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Abstract

Precolibactins and colibactins represent a family of natural products that are encoded by the c¢/b
gene cluster and are produced by certain commensal, extraintestinal, and probiotic £. coli. clb* E.
coli induce megalocytosis and DNA double-strand breaks in eukaryotic cells, but paradoxically,
this gene cluster is found in the probiotic Nissle 1917. Evidence suggests precolibactins are
converted to genotoxic colibactins by colibactin peptidase (ClbP)-mediated cleavage of an A-acyl-
D-Asn side chain, and all isolation efforts have employed Ac/bP strains to facilitate accumulation
of precolibactins. It was hypothesized that colibactins form unsaturated imines that alkylate DNA
by cyclopropane ring opening (2 — 3). However, as no colibactins have been isolated, this
hypothesis has not been tested experimentally. Additionally, precolibactins A-C (7-9) contain a
pyridone that cannot generate the unsaturated imines that form the basis of this hypothesis. To
resolve this, we prepared 13 synthetic colibactin derivatives and evaluated their DNA binding and
alkylation activity. We show that unsaturated imines, but not the corresponding pyridone
derivatives, potently alkylate DNA. The imine, unsaturated lactam, and cyclopropane are essential
for efficient DNA alkylation. A cationic residue enhances activity. These studies suggest that
precolibactins containing a pyridone are not responsible for the genotoxicity of the ¢/b cluster.
Instead, we propose that these are off-pathway fermentation products produced by a facile double
cyclodehydration route that manifests in the absence of viable CIbP. The results presented herein
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provide a foundation to begin to connect metabolite structure with the disparate phenotypes

associated with ¢/b” E. coli.

Graphical Abstract

Page 2

15a

|

[

e e

CH3 o !
—N N ;0

INTRODUCTION

Precolibactins and colibactins are natural products produced by select commensal,
extraintestinal, and probiotic £. coli. The metabolites are encoded by a hybrid polyketide
synthase—nonribosomal peptide synthetase (PKS-NRPS) gene cluster termed ¢/t or pks.!
clb* E. colistrains induce DNA damage in eukaryotic cells and are thought to promote
colorectal cancer formation, 162 but the gene cluster is also found in the probiotic strain
Nissle 1917, which is used in Europe for the treatment of ulcerative colitis, diarrhea, and
other gastrointestinal disorders.2 Mature precolibactins are substrates for the 12-
transmembrane multidrug and toxic compound extrusion transporter CIbM, which mediates
their transfer to the bacterial periplasm.* There, the colibactin peptidase CIbP converts
precolibactins to genotoxic colibactins via removal of an A-acyl-D-asparagine side chain.®
Mutation of CIbP abolishes cellular DNA damaging-activity,2250 and Atmyristoyl-D-
asparagine and closely related analogues have been identified in wild type c/b™ E. coli
cultures.>d¢ Whether the differential production of biosynthetically related but distinct
metabolites, or other factors (such as the requirement for cell-to-cell contact to observe
cytopathic effects?26) underlie the seemingly contradictory phenotypes associated with the
clb gene cluster, remains unresolved.

We have focused on understanding the molecular basis of colibactin-induced DNA damage.
Advanced precolibactins arise from linear precursors of the generalized structure shown as 1
(Scheme 1). The linear precursors were suggested to transform to unsaturated lactams 2 that
are processed by CIbP to generate unsaturated iminium ions 3 (colibactins), which alkylate
DNA by cyclopropane ring-opening (gray pathway).”:8 However, this mechanistic
hypothesis is ostensibly incompatible with subsequent isolation® and synthesis!? efforts that
lead to the identification and unequivocal structural assignment of precolibactins A (7),11 B
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(8), and C (9), which contain a pyridone residue (Figure 1). Precolibactins A—C (7-9) were
obtained from ¢/bP mutant strains; these deletion strains were employed to promote
accumulation of the precolibactin metabolites. If 7-9 are the genotoxic precursors, the data
outlined above® suggests that amines such as 5 resulting from CIbP-mediated processing in
the wild type strains are responsible for the cytopathicity of the ¢/b cluster, as these cannot
readily convert to unsaturated iminium ions such as 3. Precolibactin C (9) was demonstrated
to be a substrate for ClbP.10

In earlier synthetic work, we showed that the double dehydrative cyclization of the relatively
stable A-acylated linear precursors (1) to pyridones such as 7-9 was facile under mildly
acidic or basic conditions (cf., 1 — 2 — 4, Scheme 1).10 The unsaturated lactam
intermediates (2) could be detected by LC/MS analysis, but they were not isolable, arguing
against their interception by CIbP in the biosynthesis. We reasoned that the colibactins may
instead form by CIbP processing of isolable linear precursors 1 directly. Sequential
cyclodehydration reactions proceeding through the vinylogous ureas 6 would then provide 3
(red pathway). It follows from this analysis that precolibactins A—-C (7-9) are non-natural
cyclization products deriving from the absence of CIbP in the producing organisms, and are
unlikely to be genotoxic. To test this hypothesis, we modified our synthetic strategyl0 to
allow access to 13 deacylated pyridone derivatives 5 and the analogous unsaturated iminium
ions 3. We show that the iminium ions are potent DNA alkylation agents while the
corresponding pyridone structures are not. In addition, we rigorously define the structure—
function relationships of 3 that are required for or enhance DNA alkylation activity. Our
synthetic studies support an alternative biosynthetic pathway involving the intermediacy of
the vinylogous amide 6 en route to 3. Collectively, our data lend further support to the
hypothesis that unsaturated iminium ions 3 are responsible for the genotoxic effects of the
clb gene cluster and support the conclusion that precolibactins A—C (7-9) (and other
pyridone-containing isolates) are off-pathway fermentation products derived from the
absence of a functional ¢/bP gene. This work constitutes the first structure—function studies
of colibactin metabolites and provides a foundation to begin to connect the disparate
phenotypic effects of the ¢/b cluster with metabolite structure.

Comparison of DNA Binding and Alkylation Activities of Unsaturated Iminium lon and
Pyridone Structures

To assess the activities of candidate colibactin scaffolds, we required a route that would
provide access to unsaturated imine and pyridone derivatives lacking the natural N-
myristoyl-D-Asn prodrug fragment. Synthesis of the unsaturated imine derivatives was a
significant challenge since we have previously shown that base- or acid-catalyzed
cyclization of the linear precursors proceeded rapidly to the pyridone products.1C In
addition, we targeted synthetic derivatives containing a cationic residue appended to a
bithiazole fragment. The bithiazole of precolibactin C (9) is similar to that found in the
DNA-cleavage agent bleomycin, and studies of that metabolite have established the
importance of this substructure for DNA affinity.12 In addition, it has been shown that an a-
aminomalonate building block is incorporated into the colibactin structure; %013 we
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speculated that this residue could enhance DNA affinity through an electrostatic interaction,
similar to bleomycinl2.14 and other known DNA-targeting agents.!® As the presumed natural
C-terminal colibactin cationic substituent remains unknown, we initially targeted an A-(5
dimethylaminoethyl)amide derivative, as this is a common substructure in agents that target
DNA. We later prepared a series of other derivatives to further explore this region and
optimize activity (vide infra).

After some experimentation, we identified the linear colibactin derivative 12 as a common
intermediate that could be selectively cyclized to provide either unsaturated imine or
pyridone products (Scheme 2). Silver-mediated coupling of the S-ketothioester 10 (prepared
in one step and 53% yield by the addition of lithium ethyl thioacetate to fertbutyl (S)-2-
methyl- 5-oxopyrrolidine-1-carboxylate, 16 see the Supporting Information) with the -
ketoamide 1110 provided the linear precursor 12 (1-3 g scale). The linear precursor 12
cyclized to a variable extent to the vinylogous imide 13 upon purification by anion exchange
chromatography. To effect quantitative cyclization, the purified mixture of 12 and 13 was
dissolved in 0.5% formic acid-5% methanol-acetonitrile and concentrated (3x). Following
this protocol, the vinylogous imide 13 was obtained in 87% isolated yield (over two steps)
and >95% purity. Coupling of the carboxylic acid function with N, A-
dimethylethylenediamine mediated by propylphosphonic anhydride (T3P)1 provided the
amide 14a (93%). Carbamate cleavage (trifluoroacetic acid) followed by neutralization with
saturated aqueous sodium bicarbonate solution (to promote cyclodehydration) then provided
the key unsaturated imine 15a (62%).

Alternatively, the direct addition of potassium carbonate (5 equiv) and methanol0 to the
solution of the unpurified coupling product 12 induced double cyclodehydration to provide
the pyridone 16 (78% from 10 and 11). T3P-mediated coupling with A, A~
dimethylethylenediamine provided an amide (not shown) that was treated with
trifluoroacetic acid to yield the amine 17a (40%, two steps). The A-methylamide derivatives
15b and 17b were targeted to directly evaluate the significance of a cationic terminal residue
on DNA binding and damaging activity. These were prepared by strictly analogous
sequences (see the Supporting Information).

We evaluated the activity of 15a, 15b, 17a, and 17b in a DNA alkylation assay. Plasmid
pBR322 DNA was treated with EcoR1-HF in Cutsmart buffer, and the resulting linearized
DNA was incubated with 15a, 15b, 17a, or 17b for 15 h at 37 °C. The DNA was then
denatured, and the sample was eluted on a 1% neutral agarose gel. DNA was visualized with
SybrGold. Graphs of grayscale as a function of pixel location are presented in Figures S1—
S5 of the Supporting Information. Cisplatin (CP, 100 M) and methylmethanesulfonate
(MMS, 500, 100, or 10 M) were used as positive controls for DNA cross-linking and
alkylation, respectively. As shown in Figure 2A, neither of the pyridone derivatives 17a or
17b displayed measurable activity in this assay at concentrations up to 500 /M. By
comparison, both unsaturated imines 15a and 15b extensively alkylated DNA. The streaking
of DNA induced by 15a and 15b parallels that observed with 500 ¢M of MMS and derives
from the presence of shorter DNA strands that are formed by thermal or alkaline
denaturation of extensively alkylated (or in the case of MMS, methylated) DNA.18 Further
evidence for direct alkylation by 15a and 15b is presented in the cross-linking study that
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follows. The derivative 15a, which bears a tertiary amine substituent that can engage in an
electrostatic interaction with the deoxyribose backbone, was significantly more active than
the A-methylamide 15b. These data indicate that the pyridone residue is unlikely to
constitute the genotoxic pharmacophore of the colibactins and establish the unsaturated
lactam or imine, and cationic terminus as key functional groups in DNA alkylation activity.

A full dose response of the most potent derivative 15a was conducted. As shown in Figure
2B, extensive DNA alkylation was observed at concentrations as low as 100 nM, and small
amounts of DNA damage were detected using 50 or 10 nM of 15a. At 5 nM of 15a the
extent of DNA damage was negligible.

We conducted a DNA melting temperature analysis to determine if the variance in DNA
alkylation activity between the pyridones and the unsaturated imines was due to differences
in DNA binding affinity. The hyperchromicity of calf thymus DNA (ctDNA) with increasing
temperature was measured at 260 nm in the presence of varying concentrations of 15a or
17a. The 7, was defined as the temperature at which half of the duplex DNA was denatured
and was determined by the maximum of the first derivative of the thermal denaturation
profile. As shown in Figure 3A, treatment of ctDNA with 17a led to a dose-dependent
increase in the melting temperature; an increase in 7, of 3.8 °C was observed at a ratio of
17ato base pairs (bps) of 4.0. By comparison, the unsaturated imine 15a exhibited time-
dependent effects on duplex stability (Figure 3B). At times less than 1 h, stabilization of the
duplex was observed, but upon longer incubations (3—15 h) duplex stability decreased. We
hypothesized that this was due to an initial binding of 15ato the duplex followed by
alkylation and slow degradation. To probe this, we repeated the plasmid alkylation assay
using 15a and evaluated the extent of DNA degradation as a function of time. As shown in
Figure 3C, degradation activity correlated approximately with the decrease in duplex
stability observed in the melting point experiments (Figure 2B). These studies establish that
the pyridone 17a can bind noncovalently to DNA. Therefore, the variance in DNA alkylation
activity cannot be ascribed to lack of affinity of 17a with DNA.

Structure—Function Relationships of Unsaturated Imines

To gain further insights into the functional group requirements for DNA alkylation and to
verify the observed activities, we prepared the dimer 15c and the gem-dimethyl derivative
15d (Figure 4A). As shown in Figure 4B, incubation of linearized pBR322 DNA with 10 x/M
of the dimer 15c and monitoring the mixture as a function of time revealed a clear cross-
linked band at 3 h. Consistent with the time-dependent alkylation assay shown in Figure 3C,
this cross-linked band diminished at later time points (6 or 15 h), suggesting extensive
alkylation and degradation of the duplex. The gem-dimethyl derivative 15d did not alkylate
DNA at concentrations up to 500 ¢M. These data further validate the nature of the DNA
lesion as alkylation and indicate that the cyclopropane ring is essential for this activity.

To gain insights into the molecular mechanism of alkylation, we studied the reactivity of 15b
in vitro using propanethiol as a model nucleophile (Scheme 3). The A-methylamide 15b was
chosen in preference to the B-(dimethylamino)ethyl amide 15a to simplify isolation.
Treatment of the methylamide 15b with excess propanethiol and p-toluenesulfonic acid in
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6:1 acetonitrile- /N, A-dimethylformamide at 23 °C provided the ring-opened product 18 in
34% isolated yield. The adduct 18 was unstable but was characterized by NMR (H, 13C,
gCOSsY, gHSQC, gHMBC) and LC/MS analyses. Cyclopropane ring-opening was evidenced
by loss of the resonances at 1.37 and 1.68 ppm (positions a and b in 15b) and generation of a
four-proton system centered at 2.57 ppm (positions a, b in 18; see Figure S11 and Table S1).

A series of additional compounds were prepared to further interrogate structure—function
relationships and optimize DNA alkylation activity (Figure 5A). The derivatives 15e-15i
were synthesized to probe the influence of the nature of the cationic residue on DNA
alkylation activity. All compounds were found to potently alkylate DNA although qualitative
differences in activity were observed depending on the nature of the cationic residue
(guanidine < primary amine < tertiary amine; see Figure S12 for full data). Finally, to
rigorously determine if iminium ion formation is necessary for efficient alkylation, we
prepared the unsaturated lactam 19 and the unsaturated imine 15j. Both compounds contain
an NA-methyl substituent at the central amide residue. This was installed to prevent
competitive cyclization of 19 to the corresponding pyridone under the assay conditions; 15
was prepared to confirm that this modification does not abolish DNA alkylation activity (as
compared to 15a). As shown in Figure 5B, the lactam 19 showed weak DNA alkylation
activity at 500 M, while the imine derivative 15] was significantly more potent, leading to
extensive decomposition of the DNA at low (10 or 1 £M) concentrations, as expected. These
final experiments show that the monocyclized derivatives 2 do display some (albeit weak)
DNA alkylation activity at high concentrations, but that the unsaturated iminium ion 3is a
significantly more potent electrophile.

DISCUSSION

The colibactins are PKS-NRPS-derived natural products and have been implicated in the
genotoxic effects of commensal and extraintestinal £. co/i.22-€ They are formed from the
precolibactins upon removal of an A-acyl-D-Asn side chain by the colibactin peptidase
CIbP.2 It was proposed that colibactins may generate unsaturated iminium ions that alkylate
DNA (see 3, Scheme 1).” However, this hypothesis has been impossible to evaluate because
no colibactins have been obtained from the producing organisms, as researchers have
employed ¢/bP mutants. This modification is advantageous inasmuch as it allows for the
accumulation of candidate precolibactions, determination of their structures, and elucidation
of colibactin structures (by inference). However, direct isolation of colibactins is not
possible using this strategy.

Many of the advanced isolates reported to date, such as precolibactins A-C (7-9), contain a
pyridone nucleus, and the conversion of this aromatic substructure to an unsaturated
iminium ion (5 — 3, Scheme 1) seems unlikely. We reasoned that removal of CIbP and
persistence of an A-acyl-D-Asn side chain engenders unnatural cyclization events leading to
the production of the pyridones. This hypothesis was based on our previous synthetic
studies, which established a facile double dehydrative cyclization of A-acylated linear
precursors 1 to pyridones under mildly acidic or basic conditions.19 It follows from this line
of reasoning that pyridone-containing structures are unlikely to be genotoxic. To test this
hypothesis, we prepared the linear precursor 12 (Scheme 2) and elaborated it to 13 pyridone
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and unsaturated imine derivatives, in which the substituents throughout the molecules were
systematically modified. The successful synthesis of these unsaturated imines allowed us to
evaluate their DNA alkylation activity for the first time.

The alkylation assay shown in Figure 2 demonstrates that the unsaturated imines, but not the
corresponding pyridones, are potent DNA alkylation agents. The presence of a terminal
cationic substituent enhances DNA alkylation activity (cf., 15a and 15b, Figure 2A), as was
expected based on literature precedent.1® These results are consistent with earlier
observations that an a-aminomalonate-derived residue is present in fully functionalized
colibactins and is required for genotoxic effects.9?:13 Presumably this residue forms the basis
for a cationic substituent that serves the same role as the non-natural cationic functional
groups employed herein. It may also be essential for cellular efflux and trafficking to
eukaryotic cells.

Our data support ClIbP-mediated deacylation as a key step to prevent formation of pyridone
products and facilitate cyclization to unsaturated imines such as 3 (Scheme 1). While these
were originally proposed to form from unsaturated lactams 2, our synthetic studies (Scheme
2) suggest they may be generated from vinylogous ureas 6 instead. Regardless of the precise
mechanism of formation, our structure—function studies show that the unsaturated lactam
and cyclopropane are both necessary for DNA alkylation activity (Figure 6). Formation of an
unsaturated imine significantly enhances DNA alkylation activity (c.f., 19 and 15j, Figure 5)
and a cationic terminal residue further increases the extent of DNA alkylation. The observed
ring-opening of 15b by propanethiol (Scheme 3) is consistent with DNA alkylation by
cyclopropane ring-opening. In an earlier report, a shunt metabolite containing the
unsaturated lactam substructure found in 19 was shown to weakly cross-link DNA.”2 The
activity of 19 is partially consistent with this result: this compound weakly alkylated DNA,
although we did not obtain evidence of cross-linking.

These experiments constitute the first molecular-level analysis of candidate colibactin
structure reactivity and provide support for the hypothesis previously proposed to involve
DNA alkylation by an unsaturated iminium ion intermediate.” They also clearly illustrate
that the molecules are susceptible to several different modes of reactivity. These reactivities
vary as a function of substituents, and metabolites produced by Ac/bP strains, such as
precolibactins A—-C (7-9), may arise from nonnatural reaction pathways. A macrocyclic
precolibactin recently isolated from a Ac/bP strain may also similarly derive from an
unnatural macrocyclization route.130

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Structures of precolibactins A (7), B (8), and C (9).
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Figure2.

(A) DNA alkylation assay employing linearized pBR322 DNA and the pyridone derivatives
17a or 17b or the unsaturated imines 15a or 15b. Conditions: Linearized pBR322 DNA (20
UM in base pairs (bps)), 15a (100, 10, 1, 0.5, or 0.1 4M), 15b (500, 100, 10, or 1 M), 17a
(500 or 100 M), or 17b (500 or 100 M), 37 °C, 15 h. Cisplatin (CP; 100 ¢M) and
methylmethanesulfonate (MMS; 500, 100, or 10 /M) were used as positive controls for
DNA cross-linking and alkylation, respectively. DNA was visualized using SybrGold. B.
DNA alkylation assay employing linearized pBR322 DNA and the unsaturated imine 15a.
Conditions: Linearized pBR322 DNA (20 ¢M in base pairs), 15a (100, 10, 1, 0.1, 0.05, 0.01,
or 0.005 pM), 37 °C, 15 h.
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Figure 3.
(A) Increase in the melting temperature of calf thymus DNA treated with increasing

amounts of the pyridone 17a. Conditions: 2.09 mM NaH2PO*, 7.13 mM Na2HPO?, 928 1M
Na2? EDTA, 1.01 mM DMSO, pH 7.18. The pyridone 17a was incubated with ctDNA for 3 h
prior to UV thermal denaturation experiments (260 nm, heating rate: 0.5 °C/min). [DNA] =
32.0 mM bps. (B) Time-dependent modulation of the melting temperature of calf thymus
DNA treated with 1 or 2 bp equiv of the imine 15a. Conditions: 2.09 mM NaH2PO?, 7.13
mM Na2HPO4, 928 1M Na?EDTA, 1.01 mM DMSO, pH 7.18. The imine 15a was
incubated with ctDNA for 5 min, 1, 3, 6, or 15 h prior to UV thermal denaturation
experiments (260 nm, heating rate: 0.5 °C/min). [DNA] = 32.0 mM bps. (C) Time-
dependent DNA alkylation assay employing linearized pBR322 DNA and the unsaturated
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imine 15a. Conditions: Linearized pBR322 DNA (20 xM in base pairs), 15a (1 4/M), 37 °C,
0.1-15h.
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(A) Structures of the dimer 15c and the gem-dimethyl derivative 15d. (B) DNA alkylation
assay employing linearized pBR322 DNA and the dimer 15c or the gem-dimethyl derivative
15d. Conditions: Linearized pBR322 DNA (20 /M in base pairs), 15c¢ (10 xM) or 15d (500
or 100 pM), 37 °C, 0.1-15 h.
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(A) Structures of the analogues 15e-15i, 19, and 15j. (B) DNA alkylation assay employing
linearized pBR322 DNA and the unsaturated lactam 19 or the unsaturated imine 15j.
Conditions: Linearized pBR322 DNA (20 xM in base pairs), 19 (500, 100, 10, or 1 zM) or

15j (500, 100, 10, or 1 zM), 37 °C, 15 h.
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Figure 6.
Structural elements of colibactins that are essential to (b, c) or significantly enhance (a, d)

DNA alkylation activity.
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Scheme 1. Proposed M echanisms of Action and Divergent Reactivity of Precolibactin
Precur sors?

4Gray ball in 1-6 denotes the variable region of the structures.
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Scheme 2. Synthesis of the Unsaturated | mine 15a and the Pyridone 17a and Structures of the N-
Methyl Amide Derivatives 15b and 17b2

4Structures of the A-methylamides 15b and 17b. Reagents and conditions: (a) silver
trifluoroacetate (AgOTFA), Et3N, DMF, 0 °C; (b) concentrate from 0.5% HCO2H-5%
CH30OH-CHSCN, 23 °C, 87% (two steps); (c) propylphosphonic anhydride solution (T3P),
N-methylmorpholine, N, AMdimethylethylenediamine, THF, 23 °C, 93%; (d) trifluoroacetic
acid (TFA), CH2CI2, 0 °C; aqueous NaHCO3, 23 °C, 62%; (e) K2CO3, CH30H, 0 — 23 °C,
78% (two steps); (f) T3P, A-methylmorpholine, N, A-dimethylethylenediamine, THF, 23 °C,
46%; (g) TFA, CH2CI2, 0 °C, 86%.
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Scheme 3. Ring-Opening of the Unsaturated Imine 15b by Propanethiol®
aConditions: p-toluenesulfonic acid monohydrate, CH3CN-propanethiol-DMF (6:2:1),

23 °C, 34%.
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