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SUMMARY

Colibactin, a human microbiome-derived genotoxin, promotes colorectal cancer by damaging the host gut

epithelial genomes. While colibactin is synthesized via a hybrid non-ribosomal peptide synthetase (NRPS)-

polyketide synthase (PKS) pathway, known as pks or clb, the structural details of its biosynthetic enzymes

remain limited, hindering our understanding of its biosynthesis and clinical application. In this study, we

report the cryo-EM structures of two colibactin-producing PKS enzymes, ClbC and ClbI, captured in different

reaction states using a substrate-mimic crosslinker. Our structural analysis revealed the binding sites of car-

rier protein (CP) domains of the ClbC and ClbI on their ketosynthase (KS) domains. Further, we identified a

novel NRPS-PKS docking interaction between ClbI and its upstream enzyme, ClbH, mediated by the C-ter-

minal peptide ClbH and the dimeric interface of ClbI, establishing a 1:2 stoichiometry. These findings advance

our understanding of colibactin assembly line and provide broader insights into NRPS-PKS natural product

biosynthesis mechanisms.

INTRODUCTION

Human microbiota produces secondary metabolites that modu-

late the host’s immune responses, nutrient sensation, and meta-

bolism, serving as a chemical treasury for potential therapeutic

targets and drug candidates.1 Colibactin, a genotoxin derived

from the microbiota, crosslinks adenine bases of the human

gut epithelial DNA using its cyclopropane group, causing cell-cy-

cle arrest, genome instability, and tumorigenesis.2–8 Its clinical

significance in colorectal cancer, neonatal systemic infection,

and inflammatory bowel diseases has been reported.9–11 The

colibactin biosynthetic gene cluster ‘pks’ or ‘clb’ contains 19

genes (clbA to clbS), encoding three non-ribosomal peptide syn-

thetases (NRPSs), three polyketide synthases (PKSs), two hybrid

NRPS-PKS enzymes, and other accessory proteins.2 The pks

gene cluster was also found in other non-human associated mi-

crobiomes such as a marine sponge, an olive tree, and honey-

bees.12–14 A recent study suggested that the production of coli-

bactin may benefit the pks-harboring bacteria by triggering the

lytic pathway of neighboring prophages through the bacterial

SOS response. This process may eliminate potential competi-

tors, thereby enhancing the survival and proliferation of colibac-

tin-producing bacteria.15 Among the colibactin biosynthetic en-

zymes, the structures of ClbQ, ClbM, ClbS, ClbP, and ClbK

have been reported.16–21 Of these, only ClbK is directly involved

in the biosynthetic reaction, while the others assist the biosyn-

thesis or protect the bacteria from the toxicity of the molecule.

However, the reported ClbK structure is incomplete and repre-

sents only a single state, limiting our understanding of colibactin

biosynthesis.20

In this study, we investigated the two PKS enzymes in the col-

ibactin biosynthetic pathway: ClbC and ClbI (Figure S1A). As

minimal modular PKS enzymes, ClbC and ClbI consist of three

domains – a ketosynthase (KS), an acyltransferase (AT), and an

acyl carrier protein (ACP). In a minimal modular PKS system,

the AT domain first recognizes a substrate, acyl-CoA, and trans-

fers it to a holo-ACP (Transacylation) (Figure S1B).22 The ACP

then transfers the substrate to the conserved cysteine of the

KS domain in the downstream PKS module (Translocation).

The downstream ACP domain, loaded with another acyl group,
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Figure 1. Cryo-EM structural analysis of apo-ClbC

(A) The domain structure and cryo-EM map of a full-length apo-ClbC, colored by domains. Abbreviations: KS – ketosynthase, LD – linker domain, AT – acyl-

transferase (* inactive), PAL – post-AT linker, ACP – acyl carrier protein. The map is shown in front (left) and top (right) views. Yellow circles indicate the active site

(legend continued on next page)
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subsequently attacks the KS-tethered substrate through a de-

carboxylative Claisen condensation reaction (Elongation), ex-

tending the intermediate. The elongated intermediate is either

transferred to the next downstream module or released by an

additional thioesterase (TE) domain. Both ClbC and ClbI elon-

gate a colibactin intermediate by a two-carbon unit using ma-

lonyl-CoA. Furthermore, ClbI generates colibactin’s warhead, a

cyclopropane moiety (Figure S1A).4 Interestingly, ClbI contains

a serine in the active site of its KS domain, contrary to other

PKS enzymes with cysteine at this site.23 This active site serine

is suggested to play a crucial role in generating the cyclopropane

group.4 Notably, the AT domain of ClbC is inactive, yet ClbC suc-

cessfully adds a two-carbon unit, presumably by utilizing AT do-

mains of other proteins.22

Here, we determined cryo-electron microscopy (cryo-EM)

structures of ClbC and ClbI in various states using a substrate-

mimicking crosslinker. Our structural analyses of ClbC and

ClbI revealed the binding sites of carrier protein (CP) domains

for translocation and elongation reactions and, furthermore, a

novel docking interaction between ClbI and ClbH, an upstream

NRPS enzyme of ClbI. Additional liquid chromatography-mass

spectrometry (LC-MS) analysis of colibactin precursors pro-

duced with ClbI mutants based on the structures further identi-

fied potential candidate residues that may be involved in the

cyclopropanation of the colibactin precursor.

RESULTS

Apo-ClbC contains an inactive AT domain

We first determined the cryo-EM structure of the full-length ClbC

in an apo state (without the phosphopantetheine group) at 3.1 Å

resolution and built the coordinates using a homology model

generated by SWISS-MODEL and a monomer model by

AlphaFold2 (Figures 1A, S2, and S3; Table 1).24–26 After protein

purification, we confirmed the phosphopantetheinylation (ppan-

tylation) activity using a BODIPY-CoA loading assay.27 Native

mass spectrometry (nMS) analysis also verified that ClbC is a ho-

modimer, and the ppantylation reaction was completed

(Figure S2C).27,28 The cryo-EM structure of apo-ClbC revealed

its homodimeric structure like typical type I PKS enzymes, hav-

ing the KS-KS dimerization interface spanning a ∼2,560 Å2 inter-

face (Figure S2D).29,30 The ACP density was not observed, pre-

sumably due to its mobility. The dimer interface residues were

highly conserved (Figure S2E),31 and the active sites of both pro-

tomers are in a single ‘substrate channel,’ where the transloca-

tion and elongation reactions occur (Figure 1A).32,33 The two

ClbC protomers exhibit highly similar structures, having an r.m.

s.d.(Cɑ) of 0.86 Å between the two protomers. However, applying

C2 symmetry during the cryo-EM data analysis did not improve

the map, implying the protomers have subtle structural differ-

ences (Figure 1B). 3D variability analysis of the apo-ClbC re-

vealed a relatively larger swinging motion of linker domain

(LD)-AT domains in both symmetric and asymmetric directions

compared to the central KS domains, explaining the lower local

resolution of LD-AT regions (Video S1 and Figure S3D).

As expected from its sequence, ClbC has a partial AT domain

and an incomplete LD. Compared to a typical type I PKS LD that

contains a 3α3β fold, ClbC LD lacks the last α-helix (Figure 1C).29

The canonical AT domain comprises a large subdomain with an

ɑ/β hydrolase fold and a small subdomain with a ferredoxin-like

fold inserted within the large subdomain.34 However, the ClbC

AT lacks the entire small subdomain, and its large subdomain

of ɑ/β hydrolase-fold is missing three ɑ helices and one β strand

(Figure 1D). Furthermore, two canonical active site motifs, the

GHSxG motif for the acyl-O-ester formation and the HAFH motif

for malonyl-CoA recognition, were absent in the ClbC AT, con-

firming its inactivity.3,14,27 While ClbC is known to utilize other

ATs, presumably from ClbB, ClbI, or FabD, to incorporate a

two-carbon unit, how ClbC interacts with these enzymes and

the role of this inactive AT remain unknown.27

A substrate-mimic crosslinker revealed ClbC ACP

binding on ClbC KS

To capture the elongation state where the malonyl-loaded ClbC

ACP binds to the ClbC KS, we utilized a malonyl-loaded ppant-

mimic crosslinker harboring a trans-β-chloroacrylamide moiety

(Figure 2A).35 For crosslinking, the crosslinker and Coa enzymes

were added to the full-length ClbC and incubated at room tem-

perature for 30 min. During incubation, the crosslinker was

attached to the active serine (S815) of the ClbC ACP and subse-

quently reacted with the active cysteine (C181) of the ClbC KS

domain, forming an ACP-bound ClbC complex (see STAR

Methods section for details) (Figure S4A). To verify the specificity

of the crosslinking, various ACP/PCP domains loaded with the

same crosslinker were incubated with ClbCΔACP (ClbC lacking

its ACP domain). As a result, crosslinking was only observed with

its original CP partners, ClbC ACP and ClbB ACP (Figure S4B).

A 3.9 Å cryo-EM map of the ACP-bound ClbC complex re-

vealed that a single ACP is bound to the upper region of the

ClbC substrate channel opening (Figures 2B and S5). Due to

the low local resolution of the ClbC ACP, we generated the

ClbC ACP model using AlphaFold2 and fit it into the density

map with some modifications using the ppantylation helix (helix

II) as a reference (Figure 2C). Mutants with alanine substitutions

at the ACP-KS interface showed reduced crosslinking, particu-

larly in the D144A/Q221A and D144A/M224A, indicating the sig-

nificance of these residues (Figure S4C). We were unable to

determine which protomer the ACP belongs to because it is

cysteine residues in the KS domains. They are semi-transparent in front view due to their positioning behind the protein. The black dotted box (top view) highlights

the substrate channel. The unresolved region of the protein is marked in the domain scheme. (See also Figures S2 and S3).

(B) The Cα traces of the apo-ClbC protomers are superimposed by the KS domains. Each domain is colored as indicated. The r.m.s.d (Cα) of the two protomers

is 0.86 Å.

(C) The LD domains of the apo-ClbC and the DEBS module 5 (PDB 2HG4) are superimposed. The apo-ClbC LD and the DEBS module 5 LD are colored in rainbow

(N-terminal: blue, C-terminal: red) and gray, respectively.

(D) The AT domains of the apo-ClbC and the DEBS module 5 (PDB 2HG4) are superimposed. The apo-ClbC AT is colored in rainbow (N-terminal: blue, C-terminal:

red), and the large and the small subdomains of the DEBS module 5 AT are colored in gray and dark gray, respectively. A dotted red circle marks the active site of

the AT domain. (See also Figure S13).
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positioned at a distance that allows either protomer to connect

via a 29-aa peptide linking the C-terminus of ClbC AT (G748)

to the N-terminus of ClbC ACP (F777).

When the structures of ACP-bound ClbC and apo-ClbC com-

plexes were superimposed by their KS domains, a slight expan-

sion of the overall dimer was observed in the ACP-bound ClbC

complex (Figure 2D; Table S1). This expansion occurred in

both protomers, suggesting that the conformational change

induced by an ACP binding on one protomer is propagated to

the other, either directly through the contact between the bound

ACP and both protomers or indirectly via the dimeric interface.

Furthermore, this ACP binding-induced expansion enlarges the

volume of the active site pocket in the substrate channel from

1192 Å3 (apo) to 1723 Å3 (ACP-bound), presumably facilitating

the inclusion of the precursor tethered to the bound ACP.36

ACP binding induces a loop-folding of ClbI KS

Next, we determined the cryo-EM structures of apo- and cross-

linked ClbI complexes using the same substrate-mimic crosslink

probe. The 2.9 Å-map of the full-length apo-ClbI revealed a

typical dimeric structure characteristic of type I PKS as expected

(Figures 3A, S6, and S7; Table 1). The ACP domain and a loop

(135–153 in chain A, 135–151 in chain B) located at the opening

of the substrate channel were not visible due to their high

Table 1. Cryo-EM data acquisition and refinement parameters

Sample apo-ClbC ACP-bound ClbC apo-ClbI ACP-bound ClbI ClbH-bound ClbI

EMDB EMB-38222 EMB-38405 EMB-38406 EMB-38410 EMB-38411

PDB 8XBL 8XJT 8XJU 8XJY 8XJZ

Data collection and processing

Data collection Facility NCCAT IMP NCCAT NCCAT IMP

Microscope Titan Krios Titan Krios G4 Titan Krios Titan Krios Titan Krios G4

Voltage (kV) 300 300 300 300 300

Detector Gatan K3 BioQuantum K3 Gatan K3 Gatan K3 BioQuantum K3

Electron exposure (e–/Å2) 58.85 50 58.85 50 50

Defocus range (μm) − 0.8–− 2.0 − 0.8–− 2.4 − 0.8–− 2.0 − 0.8–− 2.5 − 0.8–− 2.4

Data collection mode counting counting super-resolution super-resolution super-resolution

Pixel size (Å) 0.83 1.090 0.825 1.067 1.0902

Symmetry imposed C1 C1 C1 C1 C1

Number of total movies 12,611 13,070 11,100 15,349 7,283

Initial particle images (no.) 4,359,102 6,827,074 6,576,361 11,180,913 3,785,870

Final particle images (no.) 295,478 301,978 1,307,444 362,401 246,313

Map resolution (Å)

- FSC threshold 0.143

3.06 3.88 2.88 3.29 3.67

Refinement

Initial model used Homology/AlphaFold apo-ClbC Homology/AlphaFold apo-ClbI apo-ClbI

Map sharpening

B factor (Å2)

− 88.09 − 175.1 − 108.8 − 137.9 − 111.5

Model composition

Non-hydrogen atoms 11,509 11,954 12,957 14215 13,641

Protein residues 1,497 1,555 1,711 1,879 1,805

Nucleic acid residues 0 0 0 0 0

Ligands 0 0 0 0 0

B factors (Å2)

Protein 55.67 57.01 40.04 50.03 41.80

R.m.s. deviations

Bond lengths (Å) 0.011 0.014 0.010 0.006 0.011

Bond angles (◦) 1.138 1.284 1.344 1.060 1.195

Validation

MolProbity score* 1.85 1.77 1.73 1.66 1.76

Clashscore 7.37 3.91 5.80 4.51 3.92

Poor rotamers (%) 0 0 0 0 0

Ramachandran plot

Favored (%) 93.03 88.43 93.78 93.34 99.94

Disallowed (%) 0 0.06 0 0.05 0
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Figure 2. Cryo-EM structure of ACP-bound ClbC

(A) Chemical structures of the ppant arm in holo-ACP, the malonyl-loaded ppant arm in the malonyl-loaded ACP, a ppant-mimic crosslinker with a trans-β--

chloroacrylamide group that we use in this study,35 and its crosslinked structure between KS and ACP domains.

(B) The local-filtered cryo-EM map of the ACP-bound ClbC. Domains are colored as indicated. (See also Figures S4 and S5).

(legend continued on next page)
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mobility. Similar to the apo-ClbC complex, the residues at the

dimeric interface were more conserved than those not involved

in the interface (Figures S6C and S6D).30,31 3D variability analysis

of the apo-ClbI revealed more rigid-body-like movements than

that of apo-ClbC, presumably due to the more robust connection

of LD and AT to the KS domain. In addition, a symmetric ‘‘breath-

ing motion’’ between the two protomers was observed, which

may expand the opening and inner volume of the substrate chan-

nel (Video S2).

Then, we generated a crosslinked complex between ClbI

ACP and ClbI(S178C)ΔACP (hereafter referred to as the ‘ACP-

bound ClbI complex’) by using the substrate-mimic crosslinker

to capture ClbI in its elongation state (Figures 3B, S8A, and

S8B). ClbI(S178C)ΔACP lacks the ACP and contains a single

mutation, S178C, necessary for crosslinking with a thiol-reac-

tive probe. Crosslinking assays with various CPs confirmed

the specificity of the crosslinking reaction (Figure S8C). Surpris-

ingly, the 3.3 Å-resolution map of the ACP-bound ClbI complex

revealed two ACPs bound to both protomers of the ClbI dimer

(Figures 3B and S9; Table 1). This was unexpected because

previous studies suggested that only one protomer of a PKS

dimer is involved in the reaction at a given time.33 To investigate

whether this conformation was an artifact of using separate

ACP and KS-AT domains, we collected an additional cryo-EM

dataset of a full-length, crosslinked ClbI complex, but it also ex-

hibited two ACP-bound ClbI dimers, suggesting that the dual

ACP binding is not an artifact from using separate KS-AT and

ACP domains (Figure S8E). However, it remains possible that

the crosslinking of two ACPs to a ClbI dimer results from the

accumulated crosslinking events rather than reflecting the

native reaction process, considering the low statistical proba-

bility of simultaneous binding of two ACPs under physiological

conditions.

In the ACP-bound ClbI complex, the ACP binding sites on the

KS domains were highly similar between two protomers, display-

ing a 2-fold pseudosymmetry (r.m.s.d.(Cɑ) = 0.45 Å), indicating

the ACP binding specificity (Figure S8F). However, the locations

and orientations of the bound ACPs differed between ClbC and

ClbI, underscoring the diversity of ACP binding modes. Notably,

while the extended length of the crosslinker is approximately

20 Å, the distance between the ClbI KS S178 oxygen and the

ACP S952 oxygen was about 13 Å, suggesting that the ppant

group might be sequestered in the ACP cavity, as observed in

some cases,32–34 or significantly bent within the substrate chan-

nel (Figure 3C).37–39 We also observed elongated density at the

KS active site S178 and the ACP active site S952 (Figure S9H).

While this density supports the presence of substrate-mimic

crosslinking, it was not of sufficient quality for accurate modeling

of the crosslinker.

Interestingly, we found that a loop at the substrate channel

opening, which was disordered in the apo-ClbI, folded into two

helices upon ACP binding (Figure 3D). This conformational

change increased the ClbI-ClbI dimeric interface area from

∼1,760 Å2 (apo-ClbI) to ∼2,240 Å2. Furthermore, the folded he-

lices provided an additional binding surface of ∼490 Å2 between

the ACP and the non-reacting ClbI KS, which is larger than the

interface of ∼310 Å2 between the ACP and the reacting ClbI

KS. This suggests that ACP binding to the substrate channel is

significantly facilitated by the other protomer that does not

participate in the reaction, highlighting the role of the PKS

dimeric structure. This ACP binding-induced loop folding was

also observed in the cryo-EM structure of the holo-Lsd14 in

the condensation state.33

ClbH-bound ClbI complex revealed a novel NRPS-PKS

docking interaction

ClbH receives the colibactin intermediate from ClbC, adds the

unusual amino acid substrate S-adenosyl-L-methionine (SAM)

to it, and then transfers the elongated intermediate to ClbI for

cyclopropane formation (Figure S1A). To capture the transloca-

tion state of ClbI, where the upstream ClbH PCP (peptidyl carrier

protein) transfers the intermediate to the downstream ClbI, we

prepared a full-length, crosslinker-loaded ClbH and formed the

ClbH-crosslinked ClbI complex (hereafter referred to as ‘ClbH-

bound ClbI’) using the same substrate-mimic crosslinker

(Figures 4A, S10, and S11; Table 1).

A 3.7 Å-resolution map of the ClbH-bound ClbI complex re-

vealed only a single ClbH PCP domain bound to the lower

side of the ClbI substrate channel, with no other ClbH domains

visible. This suggests that other ClbH domains remain mobile

(Figure 4B). NRPS PCPs are homologous with PKS ACPs,

both containing four helices and being modified by ppantyla-

tion.40 The location of the ClbH PCP binding is unique as

most CPs in known structures bind to the upper region of the

KS, except for ACP1 in Mtb Pks13, which also binds to the

lateral side of Pks13.41 The ClbH PCP forms a ∼400 Å2 interface

with the reacting KS but has no interaction with the non-react-

ing KS, in contrast to the ClbI ACP (Figure 3B). The mobile loop

folded in the ACP-bound ClbI complex was not visible in the

ClbH-bound ClbI complex as in the apo-ClbI, presumably

because the bound PCP and the loop do not interact with

each other. Similar to the ACP-bound ClbI complex, the side

chains of ClbH PCP S1524 and ClbI KS S178 exhibited

extended densities, likely originating from the crosslinker con-

necting the two residues (Figure S12A). The distance between

the ClbH S1524 side chain oxygen and the ClbI S178 side chain

oxygen was ∼18 Å, comparable to the length of the crosslink

probe contrary to the sequestered ClbI ACP (Figure 4D). In

addition, the ClbH-bound ClbI exhibited an expanded confor-

mation compared to the apo-ClbI as observed in ACP-bound

ClbC (Figure 4E; Table S1).

Notably, we found an unexpected helical density at the bottom

side of the ClbI dimeric interface (Figure 4C). Given its proximity

to the modeled ClbH PCP, the unidentified helical density

(C) The zoomed ACP region of the ACP-bound ClbC. The local-filtered map of the ACP region, shown in gray, and the model for the ACP and the neighboring

region are drawn. A dotted line shows the unmodeled loop between helix I and helix II. A yellow circle marks the active serine of the ACP. The orientation of the

figure compared to the Figure 2B is shown by a black box in the top left corner.

(D) Structural changes in ACP-bound ClbC compared to apo-ClbC. Apo-ClbC is shown in loop format and colored by Cα distance differences (ACP-bound ClbC

vs. apo-ClbC) after KS dimer superposition. Gray arrows (scaled by a factor of 2) indicate the direction and magnitude for the Cα(ACP-bound ClbC)-Cα(apo-ClbC)

shifts. The average ΔCα is 2.2 Å (±1.0 Å SD), with a range of 0.12–6.0 Å. (See also Table S1).
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Figure 3. Cryo-EM structures of apo-ClbI and ACP-bound ClbI

(A) Domain structure of full-length ClbI (top) and the local-filtered cryo-EM map of the apo-ClbI (bottom), colored by domains and shown in front (left) and top

(right) views. Yellow circles indicate the locations of the active site serines in the KS and AT domains; three are semi-transparent in the front view as they are

behind the protein. (See also Figures S6 and S7).

(B) The ClbI(S178C)ΔACP and ClbI ACP constructs used in the assembly of the ACP-bound ClbI complex are shown above the local-filtered cryo-EM map of the

ACP-bound ClbI. The map is colored by domains and shown in front (left) and top (right) views. (See also Figures S8 and S9) A black arrow (labeled as D) indicates

the view of Figure 3D.

(C) ACP-bound ClbI, in front view of Figure 3B, is rotated by ∼30◦ along a vertical axis and zoomed in to show the distance between the ACP active serine S952

oxygen and the KS active serine S178 oxygen, which is 13 Å in both protomers.

(D) The local-filtered map of the ACP region superimposed with the models for the ACP and neighboring region in the ACP-bound ClbI, as in Figure 3B. The

unmodeled loop between helix I and helix II is shown as a dotted line. The active site serine of the ACP is marked with a yellow circle. The loop folded upon ACP

binding is colored red and labeled. The folded loop in the other protomer is colored in magenta but not labeled for clarity.
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Figure 4. Cryo-EM structure of ClbH-bound ClbI

(A) The ClbI and ClbH constructs used in the ClbH-bound ClbI complex formation and the chemical structure of the precursor-loaded ClbH PCP ppant group are

drawn. Abbreviation: A1 – adenylation 1, C – condensation, A2 – adenylation 2, PCP – peptidyl carrier protein.

(B) The local-filtered cryo-EM map of the ClbH-bound ClbI is colored by domains and shown in front (left) and top (right) views. (See also Figures S10, S11,

and S12A).

(C) From the bottom view of the ClbH-bound ClbI, a helical density, colored in teal like ClbH PCP and located at the dimeric interface, is zoomed and redrawn in a

surface format and superimposed by the alanine α-helix shown in a stick format. (See also Figure S12B).

(legend continued on next page)

ll
Article

8 Structure 33, 1–16, July 3, 2025

Please cite this article in press as: Kim et al., Structural study on human microbiome-derived polyketide synthases that assemble genotoxic colibactin,

Structure (2025), https://doi.org/10.1016/j.str.2025.04.017



likely originates from the unmodelled C-terminal peptide of ClbH

(P1563-H1598). In some NRPS systems, the C-terminal region of

the PCP contains a COM (COMmunication or COmmunication-

Mediating) domain, which facilitates the recognition of the down-

stream NRPS module.42 Based on this, we hypothesized that the

observed density similarly arises from the C-terminal region of

ClbH PCP and plays a role in recognizing the downstream

enzyme, ClbI. To test this hypothesis, we generated ClbH mu-

tants lacking the C-terminal peptide and assessed crosslinking

between ClbI(S178C)ΔACP and the mutants (Figure 5A). Inter-

estingly, the ClbH mutants missing the C-terminal peptide

were unable to crosslink with ClbI, suggesting that the C-termi-

nal peptide is essential for the ClbH-ClbI interaction. To further

validate that the density belongs to the C-terminal peptide of

ClbH, we prepared a separate ClbH PCP domain containing

the entire C-terminal peptide and formed a crosslinked complex

with ClbI(S178C)ΔACP for cryo-EM structure determination. The

resulting cryo-EM map of the complex also exhibited the same

helical density in the same location, supporting the idea that

this density originates from the C-terminal region of the ClbH

PCP (Figure S12B). Furthermore, mass photometry analysis

confirmed that the complex consists of a ClbH monomer bound

to a ClbI dimer, confirming the unexpected helical density origi-

nates from a single ClbH molecule rather than two (Figure 5B).

ClbI secures the upstream precursor to execute

cyclopropanation

The structures of ClbI complexes in various states revealed that

the upstream PCP binding site does not overlap with the down-

stream ACP binding site on ClbI KS (Figure S12C). Notably, the

presence of a serine residue at the ClbI KS active site, instead

of the typical cysteine, may impose a higher energy barrier for

precursor translocation. Thus, we hypothesized that upon the

simultaneous binding of ClbH PCP and malonyl-loaded ClbI

ACP, the precursor may be directly transferred from the up-

stream ClbH PCP to the downstream ClbI ACP within the ClbI

KS substrate channel without covalent translocation to the KS

active site serine.

To test this hypothesis, we performed an in vitro colibactin pre-

cursor biosynthesis reaction and analyzed the reaction products

using LC-MS (Figure 6A). To investigate the translocation, cyclo-

propanation, and elongation of the colibactin precursor, we pre-

pared three reaction mixtures. In the first reaction (Reaction 1),

the reaction mixture (labeled as R1) contained ClbN, ClbB, ClbC,

ClbH, and their respective substrates, myristoyl-CoA, L-Asn, L-

Ala, malonyl-CoA, and SAM, to produce the SAM-incorporated

ClbH precursor (1, m/z 864, Figure 6B). In the second reaction

(Reaction 2), the mixture included all the components of Reac-

tion 1, with the addition of ClbIΔACP. If the ClbI follows the ca-

nonical pathway, the ClbH precursor should be covalently trans-

ferred to the KS active site of ClbI in Reaction 2. However, if

direct precursor translocation from ClbH PCP to malonyl-loaded

ClbI ACP occurs as hypothesized, precursor transfer would not

be observed in Reaction 2, as ClbI in this reaction lacks the

ACP domain. The third reaction mixture (Reaction 3) contained

all the components of Reaction 1, along with full-length ClbI.

Regardless of the precursor translocation mechanism, this reac-

tion should produce a cyclopropanated and elongated colibactin

precursor (hereafter referred to as ClbI precursor, 4 in Figure 6B),

confirming the validity of our assay.

Following overnight incubation at room temperature, the reac-

tion mixtures of Reaction 2 and Reaction 3 were applied to Ni-

NTA beads to separate the histidine-tagged Clb proteins from

ClbI, which had its histidine tag cleaved prior to the reaction.

The ClbI fractions obtained from this separation were designated

as R2-I and R3-I, while the eluates from the Ni-NTA beads, con-

taining histidine-tagged Clb proteins, were labeled as R2-H and

R3-H to emphasize their inclusion of ClbH. All the fractions were

extracted using ice-cold methanol. Additionally, the remaining

pellet from each fraction was hydrolyzed by heat (70◦C) in a basic

condition, then neutralized and re-extracted to recover all hydro-

lyzed and protein-tethered products.

LC-MS analysis of R1 confirmed the activities of the purified

Clb proteins by detecting the SAM-containing ClbH precursor

1, confirming the activity of the purified Clb proteins

(Figure 6B). In Reaction 2, the ClbH precursor 1 was detected

in R2-I, indicating that it was covalently transferred to ClbI KS.

Furthermore, LC-MS analysis of R2-I also revealed the presence

of the cyclopropane-containing precursor (3, m/z 567), while

neither 1 nor 3 was detected in R2-H. This result suggests that

the ClbH precursor is efficiently transferred to ClbI and subse-

quently undergoes cyclopropanation, overcoming the higher en-

ergy barrier of translocation. Lastly, both the cyclopropane-con-

taining precursor 3 and the spirocyclic precursor 5 (m/z 547,

Figure 6B), which derived the two carbon-elongated cyclopro-

pane-containing precursor 4, were detected in R3-I, confirming

the cyclopropanation and elongation activity of ClbI. In sum-

mary, LC-MS analysis supports the translocation of the ClbH

precursor to ClbI KS, followed by cyclopropanation within ClbI

before elongation, which contrasts with our initial hypothesis.

This outcome aligns with the prior report that the ClbI S178A mu-

tation abolishes cyclopropane formation of the colibactin precur-

sor, as the mutation disrupts the translocation process, which is

a prerequisite for cyclopropanation.4

Utilizing this method, we further investigated the function of

the ClbH C-terminal peptide in the colibactin precursor synthe-

sis. In the experiment, we again conducted the one-pot reaction

with Clb proteins but used either WT ClbH or Mut1 ClbH lacking

the C-terminal 12-aa peptide. To prevent precursor elongation,

we used ClbIΔACP. The reaction mixtures were again separated

into ClbH and ClbI fractions, and the precursors were detected

by LC-MS (Figure 6C). In the WT ClbH-containing reaction

mixture, the majority of the ClbH precursor 2 (m/z 615,

Figure 6B), a de-adenosylated derivative of ClbH precursor 1,

(D) From the top view of the ClbH-bound ClbI structure in Figure 4B, shown in the left top corner, the boxed region is zoomed in to show the distance between the

ACP active site S1524 and the KS active site S178. The distance between S1524 oxygen and S178 oxygen is 18 Å, comparable with the distance in a free ppant

moiety of ∼20 Å.

(E) Structural changes in ClbH-bound ClbI compared to apo-ClbI. Apo-ClbI is shown in a loop format and colored by Cα distance differences (ClbH-bound ClbI vs.

apo-ClbI) after KS dimer superposition. Gray arrows (scaled by a factor of 2) indicate the direction and distance of the Cα(ClbH-bound ClbI)-Cα(apo-ClbI) shifts.

The average ΔCα is 2.3 Å (±1.2 Å SD) with a range of 0.20–8.5 Å. (See also Table S1).
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was detected in the ClbI fraction, indicating efficient precursor

translocation from ClbH to ClbI. However, with the ClbH mutant,

more than two-thirds of the precursor remained in the ClbH frac-

tion. Additionally, no further processed precursor was detected

in any of the samples, confirming that the observed results

reflect the precursor transfer status. These results demonstrate

the critical role of the ClbH C-terminal peptide in the ClbH pre-

cursor transfer.

The formation of the cyclopropane group in the colibactin pre-

cursor is likely to involve α-hydrogen abstraction followed by the

release of 5′-methylthioadnosine (MTA) (Figure 6D, top).43 To

understand the molecular mechanism of cyclopropanation based

on the structure, we selected residues that are situated on the

inner surface of the substrate channel in ClbI and may extract α-

hydrogen for cyclopropanation. These residues were substituted

with alanines, and the mutants were introduced to in vitro colibac-

tin biosynthesis for the LC-MS analysis as in previous experiments

(Figure 6A). Interestingly, the spirocyclic precursor species (5, m/z

547) detected in earlier experiments was absent in this analysis

(Figures 6B and 6D). Instead, the ClbI product intermediate (4,

m/z 609), which is spontaneously transformed to 5 by cyclodehy-

dration and decarboxylation, was detected in reaction mixtures of

the wild-type, M125A, S177A, T283A, T316A, and T318A mutants,

suggesting these residues are not critical for the reaction

(Figures 6D and 6E). Meanwhile, S178A, H314A, H353A, D355A,

S417A, and M420A mutants failed to produce precursor 4,

implying their roles in translocation, elongation, and/or cyclopro-

panation. Among these, S178 is the active serine that tethers

the upstream intermediate, while H314 and H353 are known to

participate in translocation and elongation.44 M420 is a gating res-

idue within the gate loop crucial for enzyme activity.45 Meanwhile,

the precise roles of D355 and S417 remain unclear, suggesting

their potential involvement in cyclopropanation. Notably, both res-

idues exhibit similar conservation scores in a multiple sequence

analysis (MSA) of bacterial PKSs (Figure S12D). Next, we gener-

ated precursor models using automated covalent docking using

Autodock4.46 To facilitate computation by reducing the precur-

sor’s rotameric states, we substituted the myristoyl (C14) chain

with a nonanoyl (C9) chain and then analyzed the top ten docking

models to determine whether any positioned the ɑ-proton and the

cyclopropane-forming carbon near D355 or S417, as suggested

by our LC-MS analysis. Among these models, we identified one

model in which the ɑ-proton is positioned near the carboxylate

side chain of D355 (Figure 6E). In one of the rotameric positions

of D355, the distance between the ɑ-proton and the carboxylic ox-

ygen decreases to 1.1 Å, supporting the potential role of D355 in

ɑ-proton abstraction. However, further experimental validation

would be required to establish the specific residues involved in

cyclopropanation.

DISCUSSION

AT-less PKSs, also known as trans-AT PKSs, are broadly found

in natural product biosynthetic gene clusters and utilize more

diverse modules than cis-AT PKSs.47 A recent study suggested

that nearly one-quarter of the bacterial modular PKSs are attrib-

uted to the trans-AT category.48 Sequence analyses of AT do-

mains distinctly classify cis-AT and trans-AT groups, supporting

the existence of distinct evolutionary lineages between the two

classes.48 Meanwhile, the classification of PKSs that entirely

lack AT domains versus those possessing partial or degraded

AT domains remains ambiguous within databases such as

SBSPKS and Uniprot.49,50 Thus far, only three partial-AT PKS

structures, OzmQ, ClbK, and ClbC, have been determined,

which limits our understanding of the molecular mechanisms of

partial-AT PKSs (Table S2).20,51

Among the three structures, only ClbC LD has a variation (hav-

ing a β strand instead of ɑ helix) while OzmQ and ClbK maintain

intact LD folds (Figures S13A and S13B). Meanwhile, their par-

tial-AT domains shared two common features: First, all these

partial-AT PKSs lack the ferredoxin-like small subdomain, result-

ing in the absence of the active site pocket formed between the

small and large subdomains (Figures S13C–S13F). Second, the

active site motifs, such as the acylation site and substrate recog-

nition site, are also altered in these partial-AT PKSs

(Figure S14A). Third, the structures were varied near the bound-

aries of the missing small subdomain location and relatively

conserved in the N-terminal and C-terminal regions of the partial

AT domain, probably due to their connection to the neighboring

domains, such as LD and ACP. Meanwhile, the structural differ-

ences of the partial AT domains would diversify the overall archi-

tecture of the partial-AT-containing PKSs, which may regulate

the communication between the partial AT-containing PKS and

the trans-AT partners.

To examine whether the characteristics we observed are

consistent across other partial-AT domains, we queried the

SBSPKS v2 database for trans-AT sequences with a long linker

between the KS and ACP domains and predicted their structures

using AlphaFold3.49,52 The analysis identified three additional

partial-AT-containing modules: the first module of ZmaA (zwit-

termicin biosynthetic gene cluster), DebB (FK288 biosynthetic

gene cluster), and ClbO (colibactin biosynthetic gene cluster).

Figure 5. Characterization of ClbH-bound

ClbI

(A) SDS-PAGE analysis of crosslinking between

ClbI(S178C)ΔACP and wild-type ClbH or ClbH

mutants lacking C-terminal peptide. Only wild-

type ClbH crosslinked with ClbI, while ClbH mu-

tants lacking either 12-aa (Mut1) or 26-aa (Mut2)

C-terminal peptide failed. The crosslinked com-

plex is marked with a red asterisk (*).

(B) Mass photometry analysis of ClbIΔACP, full-

length ClbH, and their crosslinked complexes,

revealing the stoichiometry between ClbIΔACP

and ClbH in the crosslinked complex is 2:1.
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Figure 6. LC-MS analysis of colibactin intermediates

(A) Scheme for in vitro colibactin precursor biosynthesis. ClbN, ClbB, ClbC, and ClbH were incubated in with their substrates alone (Reaction 1), with ClbIΔACP

(Reaction 2), or full-length ClbI (Reaction 3). After the reaction, ClbI was separated from other His-tagged Clb proteins, and the fractions (R1, R2-H, R2-I, R3-H,

and R3-I) were analyzed by LC-MS.

(B) Chemical structures of five colibactin precursors (1–5) and Extract Ion Chromatograms [EICs, m/z 864 (1), 567 (3), and 547 (5)] from five fractions (R1, R2-H,

R2-I, R3-H, and R3-I).

(C) The EICs of 2 (m/z 615) from the in vitro colibactin biosynthesis reaction mixtures using WT and Mut1 ClbH. The reaction mixtures were separated into ClbI and

ClbH fractions, resulting in four fractions (ClbH WT-H, ClbH WT-I, ClbH Mut1-H, and ClbH Mut1-I).43

(D) (Top) Proposed mechanism of cyclopropanation.43 (Bottom) The EIC peaks of colibactin precursor 4 (m/z 609) detected from the reaction mixture containing

ClbI WT or single mutants.

(E) ClbH precursor modeled in the ClbI substrate channel (shown at 30% transparency to indicate it is from docking experiment, not from cryo-EM map). The ɑ-

proton and the carbon involved in the cyclopropanation (Figure 6D, top) are circled with arrows. Residues tested in Figure 6D are shown in stick format, except for

M125, shown by a magenta circle at its Cα. The active serine (S178*) was omitted as it is covalently linked to the precursor. Mutations that impaired precursor

production are underlined.
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Interestingly, the predicted structures of these modules shared

the characteristics observed in the three existing partial-AT

structures (Figure S14B). Notably, potential partial-AT se-

quences were only found from hybrid NRPS-PKS, not trans-AT

PKS clusters, supporting the idea that partial AT domains may

arise through evolutionary degradation, particularly in systems

combining type I PKS and NRPS modules.51

In the NRPS, PKS, and their hybrid biosynthetic pathways, a

correct precursor transfer between upstream and downstream

enzymes is crucial for precise assembly. For the task, the

6-deoxyerythronolide B synthase (DEBS) system utilizes ‘dock-

ing domain (DD)’ elements.53,54 DDs are located at the

C-terminus of the upstream PKS (CDD) and the N-terminus of

the downstream PKS (NDD), and together form a four-helix

bundle, suggesting a potential to engineer the protein-protein

interaction between PKS enzymes.54 In the NRPS system,

COM domains direct enzyme-enzyme communication.42,55 In

the SrfA-C enzyme that produces surfactin, an α-helix of the

COMD (a donor COM) is bound to the hand motif of COMA (an

acceptor COM), which comprises one ɑ-helix and three β
strands.55 The two β strands of the COMA are located in the cat-

alytic domain of the downstream enzyme, making the COMA

dependent on the catalytic activity. In the tomaymycin biosyn-

thetic pathway, the N-terminal domain of TomB works as an

adaptor with its four-helix bundle structure and recruits the up-

stream PCP domain of TomA.56 In some hybrid PKS-NRPS sys-

tems (e.g., the rhabdopeptide and enacyloxin assembly path-

ways), the C-terminal short linear motif (SLiM) of the upstream

module interacts with the downstream N-terminal β-hairpin motif

(βhD) at the PCP/C domain interface.57,58

From the ClbH-bound ClbI complex structure, we found a

novel docking interaction where the C-terminal peptide of the

upstream ClbH PCP binds to the groove of the downstream

ClbI KS dimer, achieving 1:2 stoichiometry. This contrasts with

the 2:2 and 1:1 stoichiometries previously seen in DD and

COM domain interactions, respectively. C-terminal sequences

of other Clb proteins are weakly conserved 20–30 aa peptides

following their CP domains (Figure S15A). AlphaFold predictions

showed similar helical structures in the C-terminal peptides of

ClbB ACP, ClbK PCP, and ClbJ PCP2 (Figure S15B). Further-

more, we identified protein sequences similar to ClbH PCP using

BLAST and found that most of them maintain C-terminal pep-

tides forming a helix following the CP domains (Figure S15C),

though the sequence conservation of this helix is lower than

that of the CP regions, suggesting that enzyme-enzyme docking

interactions are universal yet highly specific to each enzyme pair.

Figure 7. Proposed molecular mechanism of ClbI

First, ClbI recognizes ClbH PCP through a docking interaction between the C-terminal helix of ClbH and the dimeric groove of ClbI, allowing ClbH PCP to bind to

the ClbI KS domain. Then, the colibactin precursor tethered to ClbH PCP is translocated to the active site serine (S178) of the ClbI KS and is modified to form a

cyclopropane group within the substrate channel. Following this, the malonyl-loaded ClbI ACP binds to the ClbI KS domain, transferring the cyclopropane-

containing precursor and incorporating a two-carbon unit. (See also Figure S12C).
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ClbI catalyzes two pivotal reactions: a decarboxylative Claisen

condensation for adding a two-carbon unit into the colibactin

precursor and a cyclopropanation reaction via sulfonium-based

nucleophilic substitution. Based on our structural and biochem-

ical analyses alongside prior literature, we propose a mecha-

nistic model for these reactions as follows (Figure 7)4,44: Initially,

ClbH recognizes ClbI through a specific interaction between the

C-terminal helix of the ClbH and the dimeric surface of the ClbI,

and the ClbH PCP subsequently binds to the lateral side of the

ClbI substrate channel opening. The SAM-containing precursor

on ClbH PCP is then transferred to the active serine (S178) of

the ClbI KS domain (Translocation). Within the substrate chan-

nel, cyclopropanation occurs, facilitated by an unidentified

base that abstracts a proton from the ɑ-carbon of the precursor,

generating 5′-MTA (5′-methylthioadenosine) as a byproduct (Cy-

clopropanation). Finally, the malonyl-loaded ClbI ACP binds to

the substrate channel, undergoes decarboxylation and subse-

quently engages with the cyclopropane-containing precursor,

extending it by a two-carbon unit.44

In summary, we determined the cryo-EM structures of the two

colibactin biosynthetic PKS enzymes, ClbC and ClbI, in the apo-

and substrate-bound states. From the structures, we visualized

an incomplete AT domain of ClbC, identified CP binding sites,

and discovered a novel NRPS-PKS docking interaction between

ClbH and ClbI. Furthermore, we suggested a working model of

ClbI for the cyclopropane generation and elongation. Our discov-

eries will deepen our understanding of colibactin biosynthesis and

provide a structural foundation for microbiome-associated thera-

peutics and further chemical biosynthesis engineering.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

CC118 competent E. coli cells In-house N/A

BL21(DE3) competent E. coli cells Enzynomics Cat# CP111

Chemicals, peptides, and recombinant proteins

Protease Inhibitor Cocktail Sigma Aldrich Cat# 11836153001

BODIPY FL Maleimide Thermo Fisher Scientific Cat# B10250

crosslink probe containing a

trans-3-chloroacrylamide moiety

WuXi AppTec N/A

Coenzyme A sodium salt hydrate Sigma Aldrich Cat# C3144

Malonyl coenzyme A lithium salt Sigma Aldrich Cat# M4263

Myristoyl coenzyme A lithium salt Sigma Aldrich Cat# M4414

S-(5’-Adenosyl)-L-methionine

chloride dihydrochloride

Sigma Aldrich Cat# A7007

Adenosine 5-triphosphate disodium salt Sigma Aldrich Cat# A6419

L-Alanine Sigma Aldrich Cat# 05129

L-Asparagine Sigma Aldrich Cat# A0884

Critical commercial assays

Phusion high-fidelity DNA polymerase Thermo Fisher Scientific Cat# F530L

Deposited data

apo-ClbC structure This study EMD-38222 (PDB 8XBL)

ACP-bound ClbC structure This study EMD-38405 (PDB 8XJT)

apo-ClbI structure This study EMD-38406 (PDB 8XJU)

ACP-bound ClbI structure This study EMD-38410 (PDB 8XJY)

ClbH-bound ClbI structure This study EMD-38410 (PDB 8XJZ)

Recombinant DNA

pET28a-ClbN Addgene Cat# 51497

pET28a-ClbB Addgene Cat# 114155

pET28a-ClbC Addgene Cat# 114145

pET28a-ClbH Addgene Cat# 114156

pET29b-ClbI Addgene Cat# 114151

pET29b-Sfp Addgene Cat# 75015

pET28a-coaA Addgene Cat# 50386

pET28a-coaD Addgene Cat# 50388

pET28a-coaE Addgene Cat# 50390

Software and algorithms

RELION 3.1 Scheres et al.59 https://relion.readthedocs.io/

cryoSPARC v3 Punjani et al.60 https://cryosparc.com

Bsoft package (version 2.0.5) Cardone et al.61 https://cbiit.github.io/Bsoft/

SWISS-MODEL Waterhouse et al.26 https://swissmodel.expasy.org/

AlphaFold2 Jumper et al.52 https://colab.research.google.com/

github/sokrypton/ColabFold/blob/

v1.2.0/AlphaFold2.ipynb

UCSF Chimera (version 1.11.12) Pettersen et al.62 https://www.cgl.ucsf.edu/chimera/

UCSF Chimera X (version 1.4) Pettersen et al.63 https://www.cgl.ucsf.edu/chimerax/

PHENIX (version 1.18.2) Adams et al.64 https://www.phenix-online.org/

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All proteins were produced in E. coli strain BL21(DE3) (Enzynomics). Cells were grown in LB broth media with appropriate antibiotics

and temperatures. The method details provide further details.

METHOD DETAILS

Expression and purification of proteins

pET plasmids for ClbN, ClbB, ClbC (#114145), ClbH (#114156), and ClbI (#114151) were obtained from Addgene, and the proteins

were purified as in the reference.27 For the expression of the Clb proteins except ClbI and ClbH, the culture was induced with 0.1 mM

IPTG at the OD600 ∼0.5-0.6 and grown at 15◦C for 16-18 hours. The cells were harvested, resuspended in the lysis buffer (50 mM Tris-

HCl pH 8.0, 250 mM NaCl, 10 mM MgCl2, 10% v/v glycerol, protease inhibitor cocktail), and lysed by French Press at 4◦C. The lysate

was centrifuged, and the supernatant was loaded onto a HiTrap IMAC HP (Cytiva) pre-equilibrated with 50 mM Tris-HCl pH 8.0,

500 mM NaCl, 10 mM MgCl2, 10 mM imidazole, 10% v/v glycerol, and 0.4 mM DTT. Protein was eluted with an imidazole gradient

from 10 mM to 250 mM. The ClbC fractions were diluted by the low salt buffer containing 100 mM NaCl and loaded onto a HiTrapQ HP

column (Cytiva), then eluted with 0.1-1 M NaCl gradient. The eluted protein was concentrated using a 50K MWCO Amicon Ultra Cen-

trifugal Filter (Merck Millipore) and injected to HiLoad 16/600 Superdex 200 pg column (Cytiva) equilibrated in 20 mM Tris-HCl pH 8.0,

200 mM NaCl, 10 mM MgCl2, 10% v/v glycerol, and 1 mM DTT. For the ClbI and ClbH expression and purification, the same proced-

ures were applied except using a higher NaCl concentration (500 mM) in the lysate buffer.

For the Sfp expression, the plasmid obtained from Addgene (#75015) was transformed in BL21(DE3), and a single colony from the

transformed cells was grown overnight at 37◦C for the large culture. The culture was induced with 1 mM IPTG and grown at room

temperature for 6 hours. The cells were harvested, resuspended in the lysis buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 5 mM imid-

azole, 2 U/mL DNase I), and lysed by French Press (Avestin) at 4◦C. The lysate was centrifuged to remove cell debris, and loaded onto

a Hitrap IMAC HP column (Cytiva) pre-equilibrated with 50 mM Tris-HCl pH 8.0, 300 mM NaCl for Ni2+ affinity chromatography. The

protein was eluted with 20 mM Tris-HCl pH 8.0, 500 mM NaCl, and an imidazole gradient from 5 mM to 250 mM, and dialyzed twice

against 10 mM Tris-HCl pH 8.0, 1 mM EDTA, 5 mM DTT. After dialysis, Sfp was concentrated by 10K MWCO Amicon Ultra centrifugal

filter (Merck Millipore) and loaded onto HiLoad 16/600 Superdex 200 pg column (Cytiva) equilibrated in 10 mM Tris-HCl pH 8.0,

120 mM NaCl, and 5 mM DTT for size exclusion chromatography.

For the CoaA, CoaD, and CoaE expression (plasmids obtained from Addgene, #50386, #50388, #50390, respectively), the culture

was induced with 0.1 mM IPTG (CoaA, CoaE) or 1 mM IPTG (CoaD) at OD600 ∼ 0.6 and grown 16-18 hours at 37◦C. The cells were

harvested, resuspended in the lysis buffer (50 mM Tris-HCl pH 8.0, 250 mM NaCl, 10 mM MgCl2, 10% v/v glycerol, protease inhibitor

cocktail), and lysed by French Press (Avestin). The lysate was centrifuged, and the supernatant was loaded onto a HiTrap IMAC HP

column (Cytiva) and eluted with an imidazole gradient from 10 mM to 250 mM over 20 CV. The eluted protein was concentrated using

a 10K MWCO Amicon Ultra centrifugal filter (Merck Millipore) and injected onto HiLoad 16/600 Superdex 200 pg column (Cytiva)

equilibrated in 20 mM Tris-HCl pH 8.0, 200 mM NaCl, 10 mM MgCl2, and 10% v/v glycerol. The purified proteins above were sup-

plemented by 15% glycerol, aliquoted, flash-frozen in liquid nitrogen, and stored at -80◦C until use.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Coot Emsley et al.65 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

PyMOL (version 2.4.0) Pettersen et al.63 https://pymol.org/

Clustal Omega Waterhouse et al.66 https://www.ebi.ac.uk/jdispatcher/

Jalview Waterhouse et al.66 https://www.jalview.org/

Other

Ni-NTA agarose Bioplus Cat# 30210

HiTrap IMAC HP Cytiva Cat# 17092005

HiTrapQ HP column Cytiva Cat# 17115401

HiLoad 16/600 Superdex 200 pg column Cytiva Cat# 28989335

Superdex 200 Increase 10/300 GL column Cytiva Cat# 28990944

7K Zeba spin desalting column Thermo Fisher Scientific Cat# 89890
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The phosphopantetheinylation (ppantylation) of the Clb proteins

The purified Clb proteins were buffer-exchanged into a reaction buffer containing 20 mM Tris-HCl pH 8.0, 200 mM NaCl, 10 mM

MgCl2, and 1 mM TCEP. 20.4 μM of the buffer-exchanged apo-Clb proteins were reacted with a 20-fold excess of coenzyme A in

the presence of 6.7 μM Sfp at room temperature for 1 hour. The complete conversion of apo-Clb proteins to holo form was confirmed

by native mass spectrometry.

Synthesis of the BODIPY-CoA

BODIPY-CoA was synthesized as described previously.28 Briefly, 300 μL of coenzyme A sodium salt hydrate (1 mg/mL, Sigma Al-

drich) was added in 1.9 mL of reaction buffer (75 mM MES pH 6.0, 100 mM Mg(OAc)2) containing 300 μL of DMSO. 220 μL of

BODIPY-FL-Maleimide (25 mg/mL solution in DMSO, ThermoFisher) was added to the reaction buffer, and the resulting solution

was stirred in the dark room at 4◦C for 3 hours. The synthesis of the BODIPY-CoA was monitored by Thin Layer Chromatography

(butanol: acetic acid: water, 5:2:4). After the reaction was completed, 10 mL of ethyl acetate was added to the reaction mixture three

times for extraction to remove unreacted BODIPY-FL-maleimide.

BODIPY-CoA loading assay of the Clb proteins

BODIPY-CoA loading assay was initiated by mixing 5 μM Clb protein, 1 μM Sfp, 5 μM BODIPY-CoA in the reaction buffer containing

50 mM Tris-HCl pH 8.0, 200 mM NaCl, and 10 mM MgCl2. The mixture was incubated in the dark at room temperature for 1 hour, and

the reaction was quenched by adding 2x SDS-PAGE loading buffer containing 4.4% SDS, 111 mM Tris pH 6.8, 22.2% v/v glycerol,

0.22% bromophenol blue and boiling at 95◦C for 5–10 minutes. The proteins were separated by 5-6% Tris-Acetate SDS-PAGE gel,

and its fluorescence signal at λ = 488 nm and Coomassie blue staining were imaged.

Preparation of crosslinked Clb complexes for cryo-EM

The crosslink probe containing a trans-3-chloroacrylamide moiety was synthesized and analyzed by 1D NMR, HPLC, and LCMS in

99.8% purity and 100% ee (WuXi AppTec).35 For the crosslinking, 100 μM of the crosslink probe was reacted with 66.7 μM of the

buffer-exchanged Clb ACP protein in 20 mM Tris-HCl pH 8.0, 200 mM NaCl, 10 mM MgCl2, and 1 mM TCEP in the presence of

5 mM ATP, 2.5 μM Sfp, 0.5 μM CoaA, 0.5 μM CoaD and 0.5 μM CoaE. The reaction was carried out at room temperature for 3 hours,

and the crosslinker attachment was examined by competitive BODIPY-CoA loading assay.

To prepare the ACP-bound ClbC complex, the full-length ClbC was attached by the crosslink probe in a one-pot reaction contain-

ing 10 μM ClbC, 3 μM CoaA, 3 μM CoaD, 3 μM CoaE, 1 μM Sfp, 200 μM crosslink probe, 8 mM ATP in 50 mM Tris-HCl pH 8.0, 200 mM

NaCl, 10 mM MgCl2, and 1 mM TCEP. The reaction was incubated for 30 minutes at room temperature and then stopped by

removing the substrates using a 7K Zeba desalting column (ThermoFisher). The crosslinked ClbC was purified in Superdex 200 In-

crease 10/300 GL column (Cytiva) equilibrated in 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 10 mM MgCl2, and 1 mM TCEP. The pulled

fractions containing crosslink ClbC were concentrated using a 50 K MWCO Amicon Ultra Centrifugal Filter (Merck Millipore) up to

1 mg/mL for cryo-EM grid preparation.

To prepare the ClbH-PCP-bound and ACP-bound ClbI complexes, the crosslinker-loaded ClbI ACP was added to the ClbI

(S178C)ΔACP at a molar ratio of 3:1 and incubated at 10◦C overnight (for ACP-bound ClbI complex) or at 4◦C for 1 hour. Then,

the crosslinked protein mixture was applied onto a 7K Zeba spin desalting column (ThermoFisher) to remove unreacted crosslinkers

and substrates and purified in Superdex 200 Increase 10/300 GL column (Cytiva) equilibrated in 20 mM Tris-HCl pH 8.0, 200 mM

NaCl, 10 mM MgCl2, and 1 mM TCEP. The pulled protein fractions were concentrated using a 50 K MWCO Amicon Ultra Centrifugal

Filter (Merck Millipore) up to 1.5 mg/mL for cryo-EM grid preparation.

Cryo-EM sample preparation

For the apo-Clb proteins, the frozen proteins were thawed and purified by Superdex 200 10/300 GL column equilibrated in 20 mM Tris

HCl pH 8.0, 200 mM NaCl, 10 mM MgCl2, and 1 mM DTT. C Flat 1.2/1.3 Au 400, Quantifoil 1.2/1.3 Au300, Quantifoil 1.2/1.3 Cu400, or

UltrAuFoil R1.2/1.3 300 grids were glow-discharged at negative polarity, 0.26 mbar, 15 mA for 25 seconds. Then, 3 μL of a sample

was applied onto the grid and immediately blotted for 4 seconds and plunge-frozen in liquid ethane with 100% chamber humidity at

22◦C using Vitrobot Mark IV (FEI).

Cryo-EM data acquisition and processing

Detailed data collection conditions are described in Table 1. Briefly, the frozen grids were screened on a 200 kV Glacios microscope,

and the best grids were sent to either the New York Structural Biology Center (New York, USA) or the Institute of Membrane Proteins

(Pohang, Republic of Korea) for data collection. Briefly, ∼ 7200 - 15300 movies were acquired using a 300kV Titan Krios microscope

(ThermoFisher) equipped with a K3 direct electron detector (Gatan). The pixel size ranged from 0.8 to 1.1 Å/pixel, and the defocus

ranged from -0.8 μm to -2.5 μm were used for the data collection in either a super-resolution or a counting mode. A total of 50 frames

were acquired per movie, with a cumulative electron dose of ∼50-60 e− /Å2. The movies were aligned, summed, and dose-weighted

using MotionCor2 in RELION 3.1 or Patch Motion Correction in cryoSPARC v3.48–50 The dose-weighted images generated in RELION

3.1 were then transferred to cryoSPARC v3 for further processing. In the cryoSPARC, the contrast transfer function (CTF) of the

summed images was determined using Patch CTF. Subsequently, particles were picked using a blob picker, extracted, and sub-

jected to 2D classification. The resulting 2D averages were used for template picking, and the picked particles were sorted by 2D
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classification and applied to heterogeneous refinement. The best class(es) were processed by either additional heterogeneous

refinement or homogeneous refinement in cryoSPARC, and the final refined particles were transferred back to RELION 3.1 for particle

polishing. Details for the cryo-EM data analysis for each dataset are described in Figures S3G, S5G, S7G, S9G, and S11.

Model building, refinement, and validation

The local resolution estimation and filtration were done by Blocres and Blocfilt commands in the Bsoft package (version 2.0.5),

respectively.61 For the apo-ClbC and apo-ClbI modeling, initial coordinates were generated by SWISS-MODEL and

AlphaFold224,26 and fitted into the cryo-EM density using UCSF Chimera (version 1.11.12).62 Then, the KS, LD, and AT domains

were rigid-body refined in PHENIX (version 1.18.2),64 and the overall structure was manually modified in Coot,65 and subjected to

the real-space refinement in PHENIX. Manual editing and real-space refinement were iterated until the desired results were achieved.

For the refinement run, minimization_global, local_grid_search, and adp options were applied, and the secondary structure restraints

were used. The nonbonded_weight parameter value was set to 1000 (default value: 100) to improve the MolProbity and clash

scores.67 For the refinement, the post-processed maps were used, but the local filtered map was also used for the last refinement

iteration of the ACP-bound ClbI structure because it improved the modeling of the ACP region when inspected by eyes. The figures

were made using either UCSF Chimera X (version 1.4) or PyMOL (version 2.4.0).63

Native mass spectrometry (nMS) analysis

The apo- and holo- ClbC and ClbI samples were buffer-exchanged into nMS solution (200 mM ammonium acetate, pH 7.5, 0.01%

Tween-20) using Zeba spin desalting columns with a 40-kDa molecular weight cut-off (Thermo Scientific). Samples were diluted to a

final concentration of 4-5 μM prior to nMS analysis. Each sample was loaded into a gold-coated quartz capillary tip that was prepared

in-house and was electrosprayed into an Exactive Plus EMR instrument (Thermo Fisher Scientific) using a modified static nanospray

source.68 The MS parameters used included: spray voltage, 1.21 kV; capillary temperature, 150 – 200◦C; S-lens RF level, 200;

resolving power, 17,500 at m/z of 200; AGC target, 1 x 106; number of microscans, 5; maximum injection time, 200 ms; in-source

dissociation (ISD), 10 – 30 V; injection flatapole, 8 V; interflatapole, 7 V; bent flatapole, 5 – 6 V; high energy collision dissociation

(HCD), 200 V; ultrahigh vacuum pressure, 6.3 – 6.5 × 10− 10 mbar; total number of scans, 100. Mass calibration in positive EMR

mode was performed using cesium iodide clusters. Raw nMS spectra were visualized using Thermo Xcalibur Qual Browser (version

4.2.47). Data processing and spectra deconvolution were performed using UniDec version 4.2.0.69,70 The following parameters were

used for data processing: background subtraction (if applied), subtract curve 10; smooth charge state distribution, enabled; peak

shape function, Gaussian.

The expected masses based on the protein sequence included ClbC (lost its N-terminal methionine): 99,068.9 Da and ClbI:

110,683.2 Da. Phosphopantetheinylation adds 322.3 Da to each protein subunit. The accuracy of the measured masses from the

nMS analysis (calculated as the % deviation from the expected mass) ranged from 0.003% to 0.06%.

LC-MS sample preparation and analysis

For in vitro biosynthesis of the colibactin precursors, the frozen proteins were thawed and buffer-exchanged in 20 mM Tris-HCl pH

8.0, 200 mM NaCl, 10 mM MgCl2, and 1 mM TCEP. The reaction mixture contained 4 μM ClbN, 4 μM ClbB, 4 μM ClbC, 10 μM ClbH,

125 μM CoA, 3 μM Sfp, 0.5 mM myristoyl-CoA, 0.5 mM malonyl-CoA, 0.3 mM L-Asn, 0.3 mM L-Ala, 0.3 mM SAM, 2.3 mM ATP, 1 mM

NADPH, 1.7% v/v DMSO, and 10 μM ClbI if necessary. ClbN, ClbB, ClbC, and ClbH were incubated with CoA and Sfp for 1 hour at

room temperature. After an initial incubation, the remaining substrate was added, and the reaction proceeded overnight. To isolate

ClbI from the reaction mixture, the C-terminal his-tag was cleaved using PPX protease before the reaction. After the reaction, ClbI

was separated from the reaction mixture using Ni2+-NTA beads.

The separated proteins were added by 5-fold volume of ice-cold methanol, incubated on ice for 30 minutes, and centrifuged at

15,000 rpm for 15 minutes. The supernatant was saved for LC-MS analysis, and the protein pellet was hydrolyzed by adding

40 μL of 0.1 M KOH by heating at 70◦C for 20 minutes. The samples were cooled on ice, 80 μL of 0.1 M HCl was added to the solutions

for neutralization, and 120 μL of methanol was added. The hydrolyzed samples were then incubated at -20◦C overnight and centri-

fuged at 15,000 rpm for 15 minutes.

The LC-MS analysis was performed on an Agilent1260 series HPLC system with a diode array detector and a 6130 series ESI mass

spectrometer equipped with an analytical Kinetex C18 100 Å column (250 mm × 4.6 mm i.d., 5 μm; flow rate: 0.7 mL/min). Before

injection, the pellet samples were filtered using 1.5 mL microcentrifuge filter tubes (0.45 μm, SPL Life Sciences, Korea), and subse-

quently dissolved in 240 μL of methanol for LC-MS analysis. The supernatant samples were initially concentrated using a centrifugal

vacuum concentrator (HyperVAC-MAX, Gyrogen, Korea), and were subsequently dissolved in 240 μL of methanol. The samples were

filtered using the same method as the pellet and then transferred to LC-MS vials for analysis. The synthesis of colibactin precursors 2

and 3, which were used as standards for LC-MS analysis, is described in the Data S1 and S2.

Mass photometry experiment

The mass photometry experiment was performed on the Refeyn TwoMP system. For the measurement, coverslips were cleaned with

water, ethanol, and isopropanol, and immersion oil was applied on the microscope objective lens before a coverslip was positioned

on the microscope stage. 18 μL of buffer containing 20 mM Tris-HCl pH 8.0, 200 mM NaCl, 10 mM MgCl2, and 1 mM TCEP was

placed on the sample compartment to optimize the focus of the microscope. After locking the focus of the microscope, 2 μL of
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100 nM Clb protein solution was added to the buffer on the silicon gasket and mixed with pipetting to achieve a final concentration of

10 nM. Data acquisition was started right after the addition of protein.

Multiple sequence alignment of Clb proteins and ClbH-PCP-like proteins

Amino acid sequences of the PKS/ NRPS proteins in the pks island were obtained from UniProt, and domain boundaries were deter-

mined using the InterPro server. The sequences were aligned by Clustal Omega and visualized using Jalview.66 To investigate

whether the C-terminal helix after the CP domain is widespread, pBLAST was performed on a non-redundant database in NCBI using

ClbH-PCP. To exclude the same proteins in the result, the organisms that possibly contain the pks cluster, Enterobacteriales

(taxid:91347), Klebsiella (taxid:570), Escherichia coli (taxid:562), and Frischella perrara (taxid:126701), were excluded on a database.

Resulting proteins with the ClbH-PCP coverage at the C-terminus were selected and aligned by Clustal Omega. For clarity, other

domains that do not align with the ClbH-PCP were deleted and aligned again with Clustal Omega. For secondary structure annota-

tion, the JPred web service in Jalview was used.66

Molecular docking

Covalent docking simulations were performed using AutoDock4, MGLTools, and covalent docking preparation scripts.46 The three-

dimensional (3D) coordinates of the precursor molecules were initially generated using Coot. The apo-ClbI and precursor structures

were subsequently processed with MGLTools and covalent docking preparation scripts to ensure compatibility with AutoDock4. A

grid box of 20 Å× 20 Å× 20 Å was centered at the ligand binding site. Docking simulations were carried out using default parameters,

with the precursor docked to chain A of apo-ClbI.

Crosslinker modeling

The 3D coordinates of the crosslinker molecule were built using Coot. The parameter file for covalently linked crosslinker was gener-

ated using Phenix. The manually programmed restraint file was input for the refinement step to establish the covalent linkages be-

tween ClbI-ACP S952, ClbH-PCP S1524, and ClbI S178.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cryo-EM data collection and refinement statistics are summarized in Table 1. Root-mean-square deviations (r.m.s.d.) of Cα atoms

between two structures (Figures 1B, 2D, and 4E) were calculated using PyMOL. σ values in Figure 5B were obtained using the data

analysis software provided with the Refeyn TwoMP system.
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