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Abstract

Members of the human microbiota are increasingly being correlated to human health and disease
states, but the majority of the underlying microbial metabolites that regulate host-microbe
interactions remain largely unexplored. Select strains of E. coli present in the human colon have
been linked to initiating inflammation-induced colorectal cancer through an unknown small
molecule-mediated process. The responsible nonribosomal peptide-polyketide hybrid pathway
encodes “colibactin,” a largely uncharacterized family of small molecules. Genotoxic small
molecules from this pathway capable of initiating cancer formation have remained elusive due to
their high instability. Guided by metabolomic analyses, here we employ a combination of NMR
spectroscopy and bioinformatics-guided isotopic labeling studies to characterize the colibactin
warhead, an unprecedented substituted spirobicyclic structure. The warhead crosslinks duplex
DNA invitro, providing direct experimental evidence for colibactin’s DNA-damaging activity.
The data support unexpected models for both colibactin biosynthesis and its mode of action.

The human microbiome encodes at least two orders of magnitude more genes than the
human genomel2, representing a large biocatalytic reservoir for small molecule biosynthesis
and processing. Microbial genomics and bioinformatic predictions have unveiled a
remarkable array of unknown human-associated microbial secondary metabolites in various
structural classes, including nonribosomal peptides, polyketides, saccharides, terpenoids,
and ribosomally-encoded peptides3. These bacterial-derived small molecules can affect both
microbial community structure and host physiology by regulating a variety of metabolic
processes, such as antibiotic-associated microbiota imbalance and benzodiazepine-mediated
hemorrhagic colitis?. While select bacteria are being correlated at the nucleotide-sequence
level to host health and diseases, including various cancers, cystic fibrosis, cardiovascular
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diseases, human behaviors, and others®, little to nothing is known about their small molecule
contributions to human health and their regulatory interkingdom chemical signaling
processes.

The “colibactin” pathway illustrates how a bacterial nonribosomal peptide synthetase
(NRPS)-polyketide synthase (PKS) hybrid gene cluster (clb genomic island, Supplementary
Fig. S1) has been phenotypically linked to colorectal cancer pathogenesis while its encoded
genotoxic small molecules have eluded structural characterization. Presence of the orphan
54-kilobase clb gene cluster in select strains of E. coli ultimately leads to mammalian cell
DNA double-strand breaks in vitro® and in vivo’, contributing to colorectal cancer formation
under host inflammatory conditions®%. The pathway modulates host immunity10,
exacerbates lymphopenia leading to sepsis'!, endows its bacterial producer with long-term
persistence in the gut'2, and is found at a much higher prevalence in colorectal cancer
patients®. Recently, the clb pathway was interestingly found to induce cellular senescence in
transiently infected mammalian cells, leading to DNA double-strand breaks in bystander
mammalian cells through downstream paracrine signaling even in the absence of bacterial
cells13-15,

Detailed mode-of-action studies for the clb pathway have remained experimentally
intractable without its corresponding small molecule structures. However, colibactin’s
instability has thwarted structural characterization efforts despite attempts from various labs
over the last nine years. Employing molecular networking tools!®, we recently developed a
pathway-targeted structural network analysis approach to map the clb pathway within E.
coli’s complex metabolome. To validate the approach, we isolated, structurally
characterized, and synthesized the most abundant molecular features in the network map,
including the first authentic precolibactin assembly line derailment product 157 (Fig. 1;
Structures 1-32 are numbered in order of biosynthetic complexity as detailed below). 15 is
proteolytically cleaved by peptidase CIbP to liberate small alkyl-amine 16, which
accumulated in organic extracts as cyclic imine 17, and N-myristoyl-D-Asn 1, which
exhibited in vitro bacterial growth inhibitory activity and served as an antagonist of the 5-
hydroxytryptamine-7 receptor implicated in colitis}’. Here we elucidate the structure of the
relatively stable precolibactin derailment product 27, illuminating the colibactin warhead, an
unprecedented substituted spirobicyclic structural feature. Correspondingly, we employ
[U-13C]-isotopic labeling studies in various auxotrophic strain backgrounds in conjunction
with pathway-targeted molecular network analyses among wildtype, peptidase clbP mutant,
and control pathways to provide a system-wide analysis of colibactin biosynthesis. The data
collectively support the structures of highly unstable advanced precolibactins and an
unexpected biosynthetic model that accounts for 32 predicted clb-dependent molecular
features. In contrast to the reported DNA double-strand break phenotype, we demonstrate
that the colibactin warhead crosslinks DNA in vitro, supporting a new model for colibactin’s
mode of action.
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Results and discussion

Structural characterization of the colibactin warhead
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Colibactin belongs to a subset of hybrid polyketide-nonribosomal peptides that undergo a
prodrug activation mechanism8-21. During colibactin maturation, the inner membrane
peptidase CIbP cleaves “precolibactins” in the periplasm?22:23, liberating N-terminal N-acyl-
D-asparagines and the unknown C-terminal “colibactins”17.20.24_ To focus our colibactin
structural characterization efforts, we initially assessed secondary metabolic flux of clb
pathway-dependent molecular features in wildtype (clb+) and clbP mutant (AclbP) strains
(Supplementary Table S1) by comparative metabolomics (Supplementary Table S2) and
network analyses (Supplementary Fig. S2). By comparing MS ionization intensities of
closely related features in a given experiment, a qualitative assessment of metabolite
abundances can be determined relative to one another in a molecular network cluster. We
analyzed the organic-extractable metabolomes from clb+ and AclbP heterologous systems,
containing the clb pathways from the meningitis isolate E. coli IHE3034 expressed in E. coli
DH10B, and homologous systems of the probiotic E. coli Nissle 191717, CIbP was
previously determined to cleave 157, and our metabolomic analyses indicate that CIbP is
promiscuous. Consequently, we focused on the structural characterization of the most
abundant advanced precolibactins from the clbP mutants (Fig. 2, Supplementary Table S2)
to correlate the colibactin biosynthetic pathway to precolibactin structure(s).

We initially focused on the isolation of three AclbP metabolites with ion masses of m/z
816.3780, m/z609.3862, and m/z 547.3859, which were biosynthesized by both AclbP
IHE3034 and AclbP Nissle 1917 strains (Fig. 2, Supplementary Table S2). The molecules
could be detected by Q-TOF HRMS (Supplementary Fig. S3) in freshly prepared organic
extracts, but m/z 816.3780 and m/z 609.3862 reproducibly deteriorated in subsequent
isolation attempts despite substantial efforts to identify stabilizing conditions in the complex
extracts. The AclbP metabolite with m/z547.3859 was relatively stable and survived
extensive normal- and reverse-phase chromatographic processing, leading to ~1.0 mg of
pure material derived from an 18 L AclbP culture. This molecule was subjected to detailed
one- (*H, 13C) and two-dimensional (gCOSY, gHSQCAD, and gHMBCAD) NMR studies
in DMSO-dg (Supplementary Table S3, Supplementary Figs. S4-S7) and methanol-d,
(Supplementary Table S4, Supplementary Figs. S8-S13). The NMR studies strongly support
the presence of a substituted spirobicyclic structure (Fig. 1), illuminating shunt precolibactin
27 and its attenuated colibactin warhead. The heterocyclic 4-azaspiro[2,4]hept-6-en-5-one
substructure in 27 is not found in any natural molecule described to date, revealing
unprecedented biosynthetic potential. Crucially, this structure could not have been predicted
from the biosynthetic pathway and current NRPS-PKS logic. The spirobicyclic core
substructure with different substitutions appears in some synthetic molecules, and their 1H
and 13C chemical shifts are in agreement with our proposed structure (Supplementary Figs.
S14-S15). We also observed hydrogen-deuterium exchange at the warhead methyl
substituent in NMR (Supplementary Figs. S4 and S16) and post-NMR HRMS spectra
(Supplementary Fig. S16), indicating exchange of acidic methyl protons in the attenuated
warhead. The structure was further supported by HRMS (m/z 547.3859) consistent with the
[M+H]* ion formula [C3gH51N4Os]* (theoretical m/z 547.3859, Appm 0.0), MS/MS
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fragmentation (Supplementary Fig. S17), and subsequent isotopic labeling studies (detailed
below). The R, S-configurations of the Asn- and Ala-derived stereocenters were previously
determined by synthesis of 1517, Analogous to these earlier characterizations of 14 and 15,
27 could result from decarboxylation of an unstable assembly line derailment product 26
(Fig. 1). LC-HRMS analyses of wildtype and clbP mutant strains support 27 as a substrate
for promiscuous CIbP-mediated cleavage, leading to 1 and 30 (Fig. 1, Supplementary Table
S2).

Isotope-labeled precursors illuminate colibactin biosynthesis

Merging our new understanding of the spirobicyclic structure with retrospective
bioinformatic analyses of the biosynthetic pathway and metabolomic network analyses, we
predicted the structures for the two other targeted advanced precolibactins (m/z 609.3862
and m/z 816.3780). Our proposed structures were supported by HRMS and MS/MS
fragmentation (Supplementary Figs. S18-S20). To gain additional structural support for all
detectable clb pathway-dependent metabolites, including these highly unstable advanced
precolibactins, we conducted an extensive series of isotopic labeling studies using
universally [U-13C]-labeled L-amino acids in an E. coli BW25113 parent strain and in a
variety of amino acid auxotrophic strain variants (Supplementary Table S1). Studies were
conducted using a control bacterial artificial chromosome (clb-) and the IHE3034-derived
bacterial artificial chromosomes bearing clb+ and AclbP colibactin pathways. Labeling
studies in defined minimal media were guided by bioinformatic predictions of adenylation
(A)-domain specificities (Supplementary Fig. S1), established NRPS-PKS logic, and our
structural characterizations of the two shunt precolibactins 1517 and 27. By comparing
HRMS analyses of 13C-labeled cultures to our detectable comprehensive list of clb-
dependent metabolites, we determined system-wide specific L-amino acid (Asn, Ala, Met,
Gly, Cys, Ser) isotopic incorporations (Fig. 2, Supplementary Table S2). From this data, 32
predicted metabolites (Supplementary Table S5) were mapped onto the biosynthetic
pathway model (Fig. 3). The labeling studies below are described in the context of this
model.

As previously reported, 15 supports the sequential action of NRPS CIbN, NRPS-PKS hybrid
ClbB, and trans-acyl-transferase (trans-AT) PKS CIbC (Fig. 3a)l’. Specifically, the CIoN A
domain activates L-Asn and transfers it onto its cognate thiolation (T) domain, the
epimerization (E) domain epimerizes the tethered amino acid, and the condensation (C)
domain condenses acyl-CoA substrates to generate an N-acyl-D-Asn-tethered T domain,
which is a substrate for downstream CIbB20. The NRPS segment of CIbB, in which the A
domain is predicted to activate Val, rather preferentially condenses an L-Ala in vitro?® and
invivol’. The PKS portion of CIbB loads a malonyl-CoA substrate by its cis-AT domain
and catalyzes one polyketide extension with complete reductive processing to the saturated
hydrocarbon chain. The trans-AT PKS CIbC, which contains a deteriorated nonfunctional
AT domain?>, catalyzes one additional round of polyketide extension with no reductive
processing. Here, malonyl-CoA loading could occur in trans by interacting with fatty acid
biosynthesis, other embedded ATs in the pathway, or the discretely expressed AT CIbG
consistent with other trans-AT PKS systems?%. Incorporation of L-[U-13C]-Asn was
observed in 47 BW25113 clb+ and AclbP-derived metabolites (Fig. 2, Supplementary Table
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S2), supporting the processed acyl-D-Asn structures 1-5 (Fig. 3c, Supplementary Table S5).
As the preferred amino acid for the CIbB A domain, Ala incorporated into 37 metabolites
(Fig. 2, Supplementary Table S2, Supplementary Figs. S21-S24), 11 of which could readily
be assigned as shunt products from CIbN-CIbB-CIbC (10-21; Fig. 3a, Supplementary Table
S5).

The structure of 27 provided further biosynthetic insights, allowing expansion of the
biosynthetic model. The spirocyclopropane moiety suggested assembly line utilization of a
1-aminocyclopropane-1-carboxylic acid (ACC) extender unit, a substrate found in other
bacterial small molecules?’. In the biosynthesis of the cytotoxin cytotrienin by a
Sreptomyces sp., the ACC unit is derived from Met as determined by isotopic labeling
studies?®. We hypothesized that Met would similarly be used as a precursor for the ACC
unit in colibactin warhead biosynthesis. To test our prediction, L-[U-13C]-Met was fed to a
methionine auxotroph containing clb+, AclbP, or clb- pathways. As expected, we only
observed specific incorporation of four carbons throughout the Met-labeled network (Fig.
2b) in contrast to the substrate’s five-labeled carbons, supporting that the ACC unit is
derived from the aminobutyryl moiety of L-Met. Incorporation of free deuterium [2,2,3,3-
D]-labeled ACC was not observed in any of these Met-labeled metabolites, suggesting
cyclization of Met or a Met-derived precursor (e.g., S-adenosyl-Met) directly on the
assembly line. The labeling experiments further support the structure and biosynthesis of 27
and its C-terminal CIbP cleavage product 30 (Fig. 1), in addition to six other proposed AclbP
metabolites (24-25 and 28-32; Fig. 3b; Supplementary Tables S2 and S5).

While it was proposed that a cryptic chlorination and subsequent cyclization event might be
involved in ACC-unit formation in cytotrienin biosynthesis2:30, the clb gene cluster lacks
such enzymes. The clb gene cluster similarly lacks the type of pyridoxal-5’-phosphate-
dependent enzymes found in plants necessary to make ACC from S-adenosyl-Met?’,
suggesting a new and convergent evolutionary route for this ring-strained NRPS building
block. Nevertheless, NRPS ClbH-dependent condensation of an ACC unit, PKS Clbl
polyketide extension, and subsequent warhead cyclization (intramolecular Knoevenagel-
type condensation) could account for 27 biosynthesis (Fig. 3b, Supplementary Fig. S25).
The first A domain in ClIbH (CIbH-A;) is predicted to activate Ser while the second A
domain has only very poor predictions for Val activation (Supplementary Fig. S1). Based on
protein homologies to previously characterized enzyme systems and prior to determining the
structure of 27, we initially predicted that CIbH-A; might participate with free-standing
carrier protein (T, CIbE), dehydrogenases CIbDF, and discretely expressed AT CIbG to
generate and load Ser-derived a-amino malonate polyketide extender units, which are found
in related systems, such as in zwittermicin biosynthesis®L. However, we did not detect intact
L-[U-13C]-Ser labeling (13C3) of any pathway-dependent features in our network, nor did
we detect Ser-derived a-amino malonate polyketide extender unit incorporation (13C»),
supporting either undetectable production under our experimental conditions or alternative
enzymatic roles in colibactin biosynthesis. Our study now necessitates further mechanistic
enzymatic studies for ClbH-dependent amino acid activation and ACC cyclization.
Polyketide extension (Clbl) would be required before the intramolecular Knoevenagel-type
condensation could take place, leading to the spirobicyclic colibactin warhead
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(Supplementary Fig. S25). The network data and accumulation of predicted 25 (linear
structure supported by MS/MS fragmentation, Supplementary Figs. S18-S19) and cyclized
27 suggest co-assembly line warhead cyclization (Fig. 3b).

While instability of advanced precolibactins precluded their NMR-based structure
elucidation, a retrospective bioinformatic analysis in combination with the network data led
to a proposed biosynthesis for their construction. Ensuing warhead cyclization, a largely
“co-linear” biosynthetic interpretation of CIbJK leads to advanced precolibactin A (32, Fig.
3b,c) with the ketosynthase (KS) domain in CIbK serving a transthioesterification role to
interface CIbJK catalytic activities. To gain support for this prediction, we conducted
[U-13C]-Gly and L-[U-13C]-Cys labeling studies, as CIbJK were predicted to canonically
activate and process these amino acids. Initially, [U-13C]-labeled and non-labeled amino
acids were fed in a 1:1 ratio, and subsequently, only [U-13C]-labeled amino acids were
supplemented to confirm the observed results. These relative dose-response studies were
necessary, as the advanced precolibactins were observed at low abundances. CIbJK activities
appeared to be very processive, as all Gly labeled molecules also contained Cys labeling. As
predicted, precolibactin A (32) incorporated one Gly and two Cys substrates as supported by
HRMS of labeled and nonlabeled precolibactin A (Supplementary Fig. S24). Additionally,
32 incorporated four deuteriums in a L-[2,3,3-D]-Cys feeding experiment, supporting the
presence of one thiazoline and one thiazole in its predicted structure (Supplementary Fig.
S26).

The colibactin warhead crosslinks DNA in vitro

The unprecedented structural features illuminated in our characterized shunt precolibactin
27 and predicted advanced precolibactin 32 served as a chemical guide for theoretical
insights into colibactin’s modes of action. The colibactin warhead shares the structural
hallmarks of “cyclopropane trigger compounds”32 with the requisite labile ring-strained
spirocyclopropyl substituent for nucleophile-induced ring opening and irreversible covalent
binding to its targets. Additionally, the proposed ClbP-catalyzed cleavage of precolibactin
32 would liberate the warhead with its N-terminal primary amine and predicted C-terminal
thiazolinyl-thiazole tail (Fig. 3c, Fig. 4a). These flanking features are consistent with
DNA/RNA being colibactin’s primary targets. Terminal amines are common in small
molecules that bind DNA and RNA, such as the classically studied bleomycins, and
participate in electrostatic interactions with the macromolecules’ phosphate moieties33,
Additionally, the thiazolinyl-thiazole tail of related phleomycins contributes to their partial
intercalative mode of DNA binding34. In contrast to the bleomycins’ and phleomycins’
ability to induce DNA double-strand breaks, the colibactin warhead is reminiscent of the
duocarmycin family of DNA alkylators3®. In an analogous reaction, the colibactin warhead
could alkylate its targets via a homo-Michael addition reaction (Fig. 4a). NMR solution
studies demonstrate that 2-hydroxypyrroles with acyl-substituents in the 3-position, such as
the proposed alkylated-intermediate, strongly favor their keto-tautomeric forms3®, as shown
boxed in Figure 4a. Intriguingly, this suggests that upon alkylation, colibactin could present
a second Michael acceptor, expanding its covalent functional utilities relative to the
duocarmycins. In the case of DNA alkylation, a pseudo-intramolecular Michael addition
reaction could generate DNA interstrand crosslinks (Fig. 4b).
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To initiate functional studies and provide support for our hypothesis of the colibactin
warhead’s mode of action, we conducted a series of small-scale in vitro reactions with
duplex DNA and the minute amount (~1.0 mg) of isolated precolibactin 27. Since it was
previously speculated that colibactin induces DNA double-strand breaks, we first tested 27°s
ability to cleave double-strand DNA. We did not detect in vitro double-strand break activity
for 27 using plasmid pBR322 DNA in the presence or absence of reducing agents,
dithiothreitol and B-mercaptoethanol (Supplementary Fig. S27). Instead, we consistently
observed weak DNA interstrand crosslinks as hypothesized above by alkaline gel assays
using 27 and EcoRlI-linearized pBR322 DNA (Fig. 4c). The weak activity could be detected
with and without reducing agents. Notably, control precolibactin 15 lacking the spirobicyclic
structure was inactive under the conditions of the assays (Fig. 4c), suggesting that the
warhead directly alkylates and crosslinks DNA. While the observed activity was weak
compared to crosslinker mitomycin C (positive control), we anticipate that ClbP-mediated
liberation of the N-terminal amine (or its cyclized imine form; Supplementary Fig. S28),
presence of the apparently destabilizing C-terminal exocyclic amide, and inclusion of the C-
terminal tail would increase DNA binding and enhance reactivity leading to more efficient
crosslinking. DNA interstrand crosslinks can be quite toxic, impairing multiple cellular
processes, such as replication and transcription, and inducing multiple DNA repair
machineries and downstream DNA double-strand breaks37-38. Our data support a model in
which the colibactin warhead’s in vitro alkylation and DNA interstrand crosslink activities
may account for initiating clb-dependent genotoxic activities.

Conclusion

We combined NMR-based structural elucidation, bioinformatics, system-wide isotopic
labeling studies, pathway-dependent structural network analyses, and in vitro activity studies
to map the colibactin pathway, propose a biosynthetic model for its largely intractable
family of molecules linked to colorectal cancer formation, and assess its unexpected in vitro
activity. With our current understanding of nonribosomal peptide and polyketide
biosynthesis, the proposed structure for precolibactin A accounts for the majority of
biosynthetic enzymes in the colibactin pathway (Fig. 3). Our data provide a working
foundation for determining the remaining (pre)colibactin structures (e.g., the detectable
metabolites listed in Supplementary Table S2) and enzymatic roles in colibactin
biosynthesis, processing, and cellular resistance. Indeed, speculative proposals can now be
made for the unaccounted clb proteins that currently do not have experimentally supported
roles (Supplementary Fig. S1). For example, the protein we call “CIbS” is not required for
clb pathway activity®, but it was identified in an activity-based protein profiling experiment
in clb-positive pathogenic E. coli, in which CIbS covalently captured Michael acceptors3®.
In light of our proposed structures and warhead activity, predicted hydrolase CIbS could
serve a role in (pre)colibactin binding, trafficking, and/or resistance in addition to the
canonical clb drug transporter CIoM. The warhead structure itself, which crosslinks DNA in
our in vitro assays, does not support speculations that colibactin could directly induce DNA
double-strand breaks. The double-strand break response in human cells is latently observed
well after transient clb-positive bacterial infection®. Combined with the notion that chronic
DNA double-strand breaks can be induced in bystander mammalian cells after transient
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Methods

bacterial infection13:14 our structural and in vitro functional data support that the
mammalian cell DNA double-strand break response could be downstream of colibactin
alkylation and crosslinking. Collectively, our studies here will enable structure-guided
approaches to mechanistically elucidate colibactin’s biosynthesis, synthesis, product
diversification, processing, cellular trafficking, and modes of action.

Production, purification, and structural elucidation of 27

An 18 L culture of E. coli DH10B pBAC AclbP was grown in a defined M9 minimal
medium for 72 h at 25 °C (further described in Supplementary Information). Cell pellets
were harvested and extracted with 1.8 L methanol. The organic extract was dried in vacuo
and fractionated over extensive normal- and reverse-phase chromatography. 27 was
monitored by UV at 280 nm and by LC-MS in positive ion mode. The structure of isolated
27 was elucidated by extensive interpretation of 1D (H, 13C) and 2D (gCOSY, gHSQCAD,
gHMBCAD) NMR spectral data in DMSO-dg and methanol-dy4, and MS experiments
(HRMS, MS/MS) (see Extended Experimental Methods in Supplementary Information).

Isotopic labeling experiments

Guided by bioinformatic predictions of clb NRPS adenylation domain specificities, amino
acid labeling experiments were performed with [U-13C] L-Asn, L-Ala, L-Met, Gly, L-Cys,
and L-Ser, in addition to [2,2,3,3-D]-ACC and L-[2,3,3-D]-Cys. E. coli BW25113 parent
strain and a set of amino acid auxotrophs were transformed with pBAC clb-, pPBAC clb+, or
pBAC AclbP bacterial artificial chromosomes and used in the labeling experiments (see
Extended Experimental Methods in Supplementary Information).

Crosslinking assay

The alkaline agarose gel electrophoresis assay was conducted to assess DNA interstrand
crosslink activity and was adapted from previous protocols*9-42, Small-scale reactions (10
pL) were conducted with EcoRI-linearized pBR322 plasmid DNA inoculated with DMSO
(negative control), mitomycin C (positive control), compound 15 or 27 in the presence or
absence of a reducing agent (see Extended Experimental Methods in Supplementary
Information).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Key colibactin pathway (clb)-dependent shunt metabolites
Analogous to the decarboxylation of clb-assembly line derailment product 14 to 15,

characterized shunt precolibactin 27 most likely arises from decarboxylation of transient
derailment product 26. CIbP-mediated cleavage appears to be promiscuous in our analysis,
leading to N-terminal N-acyl-D-asparagines, such as 1, and detectable C-terminal products,
such as 21 and 30. Structures are numbered in accordance with increasing biosynthetic
complexity as illustrated in Figure 3.
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Figure 2. Colibactin pathway (clb)-dependent molecular network
(a) clb-dependent metabolites detected in IHE3034-derived wildtype (clb+ or wt) and clbP

(AclbP) mutant cultures. A heat map of ionization intensities for the AclbP metabolites is
shown. (b) System-wide 13C-isotopic incorporations determined from HRMS analysis of L-
[U-13C]-amino acid substrates, Asn, Ala, Met, Gly, Cys, and Ser. If a specific amino acid
incorporation was detected, the metabolite node was color coded as follows: Asn (red), Ala
(blue), Met (green), Gly (orange), and Cys (purple). For L-[13C5]-Met, we only

observed 13C,4 products, indicating amino-butyryl incorporation (green), which were not
labeled by [2,2,3,3-D]-ACC. We also observed 1, 2, and 3 Cys incorporations as denoted by
the colored map. L-[U-13C]-Ser (33C5 and 13C,) labeled metabolites were not detected. Grey
nodes were not detected in the labeling experiments. Connectivity strength is represented by
the thickness of the lines linking individual nodes.
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Figure 3. Proposed assembly line biosynthetic model for precolibactin A
(a) Proposed biosynthesis for the clb assembly line derailment product 15 and its structurally

related shunt metabolites (1, 10-21; Supplementary Table S5). Experimentally supported
metabolites are indicated with bold numbers, which can result from thiocester hydrolysis.
Arrows represent NRPS and PKS enzymes with each acronym representing a distinct
catalytic domain. Malonyl-CoA and amino acid substrate incorporations, supported by
universally 13C-labeled amino acid feeding experiments, are indicated at their proposed
cognate carrier proteins (T domains). (b) Predicted and experimentally supported assembly
line biosynthesis of advanced derailment products (24-31) and precolibactin A (32). Our
studies indicate that the proposed ClbH-dependent ACC formation is ultimately derived
from the aminobutyryl moiety of L-Met. (c) Proposed structure of precolibactin A (32) and
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detected N-acyl-D-Asn CIbP cleavage products (1-9; Supplementary Table S5). NRPS and
PKS domains: C, condensation; A, adenylation; T, thiolation sequence of acyl- and peptidyl-
carrier proteins; E, epimerization; KS, ketosynthase; AT, acyl-transferase; KR,
ketoreductase; DH, dehydratase; ER, enoyl-reductase; Cy, condensation/cyclization; Ox,
oxidase; TE, thioesterase. *, Denotes evolutionarily deteriorated cis-AT domain in a trans-
AT PKS. The bioinformatics predicted thiazoline and thiazole-containing tail was supported
by HRMS, MS/MS, and isotopic labeling studies, and its predicted heterocycle order and
stereochemistry (#) need further validation.
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Figure 4. The colibactin war head crosslinks DNA
(a) DNA alkylation by the warhead is hypothesized to occur through a homo-Michael

addition reaction, followed by a (b) pseudo-intramolecular Michael addition reaction,
generating a DNA interstrand crosslink. (c) DNA crosslinking was observed using an
EcoRlI-linearized pBR322 plasmid in the presence of 27 (0.5-1.0 mM) with or without
reducing agents. DMSO (-) and 15 controls did not lead to detectable activity. Reactions
were performed at 37 °C for 20 h (Gel 1). Under these conditions, positive control
mitomycin C + DTT caused substantial DNA degradation. Consequently, experiment was
repeated with a shorter incubation time and reduced temperature for mitomycin C + DTT (2
h, 20 °C), while the DMSO (-) control and 27 were incubated at 37 °C for 20 h with and
without B-ME (Gel 2). mit C, mitomycin C; DTT, dithiothreitol; B-ME, 3-mercaptoethanol;
I, single-stranded DNA,; 1, cross-linked DNA.
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