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Abstract

Colibactins are genotoxic secondary metabolites whose biosynthesis is encoded in the ¢/b gene
cluster harbored by certain strains of gut commensal Escherichia coli. Using synthetic colibactin
analogues, we previously provided evidence that colibactins alkylate DNA by addition of a
nucleotide to an electrophilic cyclopropane intermediate. However, natural colibactin—nucleobase
adducts have not been identified, to the best of our knowledge. Here we present the first
identification of such adducts, derived from treatment of pUC19 DNA with c/t* E. coli. Previous
biosynthetic studies established cysteine and methionine as building blocks in colibactin
biosynthesis; accordingly, we used cysteine (AcysE) and methionine (AmetA) auxotrophic strains
cultured in media supplemented with L-[U-13C]Cys or L-[U-13C]Met to facilitate the identification
of nucleobases bound to colibactins. Using MS? and MS3 analysis, in conjunction with the known
oxidative instability of colibactin cyclopropane-opened products, we were able to characterize
adenine adducts derived from cyclopropane ring opening. This study provides the first reported
detection of nucleobase adducts derived from c/b* E. coliand lends support to our earlier model
suggesting DNA alkylation by addition of a nucleotide to an electrophilic cyclopropane.
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Colibactins are secondary metabolites encoded in a hybrid nonribosomal peptide
synthetase—polyketide synthase (NRPS-PKS) gene cluster, termed c¢/b, that is harbored by
certain strains of gut commensal Escherichia colil=>

The presence of the ¢/b cluster is epidemiologically correlated to colorectal cancer formation
in humans, and studies suggest colibactins are genotoxic and cause tumors in mouse models.

We previously provided evidence that colibactin genotoxicity derives in part from addition
of a nucleotide to an electrophilic cyclopropane,® a mechanism of DNA damage established
for several classes of natural products.”-8 Because natural colibactins have eluded isolation,
this conclusion was based on studies of synthetic colibactin analogues such as 1-3 (Scheme
1A). First, linearized pBR322 plasmid DNA was extensively degraded following treatment
with nanomolar concentrations of synthetic colibactin analogue 1, which bears the putative
electrophilic cyclopropane residue. Second, and consistent with the cyclopropane behaving
as a DNA electrophile, dimer 2 was found to form DNA interstrand cross-links. Finally,
construct 3, which is identical to 1 save for conversion of the cyclopropane to a geminal-
dimethy! substituent, did not lead to detectable levels of DNA damage (<500 @M
concentration), as expected if the cyclopropane were a DNA-reactive functionality.

Perhaps the strongest evidence implicating the cyclopropane as a reactive locus underlying
the genotoxicity of ¢/t E. coliwas obtained through studies of the resistance enzyme CIbS.
CIbS is encoded in the c¢/b cluster and was shown to be essential for bacterial viability.? We
demonstrated that purified CIbS cleaved the cyclopropane residue in synthetic colibactin 4,
ultimately resulting in formation of 3-hydroxytetrahydrofuran 7 (Scheme 1B).10 The
formation of 7 was shown to proceed by ClbS-catalyzed cyclopropane hydrolysis (4 — 5),
aerobic oxidation (5 — 6), and cyclization with concomitant reduction of the alkyl
hydrogen peroxide (6 — 7). This study established that the bacteria evolved a mechanism to
eliminate self-toxicity deriving from the reactivity of the cyclopropane.

Despite these advances, the identification of natural colibactin—nucleobase adducts has not
been described, to the best of our knowledge. In a recent study, c/6* E. coliwere
demonstrated to cross-link exogenous DNA.1! This suggested to us the possibility of
characterizing natural colibactin—nucleobase adducts directly from bacterial cultures. To
achieve this, here we conducted tandem mass spectrometry (MS) analysis of the products
formed after incubation of linearized pUC19 plasmid DNA with c/6* E. coliBW25113. We
conducted parallel assays using a cysteine auxotroph (AcysE) and a methionine auxotroph
(AmetA)12 cultured in media supplemented with L-[U-13C]Cys or L-[U-13C]Met,
respectively. Biochemical studies have established that the thiazole and aminocyclopropane
residues of colibactins are derived from cysteinel3 and methionine via SAM,13-15
respectively. Thus, products derived from c/b metabolites were expected to be mass-shifted
by 3 units for each cysteine or 4 units for each methionine in these auxotrophs, facilitating
their identification. ¢c/6™ E. coliwere used as a negative control.

Linearized pUC19 DNA and bacteria were incubated in M9 medium for 4.5 h at 37 °C. The
bacteria were separated by centrifugation, and the DNA was isolated and analyzed by
denaturing gel electrophoresis. As shown in Figure 1, DNA was cross-linked upon being

Biochemistry. Author manuscript; available in PMC 2020 February 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xue et al.

Page 3

exposed to c/b", AcysE, or AmetA E. colibut not upon being exposed to c/b™ E. coli, as
expected. The cross-linked DNA was digested with the Nucleoside Digestion Mix (New
England Biolabs) and analyzed by liquid chromatography and tandem MS.

Prominent peaks at /m/2522.1668, 538.1618, 540.1775, and 556.1722 (z=1) and m/z
261.5871, 269.5844, 270.5925, and 278.5899 (z = 2) were identified in DNA treated with
clbt E. coli. These peaks were mass-shifted by +3 or +4 units (z= 1) or +1.5 or +2 units (z=
2) in the AcysE/L-[U-13C]Cys or AmetA/L-[U-13C]Met cultures, respectively. The +3 or +1.5
mass shift in the products derived from the AcysE culture indicates the presence of only one
thiazole ring. These observed masses fit the proposed ion structures 8-11 within 1.5 ppm of
error (Figure 2 and Table 1).

The connectivity of 8-11 (in particular, the location of the adenine base) was established by
extensive MS2 and MS? analysis in conjunction with the mass shifts in the auxotrophic
strains anticipated on the basis of the known label origins of the thiazole and cyclopropane
residues.13.14

Thus, daughter ions 15 and 19 were observed in the MS spectra of 10 (Scheme 2). lon 14
was observed as a daughter ion in the MS and MS? spectra of 10, while ions 12 and 13 were
observed only in the MS? spectrum of 10. Thiazole 14 was mass-shifted by +3 units in the
AcysE culture but did not change in the AmetA culture, consistent with the known
biosynthesis of the thiazole residues from cysteine. lons 15 and 19 were mass-shifted by +4
units in the AmetA culture but did not shift in the AcysE culture, consistent with the
derivation of the cyclopropane from labeled methionine. The masses of adenine-H* adducts
were detected in the MS? spectrum of unlabeled 10 and its Cys and Met-labeled isotopologs
(error of <3 ppm). Indeed, the exact masses of 15 and 19 support incorporation of adenine,
and their attendant +4 mass shift in the AmetA auxotroph allows us to associate the adenine
residue with the region that contained the cyclopropane. lon 12 further fragmented to 16 and
17, and consistent with their structures, all five of the ions (10, 12, 13, 16, and 17) were
mass-shifted by +3 and +4 units in the Cys and Met auxotrophs, respectively. The
fragmentation of 17 to 16 results in a loss of 43 mass units. This difference is consistent with
loss of a fragment containing a nitrogen atom and supports the location of the hydroxyl
group in 17 and in its parent ions. Future studies will focus on determining the site of
formation of the bond to adenine (e.g., N7, C6-NH5).

Previously, it has been shown that advanced colibactins contain a two-carbon spacer
between the thiazole rings.1® This two-carbon spacer is derived from an a-aminomalonate
residue and has been shown to be essential for genotoxic effects.1”-18 The identification of
colibactin—nucleobase monoadducts 8-11 derived from the cross-linked precursor product
suggests a potential role for this two-carbon spacer in cross-linking and genotoxicity, as the
spacer and one of the thiazole rings are lacking in the detectable nuclease digestion products.
Additionally, the cellular role of the electrophilicity of the lactam of metabolites resembling
cyclopropane ring-opened 6 remains unknown. Further studies will be required to fully
elucidate these points.
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In summary, we have described the first structural evidence of the production of natural
colibactin—nucleobase adducts. This study lends further support to our earlier work
suggesting the cyclopropane as a DNA-reactive locus. Further studies will focus on
elucidating the second site of reactivity leading to formation of DNA cross-links.
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1 2 3 4 5 6 7
ladder vehicle cisplatin clb- clb* AcysE AmetA

Figure 1.
DNA cross-linking assays employing linearized pUC19 DNA and £. colivariants. Cisplatin

was used as a positive control: DNA ladder (lane 1), no treatment (lane 2), cisplatin (100
UM, lane 3), c/b- BW25113 E. coli(lane 4), clb* BW25113 E. coli (lane 5), AcysE clb*
BW25113 E. coli (lane 6), and AmetA ¢/t BW25113 E. coli (lane 7). Conditions for lanes 2
and 3: linearized pUC19 DNA (31 4M in base pairs), pH 5 sodium citrate buffer (10 mM),
4.5 h, 37 °C. Conditions for lanes 4 and 5: linearized pUC19 DNA, M9 medium, 4.5 h,

37 °C. Conditions for lanes 6 and 7: linearized pUC19 DNA, modified M9 medium
(containing L-[U-13C]Cys or L-[U-13C]Met for Cys and Met auxotrophs, respectively), 4.5 h,
37 °C. DNA was isolated and analyzed by denaturing agarose gel electrophoresis (90 V, 1.5
h).
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Figure 2.

Proposed structures of colibactin—adenine adducts derived from incubation of pUC19 DNA
with c/b* E. coli. Ad = adenine.
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(A) Structures of Synthetic Colibactins 1-3 and Their Reactivity toward DNA and (B)

Pathway for CIbS-Mediated Conversion of 4 to Hydroxyfuran 7
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Scheme 2.

Selected Fragmentation and Proposed Tandem MS Products Derived from 10
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High-Resolution Mass Spectrometry Data of Colibactin—-Nucleobase Adducts

Table 1.

strain ion z exp theo error (ppm)
cltt 8 1 5221668 522.1666 0.38
9 1 5381618 538.1616 0.37
10 1 5401775 540.1772 0.56
11 1 5561722 556.1721 0.18
8 2 2615871 261.5870 0.38
9 2 269.5844 269.5844 0.00
10 2 2705925 270.5922 111
11 2 2785899 278.5897 0.72
clrteysE [BC3l-8 1 5251765 5251767 0.29
[3C3]-9 1 541.1714 541.1717 0.46
[13C5)-10 1 5431874 543.1873 0.28
[BC3-11 1 5591822 559.1822 0.09
[3C3]-8 2 263.0920 263.0920 0.10
[13C3]-9 2 271.0897 271.0894 1.01
[3C3]-10 2 272.0976 2720972 1.38
[13C3]-11 2 280.0947  280.0947 0.09
clttAmetA  [C4]-8 1 526.1804 526.1800 0.76
[C-9 1 5421745 542.1750 0.92
[13C,]-10 1 544.1907 544.1906 0.18
[3C,-11 1 560.1860 560.1855 0.89
[3C,]-8 2 2635938 263.5937 0.38
[*C-9 2 2715914 2715911 110
[C,-10 2 2725992 272.5989 110
[3C,-11 2 2805965 280.5964 0.36
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