refinements for 
each subset applying C2 symmetry, followed by local and global 
CTF refinements and a final step of local refinement using a global 
mask and C2 symmetry, lead to final maps at 2.90-Å (KS4) and 
2.93-Å (KS3) resolution. The maps are of excellent quality and 
clearly distinguish KS3 and KS4 at the sequence level (fig. S3). In 
both KSs, parts of the LINKS helices, which are not engaged in 
LINKS interactions, are less well resolved. Both KS3 and KS4 x-ray 
crystallographic models (PDB 7ZM9 and 7ZMC) were real space–
refined into their respective maps using PHENIX, followed by 
manual model building in Coot and a final round of real-space 
refinement in PHENIX.

To determine an approximate average length of filaments, seven 
random micrographs were picked, all continuous filaments identi-
fied by having more than four repeat units were manually traced, 
and the repeat units were counted. Crossovers of filaments and the 
presence of filaments reaching beyond the field of view prevent an 
exact quantification of filament length.

For the filament dataset, all processing was performed in cryo-
SPARC in a single-particle workflow rather than by helical analysis 
due to the large size of the repeat unit of the flat filament and the 
variable connections between filament units. Four ab initio models 
were generated of which one representing a total of four bimodule 
core dimers was lastly selected as initial model. After two rounds of 
nonuniform refinement, a map region representing two adjacent 
bimodule core dimers was excised using chimera and expanded 
into a mask and used as model for all further reconstructions. 
Refinement of the whole filament using the mask around two bi-
module core yielded a resolution of 6.8 Å in cryoSPARC. Overall 
resolution was limited by flexibility originating from the variety of 
filament conformations originating from the bend filament and an 
overrepresentation of top views. 3DVA in cryoSPARC revealed 
only minor shifts with regard to the positioning of KS domains, 
which are presumably linked to different bent angles of filaments. 
Local maps covering LINKS-bridged pairs of KS dimers were ob-
tained from 260,601 particles of two bimodule core dimers in masked 
and local refinements of the corresponding regions for KS3 and KS4 
(maps 2 and 3 in fig. S1, included as additional maps in EMDB-14945) 
from a set of local motion–corrected and reextracted particles. No 
improvements in resolution or map quality were observed using 
attempts of 3D classification in RELION 3.1 (41). Pronounced posi-
tional variability, predominantly rotation of individual DH dimers, 
precluded improvements of map quality in masked and local refine-
ments of a lateral pair of DH3 dimers.

For obtaining an overall model of two laterally linked bimodule 
cores (PDB 7ZSK), we assembled start models for KS3, KS4, and 
DH based on the individual crystal and high-resolution cryo-EM 
structures (PDB 7ZMD, 7ZMA, 7ZM9, 7ZMC, and 7ZMF). Models 
for KS3 and KS4 were optimized by chain-, domain-, and segment- 
wise rigid-body fitting and overall coordinate and adenosine 
5′- diphosphate (ADP) refinement into the respective maps of pairs 
of KS dimers from local refinement (maps 2 and 3  in fig. S1C, 
EMDB-14945 additional maps). A model of two laterally linked bi-
module core dimers was then assembled from the refined KS3 and 
KS4 dimer pairs and DH3 dimers. Positional disorder prevents un-
ambiguous identification of a single DH3 dimer orientation. To 
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model this disorder, we manually defined two different starting 
orientations for rigid body refinement, representing divergent states 
of rotation of the DH3 dimer. Last, rigid-body and ADP refinement 
with one rigid group per KS3, KS4, or DH3 dimer against the over-
all intermediate resolution map (EMDB-14945, map 1 in fig. S1C) 
was carried out. The final results of rigid body refinement of DH3 
are influenced by the choice of start model orientation. Refinement 
at intermediate resolution is not suited to optimize local side-chain 
interactions at the LINKS interface, which is best visualized in the 
respective higher resolution x-ray models of KS3 and KS4 dimers.

Sequence and structure analysis
All sequence comparisons were performed using BLAST (42) and 
visualized in Geneious Prime (version 2019-03-05). Clading analy-
sis of the KSs was performed using TransATor (25). For module 
assignment, we used traditional module boundaries but acknowl-
edged the relevance of alternate definitions based on evolutionary 
patterns (43, 44). Structural comparisons were performed using 
PDBeFold (45), interfaces were analyzed using PISA at the European 
Bioinformatics Institute (46) or QtPISA from CCP4 (36). For the 
comparison of DH dimer shape, one DH protomer was superposed 
on the basis of secondary structure elements. Angles between DH 
protomers were analyzed using phenix.angle based on ordered sec-
ondary structure elements only. BGC analysis was performed using 
antiSMASH (47). Sequence-based comparison of the clamp loop 
lengths was performed with a custom Python script (DOI: 10.5281/
zenodo.6550895) to count the clamp loop lengths in amino acids for 
all entries in the antiSMASH database (48) that match both terms, “KS” 
and “type I PKS”. All sequences were aligned against KS3, and loop 
length was defined as distance between residues matching KS3 clamp 
loop anchor points 920 and 936. Analysis of clamp loop lengths in 
KSs with structural models in the PDB (Protein Data Bank) was 
performed on the basis of structural alignments using superpose 
(45) (secondary structure matching) from CCP4 instead of se-
quence alignments and manual counting of residues using the same 
anchor points.

Primers
The primers were used as follows: K3DAK4 gateway, GGGGA-
CAAGTTTGTACAAAAAAGCAGGCTTAGAGAATCTG-
TATTTCCAGGGGTCGCCTTCATCGGTGGTGCG (forward 532) 
and GGGGACCACTTTGTACAAGAAAGCTGGGTACTACAAG-
GGATGCAGGTAAGCCGG (reverse 2220); KS3 FX cloning, 
TATATGCTCTTCGAGTTCGCCTTCATCGGTGGTGCG (forward) 
and TATATGCTCTTCATGCGCTGCTAACAGACCTGGCGTG 
(reverse); DH3 FX cloning, TATATGCTCTTCGAGTAGCACAG-
GTGTGGGTGTGATTC (forward) and TATATGCTCTTCATGCT-
GATCTAACAGATACATTTGCAATCTTGC (reverse); KS4 FX cloning, 
TATATGCTCTTCGAGTCCAAAAGGGGCGTTGGACATTG 
(forward) and TATATGCTCTTCATGCGGGATGCAGGTAAG-
CCGGC (reverse).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo6918
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