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Abstract 
The genotoxin colibactin produced by Escherichia coli is involved in the development of colorectal 

cancers. This secondary metabolite is synthesized by a multi-protein machinery, mainly composed 

of non-ribosomal peptide synthetase (NRPS)/polyketide synthase (PKS) enzymes. In order to 

decipher the function of a PKS-NRPS hybrid enzyme implicated in a key step of colibactin 

biosynthesis, we conducted an extensive structural characterization of the ClbK megaenzyme. Here 

we present the crystal structure of the complete trans-AT PKS module of ClbK showing structural 

specificities of hybrid enzymes. Additionally, we report the SAXS solution structure of the full-

length ClbK hybrid that reveals a dimeric organization as well as several catalytic chambers. These 

results provide a structural framework for the transfer of a colibactin precursor through a PKS-

NRPS hybrid enzyme and can pave the way for re-engineering PKS-NRPS hybrid megaenzymes 

to generate diverse metabolites with many applications. 

 

Introduction 
 

Escherichia coli is both a commensal of the normal gut and the most common causative agent of 

infectious diseases caused by a Gram-negative organism. This versatility is linked to the production 

of a vast array of virulence factors and effectors that manipulate different host cell functions. Some 

human-associated E. coli strains that belong to the phylogenetic group B2 have been shown to 

trigger high genotoxicity by inducing DNA damage in vitro 1 and in vivo 2, leading to tumorigenic 

effects. Strains that generate this effect carry the 54-kb pks pathogenicity island and have mainly 

been associated to the development of colorectal cancers 3,4 and less frequently to prostate and 

bladder cancers 3–6. The genotoxic action of these strains is correlated to the production of the 

genotoxin colibactin by the pks biosynthetic gene cluster (BGC) (Fig. 1A). Despite colibactin being 

an unstable molecule that long resisted structural determination, its recently characterized structure 

reveals two cyclopropane rings involved in DNA alkylation 7 and two thiazole rings that are 

suspected to act as DNA intercalating agents 8. Moreover, the heterodimeric structure of colibactin 

has been shown to be responsible for inter-strand crosslinks 9. 

 

Colibactin, similarly to many other natural products, is assembled by an assembly line composed 

of non-ribosomal peptide synthetase (NRPS) and polyketide synthase (PKS) megaenzymes (Fig. 

1A) encoded by the pks BGC. The NRPS and PKS enzymes share the same assembly line logic 

and display a common general organization. Each NRPS or PKS megaenzyme is assembled in one 

or several module(s), a module being defined as a unit that adds one monomer (an amino acid for 

NRPS and an acyl unit for PKS) to the final natural metabolite. Each module is further divided into 

domains, each one catalyzing a specific enzymatic activity. In the NRPS system, the adenylation 

(A) domain activates an amino acid that is further transferred to a phosphopantheteine (PPant) arm 

of a peptidyl carrier protein (PCP) to form a thioester intermediate 10. The condensation (C) domain 

catalyzes the formation of an amide bond between the upstream aminoacyl group from the donor 

PCP domain and the downstream aminoacyl group bound to the acceptor PCP. Alternatively, a 

cyclization (Cy) domain can catalyze both the condensation reaction and a cyclodehydration 

reaction to form a thiazoline or an oxazoline ring 11. Tailoring domains can further chemically 

modify the amino acid unit along its incorporation 12. 

 

In the PKS system, the acyltransferase (AT) domain is responsible for selecting the extender acyl 

substrate that is further transferred to the PPant arm of the acyl carrier protein (ACP). Next, the 

ketosynthase (KS) domain catalyzes the trans-thioesterification of the donor polyketide chain from 

the upstream ACP domain on an active site cysteine residue. Once acylated, the KS domain 

catalyzes a Claisen type condensation reaction between the acceptor substrate attached to the 
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downstream ACP domain and the donor acyl chain to form a -ketothioester that can be further 

modified by tailoring domains like ketoreductases, dehydratases, enoylreductases or 

methyltransferases 13. 

 

Modular PKSs can be divided into two distinct classes. In cis-AT PKSs, each module contains a 

dedicated AT domain responsible for a specific acyl chain recruitment 14. In contrast, the trans-AT 

PKSs employ a standalone AT domain that supplies the ACP domains in the assembly line with an 

acyl unit 15. Interestingly, the pks BGC is a mixed system with some cis-AT PKS modules and 

some trans-AT modules (Fig. 1A). 

 

The multi-domain organization of NRPS and PKS machineries is at the source of the inherent 

flexibility of the multienzymes making the structural characterization of such proteins very 

challenging, in particular in what relates to the visualization of the intrinsically flexible carrier 

protein domain. The structures of NRPS megaenzymes have been extensively studied for years but 

were first limited to isolated domains until recently, when the structures of full modules or even 

dimodular NRPS systems were solved (Drake et al., 2016; Kreitler et al., 2019; Miller et al., 2016; 

Reimer et al., 2016, 2019; Tarry et al., 2017; reviewed in Bonhomme et al., 2021). NRPSs are 

highly flexible monomers, whose structural elucidation has required the use of substrates, substrate 

analogues and dead-end inhibitors 22. Very recently, a breakthrough in the NRPS field revealed the 

unexpected dimerization of certain NRPS modules 23–25, raising the question of the diversity of 

NRPS quaternary structures. PKS structures have also long been limited to isolated domains or 

didomains until recently, when high resolution structures of modular cis-AT PKSs including the 

ACP domains were solved 26–29. Additionally, several high-resolution structures of iterative PKSs 

were also recently solved 30,31. Modular PKSs have been shown to function as homodimeric 

enzymes with divergent module shapes ranging from elongated 30,32–34 to arch-shaped 28. In 

comparison to cis-AT PKSs, there is poor structural knowledge on trans-AT PKSs 35,36 and until 

now, no high resolution structure of a full module from trans-AT PKSs is available. 

 

Because NRPS and PKS enzymes share the same assembly line organization, many hybrid systems 

containing both NRPS and PKS modules have been identified. These systems dramatically increase 

the complexity of the synthesized hybrid molecules that incorporate both acyl and aminoacyl units 
37. In these mixed organizations, two different types of interface have been described: the tethered 

type where the mixed modules are present on the same polypeptide and the separate type where the 

modules are located on different polypeptides 37. In this work, the term ‘NRPS-PKS hybrid’ 

designates a tethered-type interface composed of a NRPS module in N-terminus fused to a PKS 

module in C-terminus, while the term ‘NRPS/PKS hybrid’ defines a separate type interface 

composed of a PKS polypeptide following an NRPS polypeptide in the assembly line. Structural 

information on hybrids from the tethered type is limited to the structures of domains 38 or a single 

module 31; thus, a full-length tethered hybrid is yet to be structurally characterized. The colibactin-

producing BGC encodes nineteen proteins that are responsible for the biosynthesis of the toxin and 

amongst those, eight of them belong to the NRPS/PKS family with three NRPSs, three PKSs and 

two hybrid proteins of the tethered type, namely ClbK and ClbB (Fig. 1A). 

 

We focused our attention on the ClbK PKS-NRPS hybrid that incorporates an unstable α-

aminoketone group and one of the two thiazole rings into colibactin (Fig. 1A) and thus, may play 

an important role in its genotoxic potential. ClbK is composed of a N-terminal trans-AT PKS 

module with a KS domain, a non-functional AT* domain and an ACP domain (Fig. 1B). The AT* 

is complemented by the standalone trans-AT ClbG which loads an unusual aminomalonyl unit onto 

the ClbK ACP domain (Fig. 1C) 39,40. The C-terminal NRPS module of ClbK is composed of 
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cyclization, adenylation, oxidase and peptidyl carrier protein domains (Fig. 1B), responsible for 

both the incorporation of a cysteine unit to form the second thiazoline ring of colibactin and the 

oxidation of both thiazolines into thiazole rings 41. Remarkably, the ClbK PKS module presents 

both a separate interface with the upstream NRPS module of ClbJ (Fig. 1A and 1C) and a tethered 

interface with its own NRPS module at the C-terminus of the ClbK polypeptide, increasing the 

complexity of its assembly. 

 

Here we present the structural characterization of the ClbK PKS-NRPS hybrid with the crystal 

structure of a complete module from a trans-AT PKS and the overall architecture of the full-length 

dimodular hybrid megaenzyme which could pave the way for the comprehension of colibactin 

biosynthesis. 

 

Results 
 

Crystal structure of the ClbK PKS module 

To initiate the structural characterization of the ClbK PKS-NRPS hybrid, we crystallized the ClbK-

PKS module (residues 1-787) composed of KS (1-423), linker (LD, 424-511), truncated AT* (512-

659), post-AT* linker (PAL, 660-694) and ACP (701-787) domains (Fig. 2A). Crystals diffracted 

X-rays to 2.98 Å resolution at the ESRF ID30A-1 beamline (France). We performed numerous 

molecular replacement trials with several PKS domains or didomains without success before using 

the AlphaFold2 prediction algorithm on the ClbK-PKS sequence 42. The four best-ranked models 

from AlphaFold2 displayed a compact stable KS-AT* core and a flexible ACP domain (Fig. S1A) 

that was removed to generate a successful molecular replacement solution. Several rounds of 

refinement and reconstruction allowed us to fully reconstruct the structure of ClbK-PKS (Fig. 2B). 

Statistics are summarized in Table 1. 

 

ClbK-PKS crystallized in space group C2221 with four molecules in the asymmetric unit. The 

crystalline arrangement shows a dimeric interface between two KS domains that is similar to the 

dimerization interfaces observed in classical PKS modules 26,27,31–34 (Fig. 2B and 2C), indicating 

that most probably two dimers crystallized in the asymmetric unit. The overall electron density 

allowed the unambiguous tracing of each monomer containing KS-LD-AT*-PAL domains and one 

ACP domain per dimer (Fig. S1B). The superposition of each homodimer of the asymmetric unit 

shows a rmsd value of 0.22 Å over C alphas with little movement from the KS-AT* domains 

whereas the ACP domain adopts slightly different localizations (red and orange in Fig. S1A). The 

overall dimeric arrangement of KS-AT* is centered around the two-fold rotational axis with the 

two AT* domains located at opposite sides of the KS dimer (Fig. 2B). The rather rigid KS-AT* 

core architecture is similar to the canonical extended conformation of DEBS cis-AT PKS modules 

from the erythromycin assembly line 27,32,33 (Fig. 2C) and OzmQ, a NRPS/PKS hybrid trans-AT 

PKS from the oxazolomycin gene cluster 43 but is strikingly different from the unique arch-shaped 
dimer of the full PKS module 5 of the pikromycin synthase (PikAIII) where the two AT domains 

are bent downward forming the two legs of an arch 28 (Fig. 2D). 

 

Originality of the KS domain 

The KS domain (blue in Fig. 2) adopts a thiolase fold with a five-layered  arrangement 44 

and displays a classical catalytic triad composed of Cys167, His303 and His343 (Fig. 3A). The KS 

domain forms the dimer interface (2070 Å2), as seen in the dimerization interface of other KS 

dimers 14. Interestingly, the ClbK KS sequence lacks the helices that form the docking domains 

(DD) that are usually present in cis-AT PKS such as DEBS module 5, for example (Fig. 2C and 

Fig. S2). 
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The main structural difference between KS domains resides on variable loops located at the bottom 

of the KS, at the so-called “clasping loop” and “active site cap” identified by Lohman and 

coworkers (Fig. 3A and 3B) 43. In ClbK-PKS, the clasping loop is located between residues 40-51 

(Fig. S2). This region which is usually unstructured, folds into strands 2 and 3 in ClbK, (Fig. 

3A, blue in Fig. 3B and pink in Fig. S2). In the crystal structure of the RhiE didomain composed 

of a KS domain and an inactive branching (B) domain, this clasping loop interacts with the B 

domain 35. Similarly, in the cryo-EM structure of DEBS module 1, the clasping loop interacts with 

the downstream KR domain 27. We thus suggest that the ClbK-PKS 2 and 3 strands might favor 

an interaction with one of the downstream ClbK domains. Adjacent to the clasping loop, the active 

site cap folds as an alpha-helix in DEBS module 5, as well as trans-AT PKS BaeKS5 (wheat in 

Fig. 3B) and other cis-AT PKSs but folds as the 8 strand in ClbK-PKS (cyan in Fig. 3 and pink in 

Fig. S2) to form a 3-stranded -sheet with 2 and 3 from the clasping loop. In two other KS from 

hybrid systems, such as the NRPS/PKS OzmQ and NRPS-PKS TAS1 38, the cap also folds as a 

strand (cyan box in Fig. S2 and wheat in Fig. 3B) that could be a specific feature for NRPS/PKS 

hybrids and that will be discussed below. 

 

The examination of the KS surface revealed the presence of four substrate entrances, two on each 

side of the KS dimer (Fig. 3C). First, we noticed the presence of the classical side entrance that is 

seen in all PKS KS structures and that forms a tunnel at the KS dimer interface allowing access to 

the active Cys167 (Fig. 3C). Interestingly, the structure of ClbK-PKS also revealed the presence of 

a bottom entrance as seen in the PikAIII structure 28 that opens at roughly 90º from the side entrance 

through the bottom of the KS domain (Fig. 3C). This bottom entrance is usually closed by the 

helical active site cap in cis-AT PKSs (Fig. 3D) but the 8 strand at this position moves out of the 

way in ClbK-PKS and leads to the opening of this gate (Fig. 3C). 

 

The ClbK KS domain accepts two bulky substrates, i.e the growing colibactin substrate that 

contains a thiazole ring and the large aminomalonyl extender substrate (Fig. 1C); both must enter 

the KS cavities. In trans-AT PKSs, the specificity of substrate recognition has been correlated to a 

relatively conserved residue immediately before the active site cysteine that is usually an alanine 

or a methionine 45. However, ClbK-PKS displays a serine residue at the position preceding the 

active site Cys167. Indeed, it has been found that in trans-AT PKSs that incorporate a thiazole or 

an oxazole intermediate, this residue is rather a small glycine or serine that would prevent steric 

clashes within the binding pocket to incorporate the heterocycle (Fig. S3) 45. Additionally, another 

possible adaptation of KS to accommodate large amino acid-containing substrates is the folding of 

the active site cap into a beta strand mentioned above. As already hypothesized by the authors of 

the TAS1 structure, we propose that the absence of the active site cap helix could accommodate 

bulky substrates such as amino acid-containing substrates provided by NRPS modules 38.  

 

The truncated acyltransferase domain and its surrounding linkers 

Classical AT domains from cis-AT and trans-AT PKSs are composed of large (~240 residues) and 

small (~60 residues) subdomains. The conserved catalytic residues are located at the interface 

between the small and the large AT subdomains (see DEBS module 5 in Fig. S4). The sequence 

analysis of the ClbK AT* domain indicated the absence of active site AT residues, classifying it as 

a non-functional AT* domain 1. Surprisingly, the ClbK-PKS structure reveals that the AT* domain 

folds as an independent domain composed mainly of -helices and it shares several features with 

classical AT domains (Fig. S4). The AT* lacks the entire small subdomain as well as some sections 

of the large subdomain with an overall 140-residue truncation (Fig. S4). Therefore, the ClbK-AT 

active site is completely disrupted with none of the three essential active site motifs present, 
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providing an explanation for its non-functionality and the necessity for the trans-AT domain ClbG 

to load the ClbK ACP domain during colibactin biosynthesis 40. 

 

These truncated AT domains are common in trans-AT PKSs such as those observed in BaeKS5 

and the NRPS/PKS hybrid trans-AT PKS OzmQ (Fig. S4). BaeKS5 possesses three conserved 

helices as substitutes for the AT domain, forming the LINKS motif, suggested as being involved 

in inter-modular quaternary arrangements 46. ClbK-PKS does not possess this motif but rather a 

larger insertion that could derive from an evolutionary degradation of an existing AT domain as 

suggested for the NRPS/PKS hybrid OzmQ 43.  

 

In cis-AT PKS, the AT domain is flanked by a KS-AT linker domain (LD) and a post-AT linker 

(PAL). Interestingly, despite the absence of a functional AT domain, these linkers are also well 

conserved in trans-AT PKS. The LD of ClbK shows a  conformation (Fig. S4), lacking the 

last -strand that forms the conserved three-stranded -sheet present in most LDs (Fig. S2 and S4). 

At the C-terminus, the last helix of the AT* domain and the PAL are very conserved. The PAL is 

formed by an a-helix that stacks on the LD and a long loop that wraps around the KS domain in 

order to further connect the next ACP domain (Fig. 2). 

 

The ACP domain is positioned at the bottom entrance of the KS 

The crystal structure of ClbK-PKS displays one ACP molecule per dimer (Fig. 2) suggesting that 

the second ACP is probably not in a unique position. The attribution of one ACP to either dimer 

chain is not straightforward as no electron density is visible between the C-terminus of PAL 

(residue 697) and the N-terminus of ACP (residue 705). The distance between these two terminal 

residues varies from 17.6 Å to 20 Å and both positions are compatible with the fitting of a 9-residue 

extended linker. The second PKS dimer of the asymmetric unit composed of chains C and D does 

not show any electron density for residues 697-705 either and the overall positioning of this second 

ACP is slightly different from the one in the AB dimer, highlighting its flexibility. Indeed, as 

mentioned previously, the two ACPs do not superimpose completely and are rather rotated 19° and 

translated 13 Å from each other leading to one ACP domain being closer to the KS (Fig. S1A). 

 

The overall structure of the ACP domain consists of a right-handed helical bundle made of well-

defined H1, H2, H3 and H4 -helices separated by loops (Fig. S5A). Interestingly, we noticed the 

presence of a H0 helix that has been shown to be much more common in cis-AT PKS systems than 

in trans-AT or NRPS/PKS hybrids 47. The overall structure of the ACP domain is highly similar to 

the one within MLSB module 7 47 (rmsd 1.45 Å), DEBS module 2 48 (rmsd 3.53 Å) and the PCP 

domain of TycC module 3 49 (rmsd 1.21 Å) (Fig. S5A, B, C). The conserved Ser747, post-

translationally modified with a 20 Å-long PPant arm, is located at the N-terminus of H2. ClbK-

PKS was expressed in BAP1 E. coli cells that overexpress a phosphopantetheinyl transferase and 

the presence of the PPant arm was confirmed by mass spectrometry. However, we could not detect 

electron density for the PPant arm, suggesting that it is flexible. 

 

Remarkably, the sequence alignment of ClbK ACP with different sequences of ACP and PCP 

domains show that the motif including the catalytic serine at the N-terminus of helix H2 resembles 

the PCP motif with a GGHS instead of a GXDS in ACPs 48,49 (Fig. S5D). Moreover, the 10 residue-

long loop I that connects helices H1 and H2 is rather short compared to other ACP domains and is 

closer to the length of the loop seen in PCP domains (Fig. S5). Additionally, the DALI structural 

similarity server displayed mostly PCP domains as structures that were the most closely related to 

ClbK ACP classifying it as being more similar to a PCP than to an ACP. Given the hybrid nature 

of ClbK, we hypothesized that the PCP-like features of ClbK ACP could facilitate the transfer of 
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the hybrid substrate from the upstream KS domain to the cyclization domain of the downstream 

NRPS module on the same polypeptide. Notably, the ACP domain from HMWP1 and EpoA, that 

also deliver their substrates to Cy domains, lack these PCP-like features (Fig. S5D). 

 

In ClbK-PKS structure, the ACP is located in an unusual position, i.e., at the bottom of the KS 

dimer (Fig. 2B and Fig. 4A). Residues from ACP helices H1 and H2 make hydrogen bonds with 

the abovementioned KS 2 and 3 strands and the interface covers 284 Å2 between the two 

domains. Although we cannot exclude that the position of ACP is only promoted by the 

crystallographic packing, several elements suggest its position is relevant. Interestingly, ACP is 

positioned next to the KS bottom entrance as also observed in the PikAIII structure bound to 

methylmalonyl (Dutta et al., 2014) (Fig. 4B). In this work, the authors blocked this bottom entrance 

and noticed a dramatic decrease in PikAIII activity, thus validating the functionality of the entrance. 

The fitting of ClbK-PKS crystal structure into the cryo-EM map of PikAIII loaded with the MM 

acceptor substrate reveals that the ClbK ACP molecule fits well in the density that was attributed 

to the ACP5 domain of PikAIII (Fig. 4C). However, in the ClbK-PKS crystal structure, the 

conserved ACP serine is located 38 Å from the KS active site, exceeding the 20 Å length of the 

PPant arm, suggesting that the ACP is not in a catalytically active conformation (Fig. 4A). The 

unusual location of the ClbK ACP domain could reflect either its trapping before or after the 

condensation reaction.  

 

ClbK possesses a second dimerization element in addition to the KS domain 

The crystal structure of ClbK-PKS reveals a KS-based dimerization architecture similar to KS 

domains from other modular PKSs. Notably, it has been suggested that the sole KS-based 

dimerization surface could be too weak to maintain the dimeric state of a whole PKS-NRPS hybrid 
37. To investigate this issue, we determined the oligomeric state of several multi-domain fragments 

of ClbK by size exclusion chromatography coupled with multi-angle laser light scattering (SEC-

MALLS). We first performed SEC-MALLS measurements on the ClbK-PKS module and 

surprisingly found that it is mostly monomeric in solution with a low proportion of dimers (Fig. 

S6H). We hypothesized that the absence of dimerizing elements in the N-terminal or C-terminal 

regions of the KS (Fig. S2) could explain the dissociation of dimeric ClbK-PKS into a monomeric 

form in solution 50. We next performed SEC-MALLS on full-length ClbK (ClbKfl), which shows a 

peak of aggregates and a peak corresponding to a dimer (Fig. S6B). This observation suggested 

that the dimerization of ClbKfl is only partially due to its PKS module and requires the contribution 

of another dimerization element within the NRPS module. Although NRPSs are usually 

monomeric, a few examples of dimeric NRPS modules have been described recently with 

dimerization either through a cyclization-Acore interface or through an oxidase domain 23–25. To 

investigate the second dimerization element, we designed the construct ClbK-PKS-Acore, including 

residues 1-1659 that incorporate the cyclization, the Acore domains and part of the Asub subdomain 

at the C-terminus of the PKS module (Fig. 1B). ClbK-PKS-Acore is also monomeric (Fig. S6F), 

indicating that the second element facilitating the dimerization of ClbK is most probably located 

C-terminally to the Acore subdomain. Finally, we designed the construct ClbK-PKS-Asub (residues 

1-2023) that includes the second half of the Asub subdomain as well as the oxidation domain. The 

SEC-MALLS measurement on ClbK-PKS-Asub displays a peak with aggregates and a peak 

corresponding to a dimer (Fig. S6D) suggesting that the second element of dimerization might be 

the oxidation domain from the NRPS module of ClbK. 

 

Structural characterization of full-length ClbK by SAXS 

A full dimodular PKS-NRPS hybrid is yet to be structurally characterized. To fulfill this gap, we 

performed size exclusion chromatography coupled with small angle X-ray scattering (SAXS) on 
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ClbKfl on beamline BM29 at the ESRF (Grenoble, France). In order to exclude the contribution 

from the first peak of aggregate (Fig. S6B), we selected the signal from the second half of the 

dimeric species using CHROMIXS from the ATSAS suite 51 before subtracting the buffer signal. 

The Guinier representation of the resulting scattering curve is linear, confirming the absence of 

inter-particle interactions (Fig. 5A), and generated an Rg of 7.95 ± 0.02 nm. Calculation of the 

distance distribution function (P(r)) using GNOM yielded a maximum particle diameter (Dmax) of 

about 30 nm (Fig. 5B). The fine analysis of the P(r) curve (Fig. 5B) and the Kratky plot (Fig. 5C) 

suggest that ClbKfl is a folded modular protein where modules might be connected by flexible 

linkers (Table 2). 

 

We next calculated ab initio three-dimensional envelopes from the experimental scattering data 

using DAMMIN with the imposition of a prolate shape and P2 symmetry. We generated 20 ab 
initio models that were subsequently aligned, averaged and filtered into eight clusters, before 

applying a final round of ab initio modeling onto each cluster using DAMMIN to yield a 
distribution of eight models presented in Fig. 5D. All of the models show good correlation with the 

experimental data (χ2 = 1.06 ± 0.10) and a mean value of normal spatial discrepancy NSD = 1.05 

± 0.10. The molecular weight estimated from their volumes is 479 kDa, in agreement with the 

dimeric form of ClbKfl. The SAXS envelope possesses an overall volume of about 1,321 nm3, and 

the dimeric PKS module with only 231 nm3 occupies less than 1/5th of the structure. In this 

perspective, our attempts to model the ClbK-PKS module into the ClbKfl SAXS envelope were 

unsuccessful. However, we noticed that the overall shape of the models resembles the X shape of 

the mammalian fatty acid synthase mFAS 34, the iterative PKS LovB-LovC complex from the 

lovastatin biosynthetic pathway 31 and the H-shaped dimeric NRPS PchE 23. Additionally, the 

global arrangement of the dimodular ClbKfl. suggests the presence of at least two chambers that 

could be catalytic. Notably, the different shapes represented in Fig. 5D reflect the conformational 

changes inherent to this molecule. Overall, this represents an original structural information of a 

full dimodular hybrid system. 

 

Discussion  
 

Colibactin is a natural product produced by several Enterobacteriaceae including E. coli, that 

displays several bioactivities including severe genotoxic and cytotoxic effects that can lead to the 

development of colorectal cancers. In addition, colibactin has also been reported to show 

antibacterial, anti-inflammatory and analgesic effects 52. Recently, its antibacterial activity was 

linked to microbiome regulation by induction of prophage production, limiting the growth of 

competing bacteria 53. These different behaviors could be explained by the diversity and the 

complexity of colibactin molecules produced by the pks BGC 54. Notably, the colibactin assembly 

line displays rare biosynthesis mechanisms such as the incorporation of the unusual AM unit and 

the presence of three non-functional AT domains in ClbC, ClbK and ClbO 55. The incorporation of 

AM is a key step in the production of colibactin metabolites; thus, the structural comprehension of 

one of its incorporating enzymes, ClbK, is crucial to the understanding of this enzymatic process. 

Here we present the  high-resolution structure of the full trans-AT PKS module of the ClbK PKS-

NRPS hybrid, which contains the three essential domains for chain elongation i.e., the 

ketosynthase, a truncated acyltransferase and the acyl carrier protein domains. However, we found 

out that the acyltransferase domain was non-functional due to degenerative truncations, therefore, 

the non-functionality of the AT* domain raises questions regarding the loading of the extender unit 

on the ACP domain of ClbK. 
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An aminomalonyl (AM) synthesizing cluster (ClbD, E, F, G and H proteins) 39 was identified in 

the pks BGC by homology to the proteins involved in the biosynthesis of the aminomalonyl unit in 

zwittermicin A and the guadinomine biosynthesis pathways 56,57 (Fig. 1). The standalone trans-AT 

ClbG has been hypothesized to complement the degenerative AT* from ClbK and thus deliver the 

AM extender unit directly to the ClbK-PKS module 40. The docking position of a trans-AT enzyme 

on its trans-AT PKS is still unclear, including the question of whether it can dock onto the post-

KS region that would thus act as an AT docking domain 58 or directly onto the ACP domain 15; 

however, evidence points to the second hypothesis. In particular, the extensive work on several 

trans-AT PKSs 46 identified the LINKS region in the place of the AT domain, that could be 

implicated in lateral self-oligomerization of KS domains to form megacomplexes such as the 

Bacillaene megacomplex in B. subtilis 59. Thus, this region should not be implicated in the 

recognition of a trans-AT domain for these KS. More generally, in KS domains from trans-AT 

PKSs, the diversity in size and sequence of the insertion at the AT position suggest that these 

regions do not play a docking role for trans-AT domains. Additionally, certain trans-AT domains 
have been shown to charge ACPs without the presence of the KS or the LD 60–62. These results are 

in favor of a colibactin biosynthesis pathway model where ClbG would dock directly onto the ACP 

domain of ClbK to deliver its extender AM unit. 

 

Surprisingly, the ClbK-PKS structure displays the ACP in a position close to the KS bottom 

entrance as seen in the structure of PikAIII loaded with methylmalonyl 28. However, the ACP 

catalytic serine is not correctly positioned to deliver a substrate to the KS domain suggesting that 

the ACP could be in a transitional position before or after KS-catalyzed condensation. The bottom 

entrance has never been observed in trans-AT PKSs 15 and has only been seen once in cis-AT PKSs 
28. In some structures, the bottom entrance is occluded by closing loops as seen in DEBS module 5 
32 but in a few others, the region closing the bottom entrance is disordered, making the presence of 

the bottom entrance difficult to identify. Thus, other structures of KS domains with an open bottom 

entrance must be obtained to confirm its relevance among PKSs. The side entrance of the ClbK KS 

domain is also open, suggesting a similar discrimination mechanism as described for the KS domain 

of PikAIII. We can thus hypothesize that the presence of both entrances could allow for an effective 

channeling mechanism for substrates to travel through different catalytic tunnels. During colibactin 

biosynthesis, the side entrance could be devoted to the incoming growing colibactin molecule 

attached to the PCP domain of ClbJ. This donor substrate could then be transferred to the KS 

catalytic cysteine before being processed by the KS domain. The bottom entrance could accept the 

ClbK ACP domain loaded with the AM extender substrate. A high-resolution structure of the PKS 

module charged with the AM unit is needed to confirm this hypothesis. 

 

The ClbK PKS module is surrounded by two NRPS modules i.e., the upstream NRPS ClbJ module 

and the downstream NRPS module of ClbK itself, making ClbK a “double-hybrid” enzyme. Hence, 

it raises the question of particular adaptations at the interface between NRPS and PKS modules. 

For example, the leinamycin hybrid LnmI possesses a NRPS module followed by a trans-AT PKS 

module with a KS-ACP-KS domain architecture 63. The first KS lacks one of the two catalytic 

histidines and is thus condensation-incompetent (KS0). This KS0 facilitates a crosstalk mechanism 

between NRPS and PKS modules by accepting an incoming NRPS substrate from a PCP domain 

and transferring it to an ACP domain. The ClbK-PKS crystal structure describes a different type of 

interface between an upstream NRPS module and a downstream PKS module with a direct transfer 

from the ClbJ-NRPS module to the ClbK-PKS module. We noticed adaptations of the KS domain 

of ClbK such as its active site cap that folds as a -strand, thus widely opening the KS bottom 

entrance and allowing bulky amino acid-containing substrates to leave the KS. At the PKS-NRPS 

tethered interface, the ClbK ACP domain possesses PCP-like features that could facilitate the 
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substrate transfer from a PKS module to a NRPS module on the same polypeptide. This ACP 

specificity could also raise the question of module redefinition as it was suggested recently in trans-

AT PKSs 64. According to the Keatinge-Clay module definition, the ACP would belong to the same 

module as the downstream Cy domain and this definition is consistent with the PCP-like features 

of ClbK-ACP. 

 

Finally, the oligomeric state of PKS-NRPS hybrid systems is difficult to predict since both partners 

usually do not show the same oligomeric status. Indeed, most PKSs have been shown to be dimeric 
13 and the NRPS enzymes have long been thought to adopt a monomeric behavior 65 until very 

recently. The PKS-NRPS hybrid HWMP1 forms both monomers and dimers in solution, suggesting 

that the KS-based dimerization is not strong enough to maintain the dimeric state of the full-length 

protein 65. We showed here that the PKS-NRPS ClbKfl hybrid is dimeric both using SEC-MALLS 

and SAXS experiments. Interestingly, ClbK-PKS is monomeric in solution and dimeric in the 

crystal structure. The dimerization surface in the PKS module is established through the large KS 
interface, similarly to classical dimeric PKS systems, but the monomeric behavior in solution 

suggests that the ClbKfl PKS-NRPS hybrid possesses a second dimerization element in the NRPS 

module. Very recently, the structures of FmoA3 and PchE 23,24 showed a head-to-tail dimerization 

through the adenylation-cyclization interface of each monomer, specifically involving the 

adenylation Acore subdomain. However, we ruled out this possible mode of dimerization in ClbK 

given that the construct ClbK-PKS-Acore including the cyclization and the Acore domains is a 

monomer in solution. We thus focused our attention on the oxidase domain that is responsible for 

the oxidation of thiazolines to form thiazole rings 66, implicated in the bioreactivity of certain 

molecules such as epothilone 67, bleomycin 68 and indigoidine 69. In ClbK, the oxidase domain is 

inserted within the adenylation domain, between the A8 and A9 motifs, forming an interrupted A 

domain 70. Several non-NRPS oxidase domains have also been shown to be dimeric, like the MbcC 
71 or ThcOx oxidase domains from the cyanobactin pathway 72 that possess 27% and 30% identity 

with the oxidase domain of ClbK, respectively. In fact, many flavine-cofactor-containing proteins 

that share high sequence similarity display dimeric structures. Very recently, the structure of the 

BmdC oxidase domain in complex with the BmdB NRPS module from the bacillamide biosynthetic 

gene cluster was solved 25. The oxidase domain is responsible for the dimerization of the whole 

NRPS module, which has the same domain composition as ClbK-NRPS. We thus performed SEC-

MALLS measurements on a ClbK-PKS-Asub construct that harbors the oxidation domain and 

determined that it is a dimer in solution, lending support to our hypothesis that the second element 

of dimerization in ClbKfl is most probably the NRPS oxidase domain. Thus, we propose a 

speculative model for the ClbK PKS-NRPS hybrid where the upstream PKS module is linked to 

the downstream NRPS module through the dimeric oxidase domains with elongated arms 

composed of the other NRPS domains. However, the distribution of SAXS ab initio shapes reflects 

the inter-domain flexibility inherent to this molecule and suggests that it must be subjected to vast 

rearrangements during catalysis. 

 

This structural characterization of a PKS-NRPS hybrid enzyme from the colibactin pathway will 

pave the way for a better comprehension of the very complex assembly line leading to the 

production of this genotoxin. In addition, this structural information will be helpful for the 

biosynthesis of new molecules by biochemical engineering. Indeed, NRPS/PKS enzymes 

synthesize very diverse metabolites and many efforts have been made these past decades to 

rationally engineer NRPS/PKS assembly lines. For now, this engineering has focused on pure 

NRPS or PKS systems; however, the combination of the two, as nature does, could generate highly 

diverse metabolites with many applications. Future engineering on hybrid megaenzymes could thus 

benefit from this work. 
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Figure titles and legends 

Fig. 1. Biosynthesis of colibactin by the pks BGC. (A) Scheme of the colibactin biosynthetic 

mechanism 9. Non-ribosomal peptide synthetases (NRPSs, in yellow), polyketide synthases (PKSs, 

in salmon) and hybrid NRPS/PKS cooperate to build colibactin. The aminomalonyl unit 

incorporated by the ClbK-PKS module is shown is red. As this aminoketone group between the 

thiazole rings is sensitive to oxidation and hydrolysis, the amino group is not found in the final 

colibactin molecule. Domain abbreviations: A = adenylation, ACP = acyl carrier protein, AT = 

acyltransferase, AT* = atypical AT, C = condensation, Cy = cyclization, DH = dehydratase, E = 

epimerization, ER = enoylreductase, KS = ketosynthase, KR = ketoreductase, Ox = oxidase, PCP 

= peptidyl carrier protein. (B) Domain organization of ClbK. (C) Catalytic activities of the PKS 

module of ClbK. The KS domain first catalyzes the transthioesterification, i.e. the loading of the 

donor substrate from ClbJ-PCP to a conserved KS cysteine (1). The ACP domain receives an 

aminomalonyl acceptor substrate from the free-standing AT ClbG (2). The KS domain then 

catalyzes the decarboxylative condensation between donor and acceptor substrates (3). The 

condensed product becomes a donor substrate for the Cy domain of ClbK-NRPS (4). 

 

Fig. 2. Overall architecture of ClbK-PKS. (A) Linear domain organization of ClbK-PKS. (B) 

Crystal structure of ClbK-PKS at 2.98 Å resolution with each domain colored uniquely in 

accordance to (A). The Ks domain of one monomer is colored in blue and the KS from the other 
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dimer is colored in cyan. (C) Structural alignment of ClbK-PKS (colored like in A and B) and 

DEBS module 5 (in grey, PDB 2HG4). (D) Superposition of ClbK-PKS onto the EM density for 

PikAIII (in grey surface, EMD-5653). 

 

Fig. 3. KS active site accessibility. (A) Monomeric view of the KS domain with the 2 and 3 

clasping loop colored in blue and the 8 active site cap colored in cyan, both are boxed at the 

bottom of the KS. The active site residues are represented with red spheres for Cys167 and green 

spheres for His303 and His343. (B) Rearrangement of the active site cap and the clasping loop. The 

clasping loop is shown in blue for ClbK and grey for the other structures and is composed of 2 

and 3 in ClbK. It is usually unstructured except for ClbK, TAS1 and OzmQ. The active site cap 

is colored in cyan in ClbK and in wheat in the other structures. It folds as an helix in cis-AT PKS 

and trans-AT PKS BaeKS5. In hybrid enzymes (ClbK, OzmQ and TAS1) it folds as a beta strand 

( in ClbK). (C) Representation of the tunnel cavities of the KS domain of ClbK. The cavity is 

seen on the side (up) and on the bottom (bottom) of the KS with the catalytic Cys167 colored in 

red.  of the active site cap is colored in cyan (D) Representation of the tunnel cavities of DEBS 

module 5 (PDB 2HG4). The bottom entrance is closed by the helix from the active site cap, colored 

in wheat. 

 

Fig. 4. The ACP domain is located at the bottom entrance of the KS domain. (A) The 

representation of the KS cavities highlights the ACP position close to the bottom entrance of KS. 

The distance between the KS Cys167 and ACP Ser747 residues (in red) is however too long (38 

Å) to be in a catalytically active position. (B) Representation of the EM envelope of PikAIII loaded 

with methylmalonyl (MM-PikAIII) (EMD-5653) with the fitted DEBS domains highlighting the 

positioning of the KS5, AT5, ACP5 and KR5 domains as observed in 28. (C) Superposition of ClbK-

PKS onto the same MM-PikAIII EM envelope showing the similarity of positioning of ClbK ACP 

and PikAIII ACP5. 

 

Fig. 5. SEC-SAXS analyses of ClbKfl and ab initio model generated from SAXS data. (A) The 

Guinier plot is linear, indicating the absence of inter-particle interactions. (B) The pair distance 

distribution function, P(r), reveals ClbKfl has a maximum particle diameter (Dmax) around 30 nm. 

(C) The Kratky plot indicates the protein is folded. (D) 20 ab initio models were generated by 

DAMMIN with an imposed P2 symmetry. These models were aligned, averaged and filtered before 

a final step of refinement with DAMMIN, yielding the distribution of 8 clusters for which their 

representative models are presented here. The refined models are displayed with Pymol. 

 

Table 1. Data collection and refinement statistics. Statistics for the highest-resolution shell are 

shown in parentheses. 

 

Table 2. SAXS data collection and analysis. 
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Table 1 

 

DATA COLLECTION ClbK-PKS (PDB: 8CJH) 
Resolution range (Å) 48.98 – 2.98 (3.08 – 2.98) 

Space group C2221 

Unit cell parameters (Å) 187.64 233.37 256.59 90 90 90 

Total reflections 370039 (28856) 

Unique reflections 78289 (5592) 
Multiplicity 4.7 (5.2) 
Completeness (spherical) (%) 68.5 (15.8) 

Completeness (ellipsoidal) (%) 93.6 (72.7) 

Mean I/sigma(I) 9.5 (1.6) 

Wilson B-factor (Å2) 121.67 

R-merge 0.138 (1.050) 
CC1/2 0.996 (0.522) 

 

REFINEMENT 
R-work 0.217 (0.355) 

R-free 0.238 (0.202) 

Protein residues 2892 

rms bond lengths (Å) 0.008 

rms angles (°) 1.28 

Residues in most favored/allowed regions of the 

Ramachandran plot (%) 
99.76 

Average B-factor (Å2) 96.71 

 

Statistics for the highest-resolution shell are shown in parentheses. 

 

Table 2 

 

SAXS data-collection parameters 

Instrument BM29 beamline at ESRF, Grenoble, France with Pilatus3 2M 

detector in vacuum 

Wavelength 0.992 Å 

Beam size ( m) 200 x 200 

Camera length (m) 2.827 

q measurement range ( Å-1) 0.0025 – 0.6 

Exposure time Continuous 1 s data-frame measurements of SEC solution 

Sample configuration SEC-SAXS 

Sample temperature 20°C 

Software employed for SAXS data reduction, analysis and interpretation 
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SAXS data reduction chromixs 

Guinier analysis Primus 

Shape/bead modelling DAMMIN 

Atomic structure modelling dadimodo 

Three-dimensional graphic model 

representations 

Pymol 

Structural parameters 

Guinier analysis 

  I(0) (cm-1) 217.1 +/- 0.6 

  Rg (nm) 7.95 +/- 0.03 

P(r) analysis  

  I(0) (nm-1) 219.0 +/- 0.4 

  Rg (nm) 8.2 +/- 0.02 

dmax (nm) 30.9 

  q range ( nm-1) 0.04 – 1.78 

   2 (total estimate from GNOM) 0.8297 

  Porod volume ( nm-3) (ratio 

Vp/calculated M) 

1341.55 

Shape model-fitting results 

DAMMIN  

  q range for fitting ( nm-1) 0.04 – 1.78 

  Symmetry, anisotropy 

assumptions 

P2 

   2, CORMAP P-values 1.01, 0.14 
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STAR Methods 
 

RESOURCE AVAILABILITY 
Lead Contact 
Further information and requests for resources and reagents should be directed to the lead contact, 

Pauline Macheboeuf (pauline.macheboeuf@ibs.fr) 

 

Materials Availability 
The plasmids generated in this study are available from the lead contact upon request. 

 

Data and Code Availability 

• All X-ray diffraction data and small angle X-ray data have been deposited in the PDB and 

SASBDB respectively and are publicly available as of the date of publication. Accession 

numbers are listed in the key resources table. 

• This paper does not report original code. 

• Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request. 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 
In this study BL21 (DE3) Bap1 competent E. coli cells (gift from Pr. Khosla) were used. These 

were grown either in LB medium or auto-induction medium (see method details section) at 37°C 

until mid-log phase and 18°C overnight for protein expression. 

 

METHOD DETAILS 
Cloning of ClbK constructs 

All genes were PCR amplified from pBAC-pks, a kind gift from JP Nougayrède, and further 

cloned using the InFusion cloning kit (Takara Bio); cloning success was confirmed by 

sequencing. ClbKfl (UNIPROT Q0P7K1) was cloned into a pET15b vector that contains a N-

terminal thrombin cleavable hexa-histidine tag using clbKfl_NdeI_for and clbKfl_BamHI_rev 

primers 

Multi-domain fragments of ClbK were PCR amplified from the pET15b-ClbK plasmid and 

recombined in the pETM11 plasmid that contains a N-terminal hexa-histidine tag and a Tev 

cleavage site using clbK-fragments_NcoI_for primer as the forward primer and a specific primer 

as the reverse primer (clbK-PKS_XhoI_rev and ClbK-PKS-Acore_XhoI_rev for the ClbK-PKS and 

ClbK-PKS-Acore fragments respectively). 

 

Expression of ClbKfl, ClbK-PKS-Acore, ClbK-PKS-Asub and ClbK-PKS 

All proteins were expressed in Escherichia coli BL21(DE3) Bap1 cells, a kind gift of Pr. Khosla. 

Expression was carried out in LB medium (Lennox) for ClbKfl and ClbK-PKS-Asub whereas ClbK-

PKS (residues 1-787) and ClbK-PKS-Acore (residues 1-1659) were expressed using auto-induction 

medium (For 0.5 L, 10 g tryptone, 5 g yeast extract, 1 mM MgSO4, 0.1 M (NH4)2SO4, 0.2 M 

KH2PO4, 0.2 M Na2HPO4, 0.5 % glycerol, 0.05 % glucose, 0.2 % α-lactose). In both cases, cells 

were grown at 37°C until OD600 ≈ 0.5 and then cooled down to 18°C. In LB medium, after two 

hours of temperature equilibration, proteins were induced with 0.2 mM isopropyl-β-D-
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thiogalactopyranoside (IPTG) at 18°C for 16-20 hours whereas in auto-induction medium, 

expression was carried out at 18°C for 20-24 hours. 

 

Protein purification 

ClbKfl expressing cells were harvested by centrifugation and resuspended in buffer A (50 mM 

HEPES pH 7.5, 500 mM NaCl, 5 mM dithiothreitol (DTT)). The lysis buffer was supplemented 

with benzonase (Sigma) and protease inhibitors (Complete EDTA-free (Roche)) to prevent protein 

degradation. Cells were lysed using a Constant Systems Cell disrupter (4x20-25 kpsi) and the 

supernatant from the centrifugation step was incubated with Protino-Ni-IDA (Macherey-Nagel) 

resin. The protein was eluted using the appropriate lysis buffer supplemented with 250 mM 

imidazole and 1 mM EDTA was directly added to the ClbKfl elution fractions. Eluted ClbKfl was 

dialyzed against (50 mM HEPES pH 7.5, 100 mM NaCl, 5 mM DTT, 1 mM EDTA) and further 

purified using an anion exchange chromatography step using a monoQ 5/50 GL column (GE 

Healthcare). The protein was eluted using a linear salt gradient. Finally, the protein was submitted 
to a polishing gel filtration step using a Superdex 200 Increase 10/300 GL column (GE Healthcare) 

in Buffer B (50 mM HEPES pH 7.5, 200 mM NaCl, 5 mM DTT). 

 

ClbK-PKS-Acore and ClbK-PKS-Asub were purified the same way as ClbKfl using the lysis buffer C 

(50 mM HEPES pH 7.5, 300 mM NaCl, 5 mM DTT) supplemented with benzonase and protease 

inhibitors. The buffer D (25 mM HEPES pH 7.5, 150 mM NaCl, 5 mM DTT) was used for the final 

gel filtration step. 

 

ClbK-PKS protein was lysed using buffer C supplemented with benzonase and protease inhibitors 

and purified by a two-step purification including the Protino-Ni-IDA resin for affinity 

chromatography and a gel filtration step using buffer D. This protein was used for further SEC-

MALLS experiments. 

 

For X-ray crystallography, the hexa-histidine tag of ClbK-PKS was cleaved after affinity 

chromatography by incubation with TEV protease (1:100) during a dialysis step against buffer C 

and further eluted using a reverse affinity chromatography. The protein was submitted to a final gel 

filtration step in buffer E (25 mM HEPES pH 7.5, 50 mM NaCl, 5 mM DTT). This protein was 

used for crystallization and was subjected to electrospray mass spectrometry to further confirm the 

cleavage of the tag and the presence of the PPant arm. 

 

Crystallography 

ClbK-PKS crystals grew within a few days in 0.1 M MES pH 6.5, 19 % PEG 3350 at 20°C using 

the hanging-drop setup of the high throughput crystallography facility from the Integrated 

Structural Biology Grenoble (ISBG). They were soaked in a cryo-protectant solution (0.1 M MES 

pH 6.5, 18 % PEG 3350, 25 % glycerol), mounted in a cryo-loop and flash-cooled in liquid nitrogen. 

Diffraction data were collected at the ID30A-1 beamline at the European Synchrotron Radiation 

Facility (ESRF, Grenoble, France). 

 

X-ray diffraction images were indexed and scaled using XDS 74 and the resolution limit was 

determined using STARANISO 81. The structure was solved by molecular replacement with Phaser 
75 using a truncated model of monomeric ClbK-PKS generated by AlphaFold2 42 using an in-house 

computer cluster. The structure was completed by cycles of manual model building with COOT 76, 

phase optimization with PARROT 77 and automatic model-building with BUCCANEER 78 from the 

CCP4 program suite 79. Several cycles of manual model building and macromolecular refinement 

were performed with REFMAC 80 to a Rwork of 22.9% and a Rfree of 26.3%. The final structure 
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contains two dimers (A, B &C, D) of PKS that contain the KS, AT*, LD, PAL domains. Because 

we could not confidently connect the two ACP domains to any of the four protein chains, we chose 

to provide these with unique protein chains (E&F). Figures containing protein structures were 

generated with PYMOL (http://www.pymol.org). Final refined model coordinates and structure 

factors were deposited at the Protein Data Bank (PDB, http://www.rcsb.org), ID code: 8CJH. 

 

Size-exclusion chromatography coupled to small angle X-ray scattering (SEC-SAXS) 

Data were collected at BM29 beamline (ESRF, Grenoble, France), at a wavelength λ=0.992 Å and 

a Pilatus2M detector was placed 2.82 m away from samples. The momentum transfer s was defined 

by s= 4π sin(θ) /λ. ClbKfl was injected at a flow rate of 0.75 mL/min on a Superdex 200 Increase 

10/300 GL column equilibrated in buffer B, at 20°C. Analysis was performed using the ATSAS 

software package version 3.0.3 51. First, CHROMIXS was used for selection of sample and buffer 

regions, buffer subtraction and data averaging. Guinier and Kratky plots were displayed using 

PRIMUS. The pair distance distribution function was evaluated from scattering data using GNOM. 
20 ab initio models were generated with DAMMIN (slow mode, P2 imposed symmetry). Following 

model comparison and averaging with DAMAVER program suite, a final step was performed with 

DAMMIN to yield a distribution of eight refined models that fit the experimental data. Volumes of 

the individual DAMMIN models and estimated molar mass were extracted directly from the PDB 

files. The small angle data has been deposited in the SASBDB data bank under the code: SASDQ87. 

 

Size-exclusion chromatography coupled to Multi-Angle Laser Light Scattering (SEC-

MALLS) 

SEC-MALLS analyses were performed using a system composed of a Wyatt DAWN Heleos II 

MALS, a Wyatt Optilab T-rex refractometer, an Hitachi Elite LaChrom L-2400 UV detector and an 

Hitachi Elite LaChrom Pump L-2130. A Superdex 200 Increase 10/300 GL column was equilibrated 

with several column volumes of buffer before injection of concentrated samples at a flow rate of 

0.5 mL/min. Before each experiment, bovine serum albumin was injected to confirm the correct 

calibration of the system. Molar masses were estimated from scattering data using Astra 6 software 

(Wyatt). 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 
Data collection and refinement statistics for the structures described in this work are available in 

the key resources table section and in Table 2. 

 

KEY RESOURCES TABLE 
 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Bacterial and virus strains  

Escherichia coli BL21 Bap1 (DE3) 73 N/A 

Chemicals, peptides, and recombinant proteins   

ClbKfl This study N/A 

ClbK-PKS-Acore This study N/A 

ClbK-PKS-Asub This study N/A 

ClbK-PKS This study N/A 

LB Broth (Lennox) AthenaES Cat#0102 

tryptone US Biological Cat#T8750 

Yeast extract Euromedex Cat#UY2010 

Magnesium sulfate Sigma Cat#M7506 

http://www.pymol.org/
http://www.rcsb.org/
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Potassium phosphate Sigma Cat#P0662 

Sodium phosphate Sigma Cat#S8282 

glycerol VWR Cat#24388.295 

glucose Sigma Cat#G7021 

-lactose Sigma Cat#L2643 

IPTG Neo Biotech Cat#NB-45-00030 

HEPES Euromedex Cat#10-110-C 

NaCl Euromedex Cat#1112-A 

DTT Euromedex Cat#EU0006-D 

MES Sigma Cat#M5057 

PEG 3350 Sigma Cat#88276 

imidazole Sigma Cat#56750 

cOmplete EDTA-free protease inhibitor Roche Cat#56619600 

Benzonase Sigma Cat#E1014-5KU 

Protino-Ni-IDA resin Macherey-Nagel Cat#745210 

TEV Home-purified clone N/A 

InFusion cloning kit Takara Cat#638920 

Deposited data   

ClbK-PKS This study PDB: 8CJH 

SAXS data on ClbKfl This study SASBDB: SASDQ87 

Oligonucleotides   

clbKfl_NdeI_for 
CGCGCGGCAGCCATATGACTTACAGTGAAAGCGAT
ATTGC 

This study N/A 

clbKfl_BamHI_rev 
GTTAGCAGCCGGATCCTCACTCATCGCCCTTTTCTC
CC 

This study N/A 

clbK-fragments_NcoI_for 
TTCAGGGCGCCATGGGTACTTACAGTGAAAGCGAT
ATTGCCA 

This study N/A 

clbK-PKS_XhoI_rev 
GTGGTGGTGCTCGAGTCAGCCTTGTTCGAGCAGAT
AGC 

This study N/A 

clbK-PKS-Acore_XhoI_rev 
GTGGTGGTGCTCGAGTCAATCGTTGCGCCCCAAAA
AG 

This study N/A 

Recombinant DNA   

pBAC-pks Nougayrède et al., 
(2006) 

N/A 

pET15b-ClbKfl This study N/A 

pETM11-ClbK-PKS-Acore This study N/A 

pETM30-ClbK-PKS-Asub This study N/A 

pETM11-ClbK-PKS This study N/A 

Software and algorithms   

XDS 74 https://xds.mr.mpg.de/
html_doc/XDS.html 

Phaser 75 https://www/ccp4.ac.uk 
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AlphaFold2 42 https://www.deepmind.
com/research/highlight
ed-research/alphafold 

Coot 76 https://www/ccp4.ac.uk 

PARROT 77 https://www/ccp4.ac.uk 

BUCCANEER 78 https://www/ccp4.ac.uk 

CCP4 79 https://www/ccp4.ac.uk 

REFMAC 80 https://www/ccp4.ac.uk 

PYMOL  http://www.pymol.org 

ATSAS suite 51 https://www.embl-
hamburg.de/biosaxs/so
ftware.html 

Astra 6 Wyatt https://www.wyatt.com/p

roducts/software/astra.ht

ml 

Other   

MonoQ 5/50 GL GE Healthcare Cat#17-5166-01 

Superdex 200 Increase 10/300 GL GE Healthcare Cat#28-9909-44 
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Fig. S1. AlphaFold2 model predictions and solved structure of ClbK-PKS related to Figure 2. 

(A) Three models generated by the AlphaFold2 algorithm (colored in grey with ACP domains 

colored in different shades of pink) were aligned using Pymol and were compared to the solved 

structure of ClbK-PKS (ketosynthase (KS) domain in blue, linker domain (LD) in yellow, 

acyltransferase (AT*) domain in green, post-AT linker (PAL) in orange, ACP domain in red and 

orange). The KS-AT* core domains were perfectly superimposed between the models and with the 

solved structure. However, the ACP domains adopt different positions upon comparison of 

AlphaFold2 models (position 1 to 3 in different shades of pink) and in the ClbK-PKS structure 

(ACP domain in red and orange). (B, C and D) 2Fo-Fc map contoured at 1.5 sigma around 

residues at the interface showing the KS in blue, the LD in yellow, the PAL in orange (B) and the 

ACP in red (C). The KS active site cap and clasping loop regions are also shown (D). The map is 

represented within 2 Å of selected atoms. 
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Fig. S2. Sequence alignment of KS and LD related to Figure 2. Sequences of several trans-AT 

and cis-AT PKSs were aligned and their KS and LD are shown here. The active cysteine and 

histidines are highlighted with a red star and strictly conserved residues are boxed in red. A column 

is framed in blue if more than 70% of its residues are similar according to physico-chemical 

properties. The salmon box highlights the clasping loop and the cyan box highlights the active site 

cap at the bottom of the KS. Secondary structures are colored in blue for the KS domain and in 

brown for the LD except for the ClbK-PKS 2, 3, 8 forming the clasping loop and active site 

cap that are colored in pink. The figure was prepared using ESPript 82. 
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DEBSm1_7M7J     24                                                  F          W  L  G D V     D                       G  L  A   D  FF MS   EL SE R A AGLPT RGWDLDSLFHPDPTRSGTAHQRG GF TE TA  PA  G  PR
DEBSm5_2HG4     61                                                  F          W  V  G D I     D                       G  L  A   D  FF IS   EF SG G A AEAPA RGWEPDP............DARL GM AA GD  AG  G  PR

                                                            DEBSm5_2HG4  

ClbK            73  A    P  R  L          G                  G   G             E  IMD Q  VF   AWEM E                    V LYA V  S Y         E     Q    TC    F QS YNPKQHD........AR       ST F LLTHLMN

TAS1_6KOG       80  A    P  R  L          G                  G   G             E   ID Q  VF   A DAL  A                  V VFV A  N F         QT    K    DV A   AD  TSASPGN......PLDP       AT T LSSRDNP
OzmQ-KS1_4OQJ   96  A    P  R  L          G                  G   G             E  LID Q   F   AYEALE A                  I VYA V  N Y         E     Q Q  EC      R  YDPQRGE........QR       GL T LLHNLGE

Bae-KS5_5ERB    85  A    P  R  L          G                  G   G             D  LMD Q  LF   VYE ME A                  V VYV V    Y         K     E    QC   T  D  YTRKKLTEKSGDLLGAN       MYEE QLYGAE.

RhiE_4KC5       92  A    P  R  L          G                  G   G                 M     LF   A    E A                  V V L    N Y       Y DH S EV    QV VHTF D  YSKETLLSRY....NGD   L  TMS D HYYGFE.

DEBSm1_7M7J     84  A    P  R  L          G                  G   G             E  AVD Q  L     WEVLE A                    VFV L  Q Y         L     Q  M ELS     R  IPPTSLQ.......ASPT      IP E G.....P

DEBSm5_2HG4    109  A    P  R  L          G                  G   G             E  AMD Q  I     WEALE A                    VF  V    Y         L     Q  M EIS     R  HDPVSLR.......GSAT   T  GTVD G.....P

 TT            ...                                           DEBSm5_2HG4  

ClbK           125                                     GP       C       H A   L            IM     N    L   L Y L I    VTV     TSL AV L C   NPDKLAQLGGLQ  V...G DKDH TSQ A R N T  C   QAS A   V      EG 

TAS1_6KOG      134                                     GP       C       H A   L             A          I   A F L L    VTL TA SS L AL L C S GSKPPGDEEPQSF NHYQQLLDCP GTF S K N T  V   N     A A      A  

OzmQ-KS1_4OQJ  148                                     GP       C       H A   L            MM     N    V     Y L L    VS  TA STSL AV L C S RYRTASSVDRYR  I...T DKDF ATRTA K N C  S  TN       V      L  

Bae-KS5_5ERB   144                                     GP       C       H A   L            LA          I   A Y        M L TM SSSL AI L C S .....EQARGKS  L...TGNPSS ANR S VFGFN  S A D       T      Q  
RhiE_4KC5      147                                     GP       C       H A   L            MA     S    I   V Y   L    L I TM SSS   I   C   .....SNVFRGS  S...G GMAT PMT S FYG T  S F D      STC  T  QM 

DEBSm1_7M7J    132                                     GP       C       H A   L            LM     T    A   I Y L L    ISV TA SSSL AV L C S RLAEGGEGVEGY  T...G TTSV SGR A T G E  A   D       V      Q  

DEBSm5_2HG4    157                                     GP       C       H A   L            V      T    A   V Y L L    MTV TA SS L AL L   S RPDEAPDEVLGY GT...G ASSV SGR A C G E  A   D     G T     ME  

                                     T .T    TT TT           DEBSm5_2HG4  

ClbK           182           G                                        G     G    G C MALA GVT                          G  H F   A   V    LGLS Q D        FRMEEQRSYESHGD.....GLQAE.D LI T DAQ S T YSS   

TAS1_6KOG      194           G                                        G     G    GDC AAVV GVSM                         G CH     A   V  D A SH   N         AYPQEGGYVTARPGGDSSAVFSP.S V  PLDSR D C PA   A
OzmQ-KS1_4OQJ  205           G                                        G     G    GDC MALA  A I                         G CR F   A   V    VGLS   T     A H QADQGEGYLHHEG.....MIFSP.D H  A DAK Q T IGN   
Bae-KS5_5ERB   196           G                                        G     G    GEC AA A GVNV                         G C  F       V  E VGRN   E  F      SVHPNKYLMLGQN.....RFLSSK. R ES GEGGD Y PG    

RhiE_4KC5      199           G                                        G     G     E  MVLA GLNL                              Y   A   V  E IGKHD TK         MYHPYTTVNTSQG.....NFTSITSESVNS GVG D T IG    
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ClbK           294        E HG  T  GD  E                                  G  K P  I YL L  SG  L   I    I  VF                         L  V   QQ Q         P   A  FAA KR  GTPAPN............A..TPWR  A  P

TAS1_6KOG      313        E HG  T  GD  E                                  G  K    L YV M  SG      L V  L  AF                         L S   LSR R         PW  A   QG KM  DRLSKTGAAEQSGTGRAQPEADRIY   N G

OzmQ-KS1_4OQJ  317        E HG  T  GD  E                                  G  K P  V YV A  T   L  PI V  L  AF                         L SV T ET S       A P       AA NQ  NREGAA............LAPGSCA      
Bae-KS5_5ERB   307        E HG  T  GD  E                                  G  K P  V YI A  TG  L  PI I  L  AF                         I SA S RA S         S       TG TK  SEQTQD............K..QFCA      

RhiE_4KC5      311        E HG  T  GD  E                                  G  K P  I YI    SG  L  PI V  L  AF                         L SI S SS S   G     K       LG NN  RWATDD............K..QFCY      

DEBSm1_7M7J    300        E HG  T  GD  E                                  G  K P  I  V A  TG  L  PI A  L  AY                         L SV S AD DA        R       RA FE  GRD..R............E..QPLH      

DEBSm5_2HG4    325        E HG  T  GD  E                                  G  K    V YV A  TG  L  PI V  L   Y                         I SV SAGD D         R       HA LST GAERDP............D..DPLW      

                             TT     TT                      DEBSm5_2HG4  

ClbK           340 N G    A G     K                                             V H  M   I  LI  VL L      PTL     NP L      F V S    W  G      VE  S  TS   T  S TNRVFY   NFQRA  Q GLEDSP E V RLTP PE ..

TAS1_6KOG      373 N G    A G     K                                                  A   LL LI   M L    V P       NP  EF    F           G   C NTE  S   S   AS A NLGV P LPNLAEP  KC  EETK EPLGKQLALAP ..

OzmQ-KS1_4OQJ  365 N G    A G     K                                             V H      MAGLI  IL LR   L PSL     NP IDF    F V T    W  G      LDT A       T  M  HRT V   CFEAP  E   AAGP Y G ETKE PA ..

Bae-KS5_5ERB   353 N G    A G     K                                             I H      IAGL   LL MK   L PSL     NP IDF    F V Q    W  P      CES A     T V  Q  HKQ A   HSRTL  N   LATP K Q TLEE KR VI

RhiE_4KC5      357 N G    A G     K                                             I H  A   IAGL   LL  K   I PSI     N  IDF    F V Q    W  P      LL  S     T T  QF HKQ A   HSSQL QD   ADTP V P QLIE RQ ER

DEBSm1_7M7J    344 N G    A G     K                                             L H  A   VAGVI  VL MR   L  TL     S  IDW      L      W  G      TQ  A       M  A  AGT PR  HASER KE   SSGAIS LDEPEP PA ..

DEBSm5_2HG4    371 N G    A G     K                                             I H  A   VAGVM  VL LR   M  TL     SP IEW      V S    W  G      TQ  A       A  A  HGE PR  HFDEP  Q   DLGAVS V QARS PA ..

                   TT                                       DEBSm5_2HG4  

ClbK           398              G       G NAH                                           PR A VS FGLG T   LVV                     VLSA     L.......TT  T    A            QAPL.S.TPQARAQQMGPCVV    KNHNA 

TAS1_6KOG      431              G       G NAH                                             RV VTS G G S   VVL                               ..........D      L Y         AS.............................

OzmQ-KS1_4OQJ  423              G       G NAH                                           PRRA VSSFGIG T   VIVEE                   VLSA     L.......PT                      PPAV.GPAPDAAAAGPRLL    NTPAA 

Bae-KS5_5ERB   413              G       G NAH                                           PR A LSSFGAG     IVIEE                   VLSA     LNENGVNKEL  T          V        YSADEDKETAFAAPHPSMI    KNEQR 

RhiE_4KC5      417              G       G NAH                                           PRRA LTS  AG     MIVEE                   V SV     LIINGRKQVF        IA   M        YPEPADSAGQISEDQLV.F F  HKLAL 

DEBSm1_7M7J    402              G       G NAH                                           PRRA VSSFGI  T   AIIEE                   VLSA     L.......AR           S          APQVVEGERVEAGDVVAPW    SSAEG 

DEBSm5_2HG4    429              G       G NAH                                           PRRA VSSFGI  T   VIVEE                   VLS      M.......ER           S          APEADEPEPAPD.SGPVPL   GRDEQA 

            ..                                  .           DEBSm5_2HG4  

ClbK           449       LL  L         L  VAYTL  GR  A  R  VI      L   L     P EQMQNA  AK A..AHPEIR QD     RH  FS PV KC  AENCTQ ARQ ..RDA M
TAS1_6KOG    ............................................................

OzmQ-KS1_4OQJ  475       LA  L         L  VA TL  GR  L  R  LV      A   L     G DTATAD  RA R..KDRDLD SA  Q  AL  RV PY RA  ATGVRD ALA ALGDA R

Bae-KS5_5ERB   473       LL  L         L  IAYTL  GR  M  R  MI      L   L     G QKRAKR  DA RSGRYREAD SR     QV  EP EE LG  VSNLRE EEK DEFTG K

RhiE_4KC5      476                     L  IAYTL  GK  L  R  I       L   L     G AQNLTSFRD...WLASSEAP AQ     QV  NN RN LA RCRTRQA SRA NACID H

DEBSm1_7M7J    455       LA  L            IAYSL  GR  L  R   A      A   L     G RAQAAR  AH R..EHPGQDPRD     AT  AA PH AAF PVDESA LRV DGLAT N

DEBSm5_2HG4    481       LA  L         L    FTL   R     R  VV          L     G RAQAGR  DH A..REPRNS RDTG   ATR SAWEH AV  GDRDEA.LAG RAVAD R

  TT                                                        DEBSm5_2HG4  

ClbK           505 VE...ATTGC......                                            

TAS1_6KOG    ................                                            

OzmQ-KS1_4OQJ  533 VM...TAGPA.DER..                                            

Bae-KS5_5ERB   533 E....SIDQLYRGQ..                                            

RhiE_4KC5      533 YQSSADSKIFYRFQES                                            

DEBSm1_7M7J    513 .ADGAAVGTS.RAQ..                                            
DEBSm5_2HG4    538 IADRTATGQA.RTRRG                                            
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Figure S3 

 

Fig. S3. Sequence alignment of the active cysteine region related to Figure 3. The PKS sequences 

are from proteins that accept donor substrates containing thiazole (ClbK, Lnm_KS1) or oxazole 

rings (Rhi_KS2, Chi_KS10, Dsz_KS9) These five KS display a serine residue (blue highlight) at 

the position before the active cysteine (highlighted with a red star). The other conserved residues 

are boxed in red. The blue box highlights a column with 70% of conserved. Lnm = Leinamycin, 

Chi = Chivosazol, Rhi = Rhizoxin, Dsz = Disorazol. The figure was prepared using ESPript. 
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Figure S4 

 

Fig. S4. Structural alignment of LD and AT domains related to Figure 2. ClbK-PKS is colored 

with the same colors as in Fig.2 (LD in yellow, AT* in green and PAL in orange) and the other 

structures are colored in grey (PDB: 2HG4, 4OQJ, 5ERB). The AT domain of DEBS module 5 

possesses a small subdomain (dark grey) and a large subdomain (light grey). Its catalytic residues 

are shown as spheres. 
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Figure S5 

 

Fig. S5. Structural and sequence alignments of ACP/PCP domains related to Figure 2. (A) 

Superposition of ClbK-ACP (red) with TycC-PCP3 in light cyan (PDB 1DNY), (B) DEBS module 
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                                                 MSLB-ACP7_6H0Q       

                                                 MSLB-ACP7_6H0Q       

                                                 MSLB-ACP7_6H0Q       

                                                 DEBS-ACP2_2JU2       
           710          720       730            

ClbK-ACP                                                L                        L           I   V                     ....SHESSNN LSRAT...KSD IAV TEIWERT GVSI...DDHHAS
TycC-PCP3_1DNY                                          L                        A           V   L      V        I     ........VTE QYVAP...TNA ESK AEIWER  GVSG... GILDN
DhbF-PCP1_5U89                                          L                        V               L      V        V     ...PAPDFTMT KGRKP...RNPQEEI CELFAE  EIPV... GIDDH
HMWP1-ACP_Y-pestis                                      L                                    V   L               L     .........DDNAFNGSLSDETA MAW KKRIAVQ RLSDPAS HPNQD

EpoA-ACP_S-cellulosum                                    L                        L           L   L      V        V     ...GDRDLLDR ASAAPAARAAA EAF RTQVSQ  RTPE.IK GAEAL
MSLB-ACP7_6H0Q                                          L                        L           L   V      V        I     AASAATDLAAR NGLSPQQQQQT ATL AAATAT  GHHTPES SPATA
DEBS-ACP2_2JU2                                          L                        L           L   V      V        V     .......LRDR AGLPRAERTAE VRL RTSTAT  GHDDPKA RATTP
PikAIII-ACP                                             L                        I           L   V      V        V     ......SALAA TALPEPERRPA LTL RTHAAA  GHSSPDR APGRA

                                                 DEBS-ACP2_2JU2       
740       750       760       770       780        

ClbK-ACP                 G  SL                                        F  L      A  I   I    GI       F  PT   L   L      FE  GH  L ST LYD QQRY  TCTLSAF AD  IEG SCY LEQG.
TycC-PCP3_1DNY           G  SL                                        F  I      AM V   V     V L    LF  PT   L   V      FQ  GH  K  A AAQ HREYQ E PLKV  AQ  IKA AQY AT...
DhbF-PCP1_5U89           G  SL                                        F  L      AA L S I    GV I    LF  PT   L   L      FE  GH  L  R I R RDVL  E TIGK  AS  VAS VKH EDAE.
HMWP1-ACP_Y-pestis       G  SL                                           L       L L S I    GV I    AW   S   L   I     LLQ  MD  LF E S D QHYL  R NAER  QDL PHG TQL CSKP.

EpoA-ACP_S-cellulosum     G  SL                                        F  L      AV L N I     L L    L   PN   L   L      TR  MD  M  E R R EASLK K STTF STS  IAL TQN LDAL.
MSLB-ACP7_6H0Q           G  SL                                        F  L      AL L N L    GL L    IF  PT   L   L      KD  ID  T  E R T THNT  D PPTL  DH  PHA TQH HTRLT
DEBS-ACP2_2JU2           G  SL                                        F  L      AV L N L    GL L    VF  PN   V   L      KE  FD  A  R R L NAAT  R PSTL  DH  ASA AGF DAELG
PikAIII-ACP              G  SL                                        F  L      AV L N L    G  L    VF  PT   L   L      TE  FD  T  Q R Q STVV NR PATT  DH  PAA AAH HEAY.

                                                 DEBS-ACP2_2JU2       
                                                 

ClbK-ACP             ...                                              
TycC-PCP3_1DNY       ...                                              
DhbF-PCP1_5U89       ...                                              
HMWP1-ACP_Y-pestis   ...                                              

EpoA-ACP_S-cellulosum ...                                              
MSLB-ACP7_6H0Q       QSH                                              
DEBS-ACP2_2JU2       ...                                              

PikAIII-ACP          ...                                              
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2 ACP in green (PDB 2JU2) and (C) mH0ACPb in pale yellow (PDB 6H0Q). ClbK-ACP possesses 

a mixture of ACP and PCP features: it starts with an H0 helix, very common in ACP from cis-AT 

PKS but displays a short loop I, similar to what is found in PCPs. (D) The sequence alignment 

shows the GXXSL motif boxed in pink and highlights the presence of a GGHS motif, typical of 

PCP domains, in ClbK ACP. The other ACPs possess a GXDS motif. The conserved serine of the 

motif is highlighted with a red star. Secondary structures are colored in red for ClbK and, when 

available, in black for the other PCPs/ACPs. The figure was prepared using ESPript. 
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Figure S6 

 

Fig. S6. Estimation of purity and SEC-MALLS analysis of ClbK fragments related to Figure 

2. SDS-PAGE gels indicate that ClbKfl (A), ClbK-PKS-Asub (C), ClbK-PKS-Acore (E) and ClbK-

PKS (G) are pure. (B, D, F, H) SEC-MALLS analysis of ClbKfl (B), ClbK-PKS-Asub (D), ClbK-

PKS-Acore (F) and ClbK-PKS (H). (B) In solution, ClbKfl forms a polydispersed (aggregate) and a 

dimeric species (theoretical monomeric molar mass MM: 240 kDa). (D) ClbK-PKS-Asub shows a 

peak of aggregate and a peak of dimer (theoretical monomeric molar mass MM: 223 kDa). (F) 

ClbK-PKS-Acore is purely monomeric in solution (theoretical monomeric MM: 187 kDa). The 

peak at 7.5 mL contains a small amount of aggregates (F) ClbK-PKS forms mostly monomers 

and a small amount of dimers in solution (theoretical monomeric MM: 89 kDa). 
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