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Abstract

Modular polyketide synthases (PKSs) and nonribosomal peptide synthetases (NRPSs) comprise
giant multidomain enzymes responsible for the “assembly line” biosynthesis of many genetically
encoded small molecules. Site-directed mutagenesis, protein biochemical, and structural studies
have focused on elucidating the catalytic mechanisms of individual multidomain proteins and
protein domains within these megasynthases. However, probing their functions at the cellular level
typically has invoked the complete deletion (or overexpression) of multidomain-encoding genes or
combinations of genes and comparing those mutants with a control pathway. Here we describe a
“domain-targeted” metabolomic strategy that combines genome editing with pathway analysis to
probe the functions of individual PKS and NRPS catalytic domains at the cellular metabolic level.
We apply the approach to the bacterial colibactin pathway, a genotoxic NRPS—PKS hybrid
pathway found in certain Escherichia coli. The pathway produces precolibactins, which are
converted to colibactins by a dedicated peptidase, CIbP. Domain-targeted metabolomics enabled
the characterization of “multidomain signatures”, or functional readouts of NRPS—-PKS domain
contributions to the pathway-dependent metabolome. These multidomain signatures provided
experimental support for individual domain contributions to colibactin biosynthesis and delineated
the assembly line timing events of colibactin heterocycle formation. The analysis also led to the
structural characterization of two reactive precolibactin metabolites. We demonstrate the fate of
these reactive intermediates in the presence and absence of CIbP, which dictates the formation of
distinct product groups resulting from alternative cyclization cascades. In the presence of the
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peptidase, the reactive intermediates are converted to a known genotoxic scaffold, providing
metabolic support of our mechanistic model for colibactin-induced genotoxicity. Domain-targeted
metabolomics could be more widely used to characterize NRPS—-PKS pathways with
unprecedented genetic and metabolic precision.

Graphical Abstract

INTRODUCTION

Polyketides, nonribosomal peptides, and hybrid polyketide—nonribosomal peptides
constitute a large portion of our naturally produced small molecule drugs.? Many of these
small molecules are produced by giant multidomain (type-I) polyketide synthase (PKS) and
nonribosomal peptide synthetase (NRPS) enzyme systems. PKSs primarily convert a variety
of simple acyl-CoA substrates into a structural panoply of molecules through Claisen
condensation reactions.? In a parallel strategy, NRPSs sample from about 500 available
amino acid substrates, activate their carboxylic acids, and condense them through amide and
ester bond-forming events.2P:3 Further structural complexity, such as epimerizations, N- and
C-alkylations, cyclizations, and redox modifications, can be installed during assembly by
accessory domains or proteins. Thiolation (T) domains, components of both PKS and NRPS
systems, represent acyl- and peptidyl-carrier proteins, which are post-translationally
modified with phosphopantetheine at an active-site serine. The phosphopantetheine arm
tethers the transforming intermediates to the biosynthetic enzymes via a labile thioester bond
(the “thiotemplate mechanism”). This commonality enables “hybrid” NRPS-PKS enzyme
architectures to dramatically enhance the structural repertoire of their products. Importantly,
however, because individual genes within these systems often encode multidomain proteins,
gene deletions often destroy multiple catalytic domains within a given pathway. Thus,
discrete domain functions are typically probed through site-directed mutagenesis, protein
biochemical, and structural studies. Here we employ a genome editing strategy (multiplex
automated genome engineering, MAGE)* to systematically and site-selectively inactivate
individual protein domains within a representative hybrid NRPS-PKS pathway and
determine their relative effects on pathway-dependent metabolite production. This allows
each metabolite to be assigned a “multidomain signature”, a functional metabolic readout of
NRPS-PKS domain contributions. We show how multidomain signatures can be used to
illuminate the metabolic contributions and general enzymatic timing events of individual
catalytic domains in the colibactin biosynthetic pathway.®
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The colibactin pathway consists of an ~55 kb hybrid NRPS-PKS biosynthetic gene cluster
(clbor pks).® The clb gene cluster is found in certain strains of £scherichia coliamong other
bacteria and is genotoxic to eukaryotic cells.” The pathway was first reported in 2006,% and
its domain architecture was revised in 2014 to include additional domains, an embedded
dehydratase (DH) and a series of “deteriorated” acyltransferase (AT*) domains.® The c/b
locus has been shown to initiate tumor formation in colitis mouse models and is
epidemiologically correlated to colorectal cancer patients.® Paradoxically, a gene in the locus
(clbA) has also been shown to be required for the efficacy of probiotic £. coli Nissle 1917
used to treat ulcerative colitis.10 Despite the importance of this pathway, natural colibactins
capable of recapitulating cellular activities have not been isolated. Current efforts are
focused on elucidating the functions and resulting metabolite structures of PKS CIbO and
peptidase CIbL, the two remaining biosynthetic enzymes in the gene cluster yet to be
experimentally included in the colibactin biosynthetic model. Many studies have elucidated
the structures of c/t-pathway-dependent metabolites,82.11 which have aided our
understanding of colibactin structure and reactivity. These structures have led to the
synthesis of colibactin-type analogues with potent DNA alkylation activities in vitro.12
Colibactins are synthesized as prodrug scaffolds called “precolibactins”, which are cleaved
in the bacterial periplasm to liberate an A-acyl-D-Asn side chain and genotoxic colibactins.
8a,11a,13 With the available structural information, coarse full gene deletion studies, and
select protein biochemical studies, a steadily growing colibactin biosynthetic model has been
supported for these observed metabolites. A current biosynthetic model, including the
interpretation of new results from this study, is shown in Figure 1.

To delineate the noncanonical assembly steps of colibactin biosynthesis, we employed the
MAGE genome editing approach to individually and site-selectively inactivate bio-synthetic
domains and proteins beginning with those required for 1-aminocyclopropane-1-carboxylate
(ACC) incorporation (Figure 1, CIbHIJKLOQ; Tables S1 and S2). All of the upstream
assembly line steps represent largely canonical transformations in PKS and NRPS
biosynthesis and hence were excluded in this study. We carried out our studies in a c/bP
point mutant background (serine peptidase active-site mutant S78A) to monitor the
metabolic effects on precolibactin production. We also analyzed ClbHI domain contributions
in a wild-type background, as the only metabolites reported from the wild-type pathway are
dependent on enzymes up through Clbl. Conserved active-site point mutants for individual
domains were constructed on the basis of biochemical and structural knowledge about PKS
and NRPS enzymes (see Figures S1 and S2). These mutations were created in a site-
selective, scarless manner through the use of MAGE, a genome engineering technique that
mediates allelic replacement on the £. coli chromosome or on bacterial artificial
chromosomes (BACSs) using single-stranded synthetic oligonucleotides. The advantage of
MAGE is that it enables targeted mutations with single-base-pair resolution. We measured
the production of previously reported c/6-dependent ions,82110 known (pre)-colibactin
metabolites, and some additional biosynthetic products. We report the domain dependencies
of each of these metabolites (multidomain signatures, Tables S3—-S5). We show that
multidomain signatures can be generally utilized to support or exclude the involvement of
individual domains in a biosynthetic transformation, determine the order of biosynthetic
events even within a multidomain protein, and experimentally support points of biosynthetic
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divergence, such as module skipping. We also show that multidomain signatures are
conserved in metabolites that have undergone post-assembly-line processing. To illustrate
the power of multidomain signatures, we describe their use to delineate the unexpected
timing events in the heterocycle assembly steps of colibactin biosynthesis.

RESULTS AND DISCUSSION

Domain-Targeted Metabolomics Decouples the Activities of CIbH Adenylation Domains

Recent structure—activity relationship experiments have demonstrated that colibactin-type
compounds alkylate DNA by cyclopropane ring opening.12 ClbH is hypothesized to
incorporate this functional group using a 1-aminocyclopropane-1-carboxylate (ACC)
extender unit, although its biosynthesis remains unknown. In plants, ACC is an intermediate
in ethylene biosynthesis and is derived from methionine via a pyridoxal phosphate (PLP)-
dependent mechanism.1# ACC is not known to be produced by £. coli, and while isotopic
labeling studies have shown that the ACC moiety in precolibactins is derived from
methionine,11P.d the colibactin gene cluster does not encode apparent PLP-dependent
enzymes. ClbH, the bio-synthetic enzyme that incorporates this moiety, has an unusual
domain architecture for an NRPS. In addition to the canonical C-A-T module (containing
condensation, adenylation, and thiolation domains), CIbH contains a second N-terminal A
domain, A;—C—A,-T (Figure 2a). Bioinformatic analysis'1P and biochemical studies!1f:15
indicate that the noncanonical A1 domain activates serine and loads the carrier protein CIbE
in trans. Dehydrogenases CIbD and CIbF then oxidize the enzyme-bound serine to produce
the polyketide extender unit a-aminomalonyl-CIbE.11f.15 CIbG transfers the a-
aminomalony! unit onto the T domain of CIbK.11f It is currently unknown whether
additional a-aminomalonyl units are incorporated or compete with malony! building blocks,
a phenomenon that has been observed in vivo for polyketide structural diversificationl8 and
in in vitro protein biochemical studies.1 It has also been speculated that CIbH-A; may
participate in ACC biosynthesis on the basis of the traditional deletion of the multidomain
gene c/bH.119 To determine the functional contributions of these A domains, we individually
inactivated all of the ClIbH domains and measured the relative production of c/6-dependent
metabolites. As shown in Figure 2b, metabolite 1 (and downstream products) containing a
cyclopropyl moiety are completely abolished when any of the canonical C—-A,—T domains
are inactivated, but the production of 1 is unaffected when ClbH-A; is inactivated. The
ClbP-cleaved products, whose structures were confirmed by ClbP-dependent cleavage of
lactam 2 (Figure S3), also showed similar multidomain signatures in a wild-type background
(Table S4). Thus, ClIbH-A; is dispensable for cyclopropane biosynthesis in vivo. Its
metabolic effects are only observed downstream (see below). Notably, these individual
domain contributions to metabolite production could not have been observed in a typical
clbH knockout strain.

The colibactin biosynthetic pathway unusually contains a mixture of ¢is- and trans-AT
PKSs. Clbl contains an embedded functional AT domain (a ¢/s-AT PKS). Production of
metabolite 2,110~ the decarboxylated and cyclized product of Clbl, is abolished when its
ketosynthase (KS) and T domains are inactivated, as expected (Figure 2). However,
inactivation of the CIbl-AT domain (GXSXG active-site motif — GXAXG) only partially
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reduces production. For this active-site mutant, malonyl extender units would be
complemented /n trans in vivo to generate products such as 2. Consistent with this
observation, fatty acid biosynthetic proteins (FabD) have been shown to complement
malonyl-transfer activity in vitro.11f Through structural modeling and protein homology
studies, we previously reported that the other frans-AT PKSs in this pathway showed signs
of accelerated evolution in “deteriorated” AT (AT*) domains.8° Their active-site GXSXG
motifs were naturally mutated to GXGXG motifs. Similar types of inactivated AT domains
have been reported in other select frans-AT (a.k.a., AT-less) PKS biosynthetic pathways.1’
These observations are reminiscent of inactivated starter unit AT (SAT) domains in fungal
iterative PKSs (SAT* domains, GXCXG — GXGXG),8 which are thought to have evolved
predominantly through gene duplication and functional divergence.1® The functional in vivo
redundancy observed here for our inactivated CIbl-AT domain is consistent with a reduction
in evolutionary pressure to maintain functional AT domains in the ¢/b gene cluster.

Domain-Targeted Metabolomics Establishes General Timing Events in (Bi)thiazole
Biosynthesis

In the next enzyme, NRPS ClIbJ, there is a bioinformatic disconnect between its domain
architecture and the observed products. Specifically, the timing of oxidation to establish the
first precolibactin thiazole ring remains unknown, as ClbJ lacks a dedicated oxidase (Ox)
domain (Figure 3). It has been presumed that the oxidation required to establish the first
thiazole ring is either spontaneous, processed by generic cellular oxidases, and/or catalyzed
by the Ox domain in downstream CIbK. Only a single Ox domain exists in CIbK. By
analogy to the bleomycin bithiazole biosynthetic proposals,2 it is possible that this domain
is responsible for oxidizing both the first and second thiazoline rings to establish the
bithiazole observed in metabolites like precolibactin C (5). To delineate these general timing
events, we individually inactivated every domain in CIbJK. In our Ox mutant, we observed a
reduction in monothiazole-containing precolibactin B (3) (Figure 3). Its residual detection
was consistent with the proposed spontaneous (or cellular) oxidation of hydrolyzed
monothiazoline-containing precolibactin 4. However, in our Ox domain mutant, we observed
a dramatic upregulation of a metabolite consistent with this thiazoline 4, as supported by
tandem MS comparisons to its oxidation product precolibactin B and isotopic labeling
studies (Figures S4 and S5). Importantly, in the Ox mutant, we also did not observe any
advanced products beyond precolibactin B. These data suggest that the assembly line
oxidation of the first thiazoline is catalyzed by the Ox domain in CIbK and that the thiazole
product is a preferred substrate for further assembly line processing events (i.e., oxidation to
3 occurs prior to amide bond formation and subsequent tailoring events to generate 5).

Multidomain Signatures Experimentally Support Complete Module Skipping as a Strategy
for Product Diversification

Recent structural elucidation efforts suggest that the a-aminomalony! unit can be
incorporated into CIbK products, leading to macrocyclic product 6 with an a-aminomalonyl
polyketide extension bisecting the bithiazole.11" Thus, it was proposed on the basis of
precolibactin structural analysis that precolibactin C (5) is derived from module skipping in
ClbK. To experimentally test these predictions, we analyzed the multidomain signatures for
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precolibactins 5 and 6. As expected, the first committed step in aminomalonyl biosynthesis
(ClIbH-A1) and all of the NRPS-PKS domains in CIbK were required for the production of
precolibactin 6, which incorporates an aminomalonyl-derived unit (Figure 3). Interestingly,
we showed that the PKS domains in CIbK, as well as ClbH-A1, are completely dispensable
for bithiazole biosynthesis in precolibactin C, and in fact, these mutations lead to exclusive
and enhanced bithiazole formation. These studies demonstrate that multidomain signatures
can be used to experimentally support points of divergence in a complex biosynthetic
pathway and that module skipping in the ¢/b pathway does not require non-elongating
transfer through the PKS domains.

Multidomain Signatures llluminate Post-Assembly-Line Processing Events and Reactive
(Pre)colibactin Metabolites

To date, three different structural classes of precolibactins have been characterized: the
lactams, such as 2; the aromatic pyridones, such as 3-5; and macrocycle 6. The lactams and
pyridones can currently be accessed synthetically through common linear intermediates via
selective cyclization reactions.119:12 When the linear products are synthesized as their
deacylated (CIbP-cleaved) forms, they readily cyclize to lactams, which exhibit potent DNA
alkylation activities in vitro.12 Atacylated linear precursors, however, readily form pyridones
through a double cyclodehydration sequence under mildly acidic or basic conditions.119
Control experiments established that pyridones do not alkylate DNA. These data suggested
that the linear precolibactins, which were based on a theoretical biomimetic synthesis,
should also exist in the cell. To address this question, we analyzed our metabolomic data for
these precolibactin metabolites, and indeed, we could assign multidomain signatures for two
new precolibactin metabolites, 7 and 8 (Figure 4a). The multidomain signatures of
metabolites 7 and 8 closely resemble that of pyridone 5. This similarity was expected and
indicates that multidomain signatures can be used to predict post-assembly-line processing
events and that the cyclization from 7 to 8 to 5 occurs after hydrolytic release from the
assembly line. These reactive precolibactin metabolites were confirmed by comparisons to
synthetic standards (coinjections, Figure 4b; tandem MS, Figures S6 and S7). Linear
metabolite 7 was robustly detected, particularly in mutants that exclusively generate
bithiazole products (Figure 4b). Precolibactin lactam 8 was detected in trace amounts, an
observation consistent with its facile in vitro cyclization to the corresponding pyridone.119
These metabolic data lend further support to a model in which the pyridones are irreversible,
off-path products deriving from the linear precursor 7 in the absence of functional peptidase
ClbP. Analogous linear species of macrocycle 6 were not detected under the conditions of
our experiments. It is currently unclear whether the cyclizations leading to macro-cycle 6,
which have only weak cytotoxic activity, are similarly off-path.

To assess the structural fate of the newly observed linear precolibactin 7 metabolite in the
presence and absence of peptidase CIbP, we fed 7 to £. co/i DH10B either carrying an empty
control plasmid (pBAD18) or expressing CIbP (pCIbP) (Figure 4c). In the absence of CIbP,
no cleavage was observed. However, the linear reactive metabolite was converted to the
stable aromatic precolibactin pyridone 5. In the presence of CIbP, several cleavage products
were observed, including A-myristoyl-D-asparagine and colibactin pyridone 9, as we
previously reported for cleavage of precolibactin pyridone 5,119 and new colibactin lactam
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scaffold 10. The unsaturated imine 10 had not been previously detected in £. coli extracts
and was identical to a synthetic standard produced by cyclizing precursor 12 in saturated
sodium bicarbonate. The presence of 9 in this sample likely arises from spontaneous
cyclization of 7 to 8to 5 prior to cleavage. The colibactin metabolites were confirmed by
comparisons to synthetic standards (coinjections, pCIbP + 9 or + 10; Figures 4c, S8, and
S9). Promiscuous CIbP thus cleaves precolibactins independent of their cyclization states.
These data support the proposed model, in which reactive linear precolibactin intermediates
(e.g., 7) are synthesized by the assembly line. In the absence of CIbP, these linear
intermediates form inactive products (e.g., pyridones), whereas they are converted to known
genotoxic lactam scaffolds (e.g., 10) in the presence of CIbP (Figure 4d).

CONCLUSIONS

In the assembly line biosynthesis of polyketides and non-ribosomal peptides, the
intermediates are attached to carrier proteins (T domains) through labile thioester bonds,
which are subject to hydrolysis. Detection of these hydrolyzed intermediates provides a
“Sanger sequencing-like” view of the pathway. Previous studies have inactivated the
terminal off-loading thioesterase (TE) domains of NRPS-PKS pathways to build up these
intermediates and promote their hydrolysis and detection.2! However, in the colibactin
pathway, an atypical editing-type TE, CIbQ, promotes promiscuous off-loading of most of
the precolibactin assembly intermediates, as observed in the multidomain signatures here
and in other recent studies.!1" We speculate that these assembly line derailment products
unusually enhanced by CIbQ could have functional cellular roles, as has been suggested
from our previous in vitro assays.88 Nevertheless, the enzyme-bound thioester intermediates
are labile and hydrolyze even in the absence of a functional CIbQ. Domain-targeted
metabolomic analyses of these detectable hydrolysis products enabled the systematic
assessment of the functions of individual domains in the colibactin pathway, provided
unexpected insights for the general timing events of colibactin heterocycle formation, and
led to the characterization of reactive metabolites that metabolically supported our
mechanistic model for colibactin-induced genotoxicity. Because MAGE can be used to site-
selectively mutate bacterial artificial chromosomes (BACs), domain-targeted metabolomics
could be generally applied to many heterologous expression systems. With the emergence of
genome editing tools, such as MAGE used here, and the use of sensitive modern-day mass
spectrometers, we expect that domain-targeted metabolomics could be widely utilized to
study the functions of multidomain pathways at the cellular level with high genetic and
metabolic precision.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Proposed precolibactin biosynthesis. Domains: C, condensation; A, adenylation; T,

thiolation; E, epimerase; KS, ketosynthase; AT, acyltransferase; KR, ketoreductase; DH,
dehydratase; ER, enoyl reductase; AT*, deteriorated AT; Cy, dual condensation/cyclization;
Ox, oxidase/dehydrogenase; TE, thioesterase.
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Figure2.
ClbH-A1 is dispensable whereas CIbH-C—A,—T is required for cyclopropane incorporation.

(a) CIbH-A; loads serine onto carrier protein CIbE, dehydrogenases CIbD and CIbF convert
it to a-aminomalonyl-CIbE, and AT CIbG transfers this extender unit downstream. (b)
Multidomain signatures of precolibactins 1 and 2. Cellular frans-AT complementation for
the Clbl-c/s-AT mutant is noted. Domains are color-coded by function, and domains of
individual multimodular proteins are grouped together by vertical lines.
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Figure 3.

Multidomain signatures reveal unexpected biosynthetic events. (A) The thiazoline
introduced by CIbJ is oxidized on the assembly line by the downstream Ox domain in ClbK.
Module skipping of CIbK-PKS results in diversified products. (B) Accumulation of
thiazoline 4 in the Ox mutant supports that CIbK Ox is responsible for oxidizing the
thiazoline installed by ClbJ to the thiazole. (C) Module skipping is observed in the
multidomain signature of 5. Bithiazole 5 does not require the ClbK-PKS module or the
ClbH-A; domain. Macrocycle 6 requires the CIbK-PKS module for a-aminomalonyl
extender unit incorporation.
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Similarities in multidomain signatures support post-assembly-line transformations. (A) The
multidomain signatures of reactive precolibactins, linear (7) and lactam (8), en route to
precolibactin C (5) (top, bottom, and Figure 3, bottom left, respectively) show similar
multidomain dependencies, indicating that the chemical transformations occur off the
assembly line. (B) New precolibactin metabolites were confirmed via comparisons with
synthetic standards. (C) CIbP cleaves supplemented 7 to form lactam 10. Pyridone 9 was
also detected. Coinjections with synthetic standards via the intermediacy of 12 confirmed
the production of these two colibactin metabolites. (D) Proposed biosynthetic fate of reactive
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precolibactin 7 metabolite in the presence and absence of peptidase CIbP. CIbP is required in
order to access lactam 10, a known genotoxic scaffold.
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