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Establishing causal links between bacterial metabolites and human
intestinal disease is a significant challenge. This study reveals the
molecular basis of antibiotic-associated hemorrhagic colitis (AAHC)
caused by intestinal resident Klebsiella oxytoca. Colitogenic strains pro-
duce the nonribosomal peptides tilivalline and tilimycin. Here, we ver-
ify that these enterotoxins are present in the human intestine during
active colitis and determine their concentrations in a murine disease
model. Although both toxins share a pyrrolobenzodiazepine structure,
they have distinct molecular targets. Tilimycin acts as a genotoxin. Its
interaction with DNA activates damage repair mechanisms in cultured
cells and causes DNA strand breakage and an increased lesion burden
in cecal enterocytes of colonized mice. In contrast, tilivalline binds tu-
bulin and stabilizes microtubules leading to mitotic arrest. To our
knowledge, this activity is unique for microbiota-derived metabolites
of the human intestine. The capacity of both toxins to induce apoptosis
in intestinal epithelial cells—a hallmark feature of AAHC—Dby indepen-
dent modes of action, strengthens our proposal that these metabolites
act collectively in the pathogenicity of colitis.
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he gastrointestinal tract provides an enormous interface to

mediate interactions with the resident microbial community
(1). Nutrients, metabolites, cellular components, and virulence
factors derived from trillions of gut microbes influence human
health and disease (2-4). During homeostasis, the stable mi-
crobial community also resists invasion of nonnative bacteria and
expansion of low-abundance, potentially harmful microbes
known as pathobionts (5-7). Disruption of microbial community
structure and function through factors such as inflammation,
diet, or medication leads to dysbiosis, characterized by decreased
diversity, loss of beneficial microbes, and the expansion of
pathobionts (7-9). Given the complexity of the gut ecosystem, we
currently understand little about conditions and mechanisms
enabling commensal microbes to become pathobionts.

Secreted microbial products are likely to perform key func-
tions in the transition from normal to disease-causing activities.
The gut microbiota harbors a vast biosynthetic capacity to gen-
erate natural products with remarkably diverse chemistries (10—
12). These have affinities for equally diverse targets and the
potential to mediate both interactions between microbes and the
host (1, 13). Identifying causative relationships between micro-
bial products and host phenotypes, however, remains an im-
mense challenge (14). Despite the difficulty of finding specificity
in this complex ecosystem, studies of enterotoxin-producing
Klebsiella oxytoca have revealed a surprisingly simple model of
pathobiont activity.
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K oxytoca is a resident of the human gut, yet in some patients
taking penicillin, expansion of this pathobiont results in antibiotic-
associated hemorrhagic colitis (AAHC) (15, 16), a right-sided
segmental colitis characterized by bloody diarrhea and severe
cramps. Colitogenic strains of K. oxyfoca carry a secondary me-
tabolite biosynthetic gene cluster that is critical to cause disease
in an animal model (17). The cluster encodes a nonribosomal
peptide assembly pathway similar to the pyrrolobenzodiazepine
(PBD)-producing synthetases of actinomycetes (18). We
isolated and determined the structure of tilivalline (TV), the
pyrrolo[2,1-c][1,4]benzodiazepine product of K. oxytoca (17). TV
induced apoptotic cell death and loss of barrier integrity in po-
larized human epithelial cells in vitro, suggesting that these ac-
tivities are key to K oxytoca pathogenicity in AAHC (17).

Recent elucidation of the biosynthesis of TV, however,
revealed that the enterotoxin gene cluster produces three distinct
secondary metabolites, two of which exhibit cytotoxicity (19-21).
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Klebsiella oxytoca. We present a detailed mode of action for
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anisms for the enterotoxicity of the metabolites allowing them
to act in tandem to damage the intestinal epithelium and
cause colitis.
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These studies showed that the nonribosomal peptide synthetase
(NRPS) platform does not yield TV directly, but instead an N-
acylprolinal, which reacts spontaneously to form two further sec-
ondary metabolites we named tilimycin (TM) and culdesacin (19).
The intrinsic reactivity of TM with indole yields TV. All three
substances are stable in vitro, and importantly, although culdesacin
has no obvious bioactivity, both TM and TV are cytotoxic to human
cells (19, 20).

Insights into the cytotoxic functionalities of these substances in
human cells are provided by their structures. TM and TV belong
to the PBD family of natural products, which exhibit antibacte-
rial and anticancer activity by alkylating DNA (22). This family
of potent cytotoxic agents has been extensively investigated for
use in systemic chemotherapy (23, 24). Structure—activity data
for PBDs imply that TM will form a similar PBD-DNA adduct
(25). By contrast, presence of an indole substituent on the dia-
zepine ring of TV should block this activity. The molecular basis
of TV cytotoxicity is thus an open question.

Here, we establish the causal links between K. oxyfoca me-
tabolites and disease. We first demonstrate that both cytotoxins
are produced in the human body and use a murine model to
determine their concentrations during an active phase of AAHC.
We identify the different molecular targets of TM and TV and

present a detailed mode of action study. Remarkably, the data
show that the enterotoxin gene cluster produces distinct DNA-
damaging (TM) and microtubule-stabilizing (TV) secondary
metabolites. Although the functionalities of the enterotoxins
differ, each substance triggered the apoptotic cell death char-
acteristic for the colonic epithelium in AAHC (16, 17). These
findings illustrate the versatility of bacterial host interactions
mediated by a single secondary metabolite biosynthesis pathway
and provide insights into the molecular mechanisms of patho-
biont activity.

Results

K. oxytoca Enterotoxins Are Produced in the Human Intestine. The
enterotoxin gene cluster (Fig. 14) encodes two NRPS modules,
NpsA and NpsB, and additional enzymes required to generate an
anthranilate precursor (19). Genetic inactivation of the NRPS-
operon eliminates cytotoxicity in vitro and pathology in vivo (17).
Two end products of this secondary metabolite pathway are cy-
totoxic: TM and TV (19, 20). In the report of Tse et al. (20), the
alternative name, “kleboxymycin,” was proposed for the sub-
stance we call TM. TV is formed by the intrinsic reactivity of an
imine intermediate of TM with indole. Since stool of healthy
humans typically contain millimolar concentrations of indole
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Fig. 1. Enterotoxins are present in vivo during colitis. (A) K. oxytoca aroX- and NRPS-operons are required to produce tilimycin (TM), which reacts spon-

taneously with indole to form tilivalline (TV). (B) Endoscopic images of the transverse colons of AAHC patient A with severe edema and a diffuse hemorrhagic
mucosa with erosions (Left) and a healthy subject (Right). (C) Representative HPLC-ESMS chromatograms; TM (m/z 235.1004, +1 ppm) and TV (m/z
334.1477, +1 ppm) detected in colonic luminal fluid obtained at colonoscopy (patient C) and stool (patient A) during acute AAHC and at day 3 (d3) but not day
5 (d5) after cessation of antibiotics. Ten micromolar TM and 10 nM TV in n-butanol were used as standards. *Peaks at retention time of 13 min (m/z
334.1477, +1 ppm) are interferences caused by sample matrix and the applied gradient. (D) K. oxytoca colony-forming units per gram of cecal content of mice
from control, drug, and K. oxytoca AHC-6 infection group (each n = 8) determined with indicated selection agar as means. (£) Colitis scores of colonized mice
compared with controls. Bars indicate medians (n = 8). Kruskal-Wallis test followed by Dunn’s multiple comparison (*P < 0.05). (F) TM and TV concentrations
detected in cecal content (n = 7) and feces (n = 8) of K. oxytoca colonized mice. Bars indicate means.
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(26), concomitant production of both cytotoxins TV and TM in
the gut is expected. To test this prediction, we analyzed colonic
fluid and stool samples of AAHC patients. Presence of both en-
terotoxins in human samples taken during the active phase of dis-
ease was confirmed (Fig. 1 B and C and SI Appendix, Table S1). The
triggering antibiotic therapy was terminated at diagnosis since pa-
tient conditions improve by halting selective growth of K oxytoca
(16). During the active phase of AAHC stool of patient A con-
tained both enterotoxins and 107 colony- fonnm% units (cfu) K
oxptoca-g™" in marked contrast to the 10% cfu-g™ feces typically
cultured from asymptomatic intestinal carriers of K oxytoca (27).
Follow-up stool samples of this patient also contained TM and TV
3 d later, but after 5 d the metabolites were no longer detectable
(Fig. IC) con51stent with reduced abundance of the pathobiont in
stool (10* cfu-g™"). The incidence of AAHC is very low; thus, the
number of patient samples available for analyses is quite limited.
Nevertheless, presence of both enterotoxins in human disease as
well as the temporal loss and elimination of the substances once
therapy is started are compelling observations linking the microbial
products to active colitis.

We then asked what concentrations of TM and TV are relevant
to disease. Endoscopy performed on AAHC patients is typically
preceded by acute diarrhea and colonic lavage; thus, physiologically
relevant concentrations of the enterotoxins cannot be determined
from the clinical samples. To address this key point quantitatively,
we developed analytic methods using a murine disease model. Cecal
contents and feces of mice colonized with K. oxyfoca AHC-6 were
collected during an active phase of AAHC (Fig. 1 D and E).
Samples of diseased animals (2 = 8) contained TM and TV, but
both enterotoxins were absent in control mice (S7 Appendzx Fig.
S1). TM was more abundant in cecal content (24 + 4 nmol-g™") and
feces (136 + 40 nmol-g~ ) of infected mice compared with TV (1 +
0.4 and 19 + 6 pmol-g™, respectlvely) (Fig. 1F). Enterotoxin con-
centrations were also higher in feces compared with cecal contents.
This finding might reflect the consistency of samples (liquid/solid
ratio) or, possibly, continued production of toxins during intestinal
passage. We conclude that TM and lower amounts of TV are
produced in the human and murine intestine. The level of K. oxy-
foca colonization in experimental animals is much higher than in
patients during active AAHC (10" vs. 107 cfu-g™" stool); thus, we
expect that the quantities of K oxyfoca enterotoxins sufficient to
cause colitis in patients are lower than the concentrations de-
termined in the murine model.

TM and TV Disrupt Cell Cycle Progression. Growth-inhibitory activ-
ities of TM and TV were determined in a variety of human tu-
mor cell lines and nontransformed vascular endothelial cells
revealing 50% inhibitory concentrations (ICsp) in the (sub)mi-
cromolar range (SI Appendix, Table S2). In contrast to TV, TM
also exhibited antibacterial activity (SI Appendix, Table S3). To
gain insights into the cellular processes affected by these gen-
erally toxic compounds, we next tested their effects on cell cycle
progression. Using flow cytometry, distinct profiles of cell cycle
disruption were observed for populations of HeLa cells treated
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with TV, TM, or solvents. TV treatment of HeLa cells led to an
accumulation of cells in the G,/M phase (Fig. 2). TM-treated
cells were markedly arrested in G; or S phase.

TM Is a DNA-Damaging Agent. Accumulation of a large fraction of
cells at Gy/S phase following exposure to TM is consistent with its
predicted DNA-alkylating activity. We used biochemical and cel-
lular assays to test this possibility. Structure—activity relationship
data have shown that the diazepine ring system of PBDs interacts
with the minor groove and stabilizes double-stranded DNA
(dsDNA) to thermal denaturation in vitro (25). We determined a
0.5 °C higher melting temperature (7,,) for a dsSDNA containing a
putative PBD binding site after reaction with an equimolar amount
of TM compared with solvent (SI Appendix, Fig. S24). This value is
in good agreement with the 0.7 °C AT, measured for the closest
structurally related natural product analog DC81 using calf thymus
DNA (28) and less than GWL-78 (SI Appendix, Fig. S2B), a PBD-
poly(N-methylpyrrole) conjugate engineered to strengthen minor
groove contacts (29). We then asked whether the sequence selec-
tivity predicted for TM (30) blocks site-specific endonuclease ac-
tivity. Indeed, cleavage of a BamHI recognition site was inhibited in
a concentration-dependent manner by TM and control GWL-78,
but not by TV or buffer (Fig. 34). By contrast, TM did not inhibit
an endonuclease with an A-T-rich binding site (SI Appendix,
Fig. S2C).

DNA alkylation at guanine bases by a PBD or other agents
should trigger a host cellular DNA damage response and activate
multiple DNA repair enzymes including the base- and nucleotide-
excision repair pathways. Incomplete excision removal of the PBD
adduct may also lead to DNA single- and double-strand breaks (31).
To test whether the K oxytoca enterotoxins exert DNA damage,
HeLa cells were treated with TM, TV, or the DNA-alkylating
control GWL-78, and then subjected to comet analysis, a gel
electrophoresis-based method to measure DNA damage in indi-
vidual cells. Significantly increased DNA fragmentation was ob-
served with HeLa cells after TM or GWL-78 treatment, compared
with TV or solvents. Similar results were obtained with the colon
cancer cell lines HT-29 and SW48 (Fig. 3B and SI Appendix, Fig.
S2D). Lysates of the TM- and GWL-78-treated HT-29 cells also
exhibited increased phosphorylation of the cell cycle checkpoint
kinases CHK1 and CHK2 (Fig. 3C). Thus, the effects of TM on
DNA alert master regulators of cellular responses to DNA damage
and replication stress, and lead to accumulation of DNA single-
strand and double-strand breaks.

To assess whether the intestinal epithelium exhibits genomic
instability when exposed to TM, we chose to analyze tissues
before day 5 of infection when apoptosis and exfoliation of the
lining are excessive (Fig. 1E; see Fig. 64). We used a pilot study
to monitor the temporal increase in TM and TV concentrations
in stool during the first 72 h of colonization (SI Appendix, Fig.
S2F). TM was detected after 12 h and increased thereafter. TV
production was comparatively delayed. To focus on the bio-
activity of TM, we colonized additional animals with K. oxytoca
AHC-6 or the toxin-deficient npsB mutant for 24 h when TV

Fig. 2. TV arrests cells at Go/M phase and TM ex-
tends S phase. Hela cells were treated with TV
(10 pM), TM (2.5 pM), DMSO (D), or n-butanol (B) for
12 and 24 h. DNA was quantified by flow cytometry
of Pl-stained cells. (A) One representative cell cycle
profile per treatment is shown. (B) Relative pro-
portion of cells in phases are indicated as means (n = 3).
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levels in stool should still be low (SI Appendix, Fig. S2E). Upon
killing, we determined cells per gram of stool and quantified TM
and TV in cecal contents and feces (SI Appendix, Fig. S2 F and
G). Trace amounts of TM were also detected in pooled blood
samples and in some cases kidney of infected animals. Comet
analysis revealed significant DNA fragmentation in enterocytes
isolated from ceca of mice colonized by wild-type K. oxyfoca, but
not the toxin-deficient mutant (Fig. 3D).

To gain insights into how TM-induced DNA damage is sensed
and repaired in host cells, we next asked whether mutation of
genes encoding key repair factors would render cells hypersen-
sitive to TM. Inactivating mutations were generated in the hu-
man haploid cell line HAP1 (32, 33). Equal numbers of cells for
each mutant line were cultured with increasing concentrations of
TM, TV, or controls, and cell viability was measured (Fig. 4 4
and B and SI Appendix, Fig. S3 A and B). Illudin S was chosen as
the DNA-alkylating control because it is well characterized in
this assay and is closer in size to TM than GWL-78 (SI Appendix,
Fig. S34). We observed pronounced hypersensitivity to TM with
mutant cells lacking the Cockayne syndrome group A or B (CSA
or CSB) proteins compared with wild-type survival. These factors
mediate transcription-coupled repair (TCR), a subpathway of
nucleotide excision repair (NER) that targets DNA alterations
blocking translocation of RNA polymerase through expressed
genes. Cells lacking the NER factor xeroderma pigmentosum
protein A (XPA), which functions downstream of CSA/B,
also showed significantly increased susceptibility to multiple
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mouse), and significance was determined with
Mann-Whitney test (*P < 0.05).

concentrations of TM. Lower viability was not detected for any
mutant cell line tested with TV compared with wild type, but
mutant cells exposed to control substance illudin S exhibited a
pattern of sensitivity similar to TM (SI Appendix, Fig. S3 A and B).
DNA lesions caused by illudin S are efficiently repaired by TCR,
but poorly recognized by the global genome branch of nucleotide
excision repair (GG-NER) in which XPC functions (34). The re-
sults of the short-term dose-response assay were confirmed with a
long-term colony formation assay (Fig. 4 C and D and SI Appendix,
Fig. S3 C and D). The results of these experiments verify that
HAP1 cells lacking CSA, CSB, and XPA were significantly more
sensitive to TM, revealing that TCR proteins can recognize the
DNA alterations caused by TM. If this mechanism of DNA damage
recognition is also valid in vivo, we would expect a higher incidence
of lesions to be detected in nontranscribed regions of the genome
compared with highly expressed genes. To test this hypothesis, we
performed a long amplicon analyses on genomic DNA isolated
from cecal enterocytes of infected mice. Indeed, the lesion burden
measured for a 8.7-kb region of the f-globin gene exceeded the
frequency of lesions scored in a 6.6-kb region of the heavily tran-
scribed DNA-polymerase § gene and a 10-kb segment of the
mitochondrial genome. The lesion burden in all fragments was
significantly higher in the DNA of mice infected with wild-type
bacteria compared with animals colonized with the mutant (Fig.
4F). We conclude that TM is a DNA-binding and -damaging
agent with genotoxic effects on host cells in vitro and in vivo.
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Fig. 4. TM induces hypersensitivity in human DNA repair-deficient cells and causes DNA lesions in vivo. (A) Dose-response survival curves of TM-treated
mutants deficient in CSA, CSB, and XPA, but not XPC, show TM hypersensitivity compared with wild type (WT). Values are normalized to solvent controls and
represent means + SEM of three technical replicates. Data from one of three biological replicates are shown. (B) Cell viability shown as means + SEM at two
assay concentrations (indicated with arrows in A). (C) Colony formation by cells treated with n-butanol (B) or the indicated concentrations of TM before
recovery in drug-free medium. Macroscopic colonies were stained with crystal violet. (D) Values of C normalized to solvent. Means + SEM are shown (n = 3).
Significance of results for mutants compared with WT was determined with one-way ANOVA followed by Sidak’s multiple comparison (*P < 0.05). (E) Higher
lesion burden in genomic DNA isolated from cecal enterocytes of K. oxytoca AHC-6 (WT) colonized mice (24 h) compared with mice infected with the AnpsB-
mutant was detected with long amplicon quantitative PCR. Lesions/10 kb in f-globin, DNA-polymerase $ (POLB) and in a region of the mitochondrial genome
(mito.) are shown. Bars indicate means (n = 9), and significance was determined with unpaired t test (*P < 0.05).

Tubulin Is the Molecular Target of TV. The results above indicate
that TV has neither DNA-binding nor genotoxic activity, as
expected. Exposure to TV blocked cell cycle progression at Go/M
phase (Fig. 2). TV also impeded closure of a scratch created in a
monolayer of HeLa cells (SI Appendix, Fig. S4). Considering that
microtubules form the mitotic spindle, constitute the cytoskeleton,
and facilitate cellular movement, we asked whether TV inhibits
microtubule-dependent processes. To observe the effects of TV on
the microtubule network, A549 lung carcinoma cells and HT-
29 colon cancer cells were exposed to TV and stained with anti-
bodies to tubulin or a spindle pole marker (Fig. 54 and SI Appendix,
Fig. S5 A and B). Microscopy revealed aberrant spindle morphol-
ogies and micronucleation in A549 cells treated with TV, compared
with solvent, in a manner resembling the effects of the microtubule-
stabilizing drug paclitaxel (PTX) (Fig. 54, 1-8). TV induced for-
mation of abnormal type II bipolar spindles with atypically short
distances between poles and poor DNA alignment at the metaphase
plate (Inset 2). With increasing concentrations of TV, type III tri-
polar and multipolar spindles (small star-shaped aggregates of mi-
crotubules and a ball of DNA) appeared (Insets 3-7) and the
number of micronucleated cells increased (3-7, filled arrows). PTX-
induced type III spindles are mostly monopolar and with more
dense star-shaped microtubules (inset 8). Interphase microtubules
of TV treated cells acquired a straight, parallel orientation (4, 5)
different from that of control cells. Loosely packed bundles
appeared in some cells (4, 6, and 7, open arrows) in contrast to
more abundant and compact bundles in cells treated with PTX (8,
open arrow). Similar results were obtained for HT-29 cells (S
Appendix, Fig. S5 A and B). These results imply that TV is a
microtubule-stabilizing agent.

To test whether TV binds tubulin directly, we assayed poly-
merization of purified ap-tubulin heterodimers in vitro in the
presence of TV, or control substances: PTX, the destabilizing
drug nocodazole, and TM. TV but not TM stimulated the for-
mation of polymers in a manner resembling PTX. This activity
for TV was confirmed with independent protein preparations
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and different assay conditions (Fig. 5B and SI Appendix, Fig.
S5C). Taken together, the data indicate that the TV effect on po-
lymerization manifests at the nucleation phase, which occurs faster
with TV than in buffer alone, and in the total amount of microtu-
bules accumulated at the plateau phase. Transmission electron
micrographs of reaction products verified that the increased ab-
sorbance we measured was due to formation of microtubules, not
other polymers or aggregates (Fig. 5C). We conclude that TV in-
creases polymerization of tubulin into microtubules.

To explore the mechanism underlying this activity, we in-
vestigated the stoichiometry of TV in the polymer. Polymerization
products were fractionated by centrifugation, and the proportion of
TV cosedimenting with microtubules vs. the fraction remaining in
the supernatant was determined by HPLC-UV/VIS analysis. In this
experiment, we also varied the nucleotide content of tubulin. The
protein is active for microtubule assembly in the GTP-bound state,
but hydrolysis to GDP results in an inactive conformation; thus,
GTP hydrolysis in the polymers and GDP/GTP exchange control
the assembled state of tubulin (cartoon, Fig. 5C). We compared
cofractionation after polymerization reactions in the presence of
GTP or guanosine-5'-[(a,B)-methyleno]triphosphate (GMPCPP), a
GTP derivative that hydrolyzes slowly, mimics the GTP-like state of
tubulin, and extends it for a longer period of time. HPLC-UV/VIS
analysis (Fig. 5D) showed a ~2.6-fold increase in the proportion
of TV recovered in the microtubule-containing pellet for the
GMPCPP reaction products compared with the GTP-containing
products. This finding indicates that TV interacts better with tu-
bulin loaded with GMPCPP than with GTP. Given that GMPCPP
withstands hydrolysis in the microtubule longer than GTP, these
results suggest that the GTP-like state of tubulin favors the binding
of TV. By contrast, PTX drives inactive GDP-tubulin into micro-
tubules by replacing the requirement for the y-phosphate of GTP to
activate the protein. This interaction stabilizes microtubules by
preferential binding of PTX to assembled tubulin with a 1:1 stoi-
chiometry. The properties of TV—tubulin interactions observed here
provide strong evidence that TV and PTX stabilize microtubules by
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Fig. 5. TV targets tubulin. (A) A549 cells were treated with DMSO, increasing doses of TV and PTX for 24 h. DNA was visualized with Hoechst 33342 (blue)
and a-tubulin with antibody (green). Insets are mitotic spindles from the same preparation. (B) Tubulin polymerization in the presence of effectors TV
(100 uM), PTX (10 pM), TM (10 pM), and nocodazole (N) (10 pM) was monitored via Az4o over time. Shown are means (n = 4). (C) Electron micrographs confirm
that turbidity reflects microtubule formation in reactions with DMSO, TV (75 pM), and PTX (10 pM). (D) TV present in polymers or supernatant was analyzed
via HPLC-UV/VIS. Bars indicate distribution of TV following reactions without or with tubulin plus nucleotide. Shown are means + SEM (n = 3), and significance
was determined with one-way ANOVA followed by a Bonferroni post hoc test (*P < 0.05).

different mechanisms. If so, we would also expect tumor cells that
have acquired resistance to PTX, due to mutations in p-tubulin
affecting drug binding, to remain susceptible to TV. Indeed, two
PTX-resistant ovarian cancer lines (35), 1A9PTX10 and
1A9PTX22, were equally sensitive to TV (ICsy = 4.5 and 1.9 pM,
respectively) as the parental line 1A9 (ICsy = 3.6 pM), whereas
higher doses of PTX were required to inhibit growth of
1A9PTX10 (IC5o = 29.9 nM) and 1AIPTX22 (ICs5o = 30.9 nM)
compared with 1A9 (ICsy = 2.7 nM).

Cytotoxicity and AAHC. The predominant histopathological feature
of AAHC in humans and animal models are epithelial alterations
characterized by increased apoptosis (Fig. 64) and mucosal hem-
orrhage. Our earlier work with TV showed that cellular exposure
induces apoptosis (17). Relative abundances of the enterotoxins
measured in patient and mouse samples in this study imply a pre-
dominant role for TM in pathogenicity. We therefore measured
caspase 3/7 activity in SW48 cells treated with TM or TV (Fig. 6B),
confirming that the metabolites act independently to induce apo-
ptotic cell death. Induction of cellular apoptosis involved loss of the
prosurvival Mcl-1 protein (Fig. 6C). Degradation of Mcl-1 was
observed following exposure to each enterotoxin as well as the
apoptosis inducer PTX. Nonetheless, the molecular targets we
identified for the enterotoxins support the prediction that the
mechanisms leading to apoptosis will differ.

To assess whether tumor suppressor p53 (TP53) gene ex-
pression was up-regulated upon exposure to the cytotoxins, we
measured total p53 protein with SW48 cells, since these carry the
wild-type TP53 gene. Total pS3 protein was elevated through
treatment with DNA-reacting agents TM and GWL-78 (Fig. 6D).
In a cascade of downstream reactions, p53 can activate a large
number of genes including genes encoding DNA damage rec-
ognition components of NER. Activation of p53 for a DNA
damage response involves phosphorylation of Serl5. Activation
at this specific residue was indeed detected in response to both
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DNA-reactive substances TM and GWL-78, but not by the tu-
bulin inhibitor TV (Fig. 6D). This result strengthens the notion
that the cellular responses to the K. oxytoca enterotoxins trigger
distinct pathways leading to cell death.

Discussion

Functional characterization of intestinal metabolites and signals in
host-microbiota—pathogen interactions is a difficult challenge, but
also indispensable in understanding host-microbe interactions rel-
evant for the development of intestinal disease. This study shows
that the distinct chemistries of the K. oxyfoca enterotoxins alter their
molecular targets and confer different functionalities.

The PBD ring system of TM meditates interactions with DNA,
which are blocked by the indole substituent in TV. TM showed
activities in vitro characteristic for the DNA-reactive PBD fam-
ily: duplex stabilization and endonuclease protection, induced
DNA damage signals, G/S cell cycle arrest, and DNA frag-
mentation in cellular model systems. Enterotoxin production in
vivo increased genome instability and lesion burden in ceca of
infected mice, thus validating the genotoxic mode of action for
TM. Whether these effects are due to the predicted TM-DNA
adduct formation remains to be answered by structural analysis
of the complex. Previous work has shown that the twist of the
PBD ring system allows the molecule to fit in the DNA minor
groove, causing very little distortion of the overall DNA struc-
ture (36). Accordingly, DNA repair mechanisms have difficulty
recognizing this DNA adduct (31). We identified TM hyper-
sensitivity in TCR mutants. TCR preferentially removes DNA
lesions that block translocation of RNA polymerase II (Pol II)
(37). CSB (also known as ERCC6) recognizes and binds lesion-
arrested Pol II to initiate TCR. The recent structures determined
for the Pol II-CSB complex from yeast (38) revealed that CSB
(Rad26) promotes Pol II bypass of modestly bulky lesions to
rescue transcription arrest, or when Pol II persists at bulkier
sites, to initiate TCR. CSB is thought to recruit additional repair
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Fig. 6. In vitro effects of TM and TV match features of AAHC. (A) Histo-
pathological apoptosis scores of colons of untreated (control), amoxicillin/clav-
ulanate treated (drug), and mice colonized with K. oxytoca (AHC-6). Bars indicate
medians (n = 8). Kruskal-Wallis test followed by Dunn’s multiple comparison (*P <
0.05). (B) Percent caspase 3/7-positive SW48 cells without (-) or after 24-h treat-
ment with 2 pM TM, 60 uM TV, 20 nM GWL-78 (+), 2 pM staurosporin (ST), and
solvents (B and D). Values are means + SD (n = 3). (C) Total Mcl-1 protein in HT-
29 cells treated 0 and 20 h with TM, TV, PTX, or solvents. Means + SEM of signal
for total Mcl-1 normalized to p-actin and solvents obtained from three
independent cell lysates are shown (Right). (D) Total p53 protein and
Ser15 phosphorylation (p-p53) detected in SW48 lysates treated 12 h with TM,
TV, and GWL-78 (+) as indicated (Left). Means + SEM of signal for total
p53 normalized to B-actin obtained from three independent cell lysates are shown
(Right). One-way ANOVA followed by Sidak’s multiple comparison (*P < 0.05).

factors such as CSA (also known as ERCCS), UVSSA, XPG, and
TFIIH in human cells (37). CSA and CSB have a further regu-
latory role in general transcription restart following genotoxic
stress (39). In GG-NER, the lesion site and helix distortions are
initially recognized by the heterotrimeric XPC protein complex
or the UV-damaged DNA-binding protein. After lesion de-
tection, both TCR-NER and GG-NER rely on the same ma-
chineries to remove the DNA lesion, which includes the lesion
binding and verifying factor XPA (40). In good agreement with
these findings, mouse cecal cells exposed to the enterotoxins in
vivo carried a higher abundance of lesions in a nontranscribed
region of the genome compared with a highly expressed gene.
Altogether, these data indicate that TM acts as a genotoxin and
specifically requires TCR for its removal from DNA.

In contrast, the pentacyclic PBD TV is a tubulin-targeting com-
pound. Biochemical experiments indicate that TV exerts a stabi-
lizing effect on microtubules: enhancing both nucleation and
elongation phases of polymerization. This finding is surprising in
that, although plants and marine sponges are a rich source of
microtubule-stabilizing compounds, bacteria are less common pro-
ducers (41). The vast majority of microtubule-stabilizing agents bind
within one of two distinct nonoverlapping sites on tubulin: the
taxane or peloruside site (41). Microtubules assembled in the
presence of TV contain a small fraction of the compound bound to
the polymer. This quantitative relationship differs strikingly from
the taxane and peloruside site ligands, which bind stochiometrically
to the microtubules (42). Notably, the bound fraction of TV in-
creased when microtubules were assembled in the presence of the
slowly hydrolyzable nucleotide GMPCPP. The longitudinal contacts
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between GDP tubulin subunits in microtubules are more com-
pressed than those of GMPCPP microtubules (43). It is also known
that this compression can alter binding properties of drugs with an
interfacial binding site (44).

From a structural point of view, a drug able to bind into the
GMPCPP longitudinal interface and not in the GDP longitudinal
interface will keep the interface in the expanded conformation, thus
mimicking the y-phosphate effect and stabilizing the microtubule
cap. As a result, assembly would be favored, as we observed in the
presence of TV. This finding points to a mechanistic hypothesis by
which TV could be an interfacial ligand of the longitudinal interface
that acts as a matchmaker (for review, see ref. 42). In this model,
TV would only fit if the interface is in the expanded GTP/GMPCPP
state and not in the compressed GDP state. This tubulin-TV in-
teraction would stabilize the GTP/GMPCPP state, thus preventing
microtubule disassembly and enhancing its polymerization, as ob-
served in the biochemical assays (Fig. 5 and SI Appendix, Fig. S5).
Based on our results, we propose the longitudinal interface of tu-
bulin dimer association as the binding site for TV, with the re-
quirement that the interface is in the expanded GTP/GMPCPP
conformation. This mode of binding would stabilize the active in-
terface preventing depolymerization and stabilizing microtubules. In
conclusion, TV is a microbiota-derived tubulin inhibitor, which is
now linked to human intestinal disease.

Our findings showing that TM and TV are produced in the hu-
man body combined with evidence for the cellular processes they
disrupt raise several important questions. Many successful anti-
proliferative drugs bind to tubulin and suppress microtubule dy-
namics. The potential importance of TV in cancer therapeutics
needs to be explored. We ask therefore, whether—despite low
potency—detailed knowledge of TV-tubulin interactions could be
valuable given the unusual mode of longitudinal association sug-
gested by this study. This is particularly pertinent considering the
problem of innate and acquired resistance to tubulin inhibitors and
their side effects (45) that ultimately limits their clinical success (41).

Second, is TM tumorigenic? Colibactins are another group of
microbiota-derived small-molecule genotoxins produced by select
members of the Enterobacteriaceae (46-49). In contrast to TM’s
DNA-damaging activity, alkylation of DNA by colibactin induces
acute DNA double-strand breaks and megalocytosis in eukaryotic
cells (50). Incomplete repair of host DNA damage following in-
fection by colibactin-proficient Escherichia coli leads to chronic
mitotic and chromosomal aberrations as well as increased frequency
of gene mutation (51). This contribution to cellular transformation
is thought to promote tumorigenesis in colorectal cancer (CRC)
(52). Healthy humans (2-9%) carry K. oxytoca in their intestine and
~50% of isolates are toxin producers (15, 16, 53, 54). Continuous
secretion of TM over a lifetime of colonization may cause low-grade
DNA damage that could trigger chromosomal instability and con-
tribute to cellular transformation. Thus, the risk of TM toxicity in
sporadic and hereditary CRC will be important to assess.

Third, given the potential harm done to the host, we also
wonder why gut residents produce genotoxins. Nougayrede et al.
(50) proposed that colonizing E. coli may use colibactin to slow
the renewal of enterocytes by blocking the cell cycle, thereby
prolonging bacterial persistence. Unlike colibactin, TM release
does not require host cell contact. K. oxyfoca that secrete TM did
not show a colonization advantage over the mutant strain during
antibiotic induced dysbiosis (17). However, the antibacterial
activity toward other gut residents shown in this study implies
that TM-mediated antagonism of microbial competitors may
confer the real advantage to K. oxyfoca during homeostasis.

Finally, the intrinsic reactivity of TM with available indole to
produce TV is an unusual feature of this system. Conversion of
TM to TV repurposes the molecule, alters its cellular effects on
the host, and presumably mediates a different spectrum of mi-
crobe—microbe interactions within this niche. In conclusion, the
K. oxytoca enterotoxin system contributes remarkable functional
versatility to this organism’s activities as a pathobiont of the
human intestine.
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Methods

Human Colonic Luminal Fluid and Stool Samples. A 29-y-old female patient (A)
suffering from systemic lupus erythematosus was treated with ampicillin/
sulbactam for pneumonia and dexibuprofen for arthralgia. After 12 d of
antibiotic therapy, she developed severe abdominal pain and hemorrhagic
diarrhea. Intestinal ultrasound and colonoscopy showed severe segmental
hemorrhagic colitis starting in the descending colon. Symptoms improved 2 d
after stopping the antibiotic therapy, and the colitis subsided completely
after 10 d without additional specific therapy. Stool culture was negative for
Clostridium difficile, Yersinia, EHEC, Shigella, Campylobacter, and Salmo-
nella species. Patient B, a 32-y-old female, and patient C, a 35-y-old female,
were treated with amoxicillin/clavulanate in addition to nonsteroidal
antiinflammatory drugs for sinusitis and as antibiotic prophylaxis after
orthognathic surgery, respectively. Both patients developed bloody diarrhea
with abdominal cramps and were diagnosed with acute AAHC by colonos-
copy. Colitis subsided after discontinuation of the triggering antibiotic
therapy. K. oxytoca isolates from patients A, B, and C carry the enterotoxin
gene cluster as determined by PCR and were positive for cytotoxicity. Colonic
luminal fluids aspirated during diagnostic colonoscopy and stool samples
were stored at —20 °C. The protocol for sample acquisition was approved by
the ethics committee of the Medical University of Graz (17-199 ex 05/06) and
patients’ informed consent was obtained.

Mouse Infection Models. Animal experiments were performed as previously
described (17). Adult female C57BL/6NCrl mice with SOPF status (Charles
River; Janvier Labs) were housed in individually ventilated cages. Studies
were performed in accordance with the Commission for Animal Experiments
of the Austrian Ministry of Science (GZ 66.007/0006-11/3b/2011 and GZ:
BMWFW-66.007/0002-WF/V/3b/2017) and the local ethics committee.

For the AAHC model, 8-wk-old mice of treatment groups received Curam
(amoxicillin/clavulanate, 2,000/200 mg; Sandoz) 100 mg/kg/treatment in-
traperitoneally twice daily at t = 0, 8, 24, 32, 48, 56, 72, and 80 h. Mice were
infected intragastrically three times (t = 0, 24, and 48 h) with 1 x 10° cfu of K.
oxytoca AHC-6 (with chromosomally integrated kanamycin resistance
marker) resuspended in 100 pL of LB broth. At day 5, the mice were killed by
cervical dislocation, and the entire intestinal tract was removed.

For short-term colonization experiments, 8- to 13-wk-old mice were ad-
ministered amoxicillin (0.4 mg-mL‘1; Genaxxon Bioscience) in drinking water
and mice of treatment groups were infected intragastrically once with 1 x
108 cfu of K. oxytoca AHC-6 or AnpsB.

Colonization by K. oxytoca was quantified via plating 0.02-0.3 g of cecal
content homogenized in LB broth on SCAI agar and selective CASO agar
(50 pg-mL~" kanamycin). Cecal content was stored at —80 °C for HPLC-
electrospray mass spectrometry (ESMS) measurements, and cecal tissue was
stored in formalin for histopathological analysis as previously described (17).

Cell Culture and Test Substances. The HAP1 cell line is a derivative of near-
haploid leukemia cell line KBM7 that was reprogrammed to adherent
growth (55). HAP1 and mutant derivatives were grown in Iscove’s modified
Dulbecco’s medium containing L-glutamine and 25 mM Hepes, pH 7. Hela
cells were cultured in DMEM and T84, HT-29 (CLS Cell Lines Service), and
A549 cells in a 1:1 mixture of Ham’s F-12 and DMEM supplemented with
2 mM glutamine. 1A9, PTX10, PTX22 (35), and LNCaP cells were cultured in
RPMI medium 1640 supplemented with 1 mM sodium pyruvate. MCF7 were
cultured in minimum essential Eagle medium supplemented with 2 mM
glutamine and 1 mM sodium pyruvate. Endothelial cell growth medium was
used for the cultivation of human umbilical vein endothelial cells (Promo-
Cell). SW48 were grown in McCoy’s 5A (modified) medium. All media were
supplemented with 10% FBS and 100 pg-mL~' penicillin/streptomycin
(Gibco). Cell lines were obtained from ATCC (if not stated otherwise) and
incubated at 37 °C with 5% CO; in 95% humidity.

n-Butanol solutions of synthetic TM, and DMSO solutions of synthetic TV,
GWL-78, PTX, nocodazole, staurosporin, and illudin S were stored at —20 °C.

Metabolite Analysis. Human stool samples and cecal contents and feces of
mice and control mice spiked with TM and TV were mixed 1:1 (wt/vol) with
n-butanol for 5 min, centrifuged [16,000 x g, 15 min, room temperature (RT)]
and filtered (nylon, 0.2 pm). Butanol extracts of mouse cecal contents from
the AAHC model were mixed with “Silica Gel 60" (particle size, 40-63 pm;
Merck) and loaded into a Pasteur pipette containing glass wool. All samples
were prepared with MeOH (HPLC grade) and CHCls (99.2%, stabilized with
0.6% EtOH). The crude extracts were treated with 30 pL of MeOH, mixed
thoroughly by vortexing (20 s), and ultrasonicated (3 min, 22 °C) until ho-
mogeneity. The mixtures were applied on prepared silica columns [height,
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2 c¢m; conditioned with CHCI3/MeOH, 1:1 (vol/vol)] and allowed to enter the
pad via gravity. The pad was carefully eluted with portions of CHCls/MeOH
(1:1) (vol/vol; 5 x 500 pL), the combined extracts were concentrated by re-
moving the solvents (22 °C, 60 min) and dried on the rotary evaporator
(8 mbar, 40 °C, 8 min). The samples were stored at —18 °C.

Human colonic luminal fluid from patient A was centrifuged (4,000 x g,
30 min, RT). Supernatant was filtered (0.45 and 0.22 pm), mixed 1:1 (vol/vol)
with n-butanol by vortexing (30 s), and centrifuged (10,000 x g, 5 min, RT).
Colonic luminal fluids of patients B and C were mixed 1:1 (vol/vol) with n-
butanol, vortexed for 5 min, and centrifuged (16,000 x g, 15 min, RT).
Supernatants were filtered (0.22 um). The organic phase was concentrated
to dryness via vacuum centrifugation at 45 °C. Dried extracts were stored
at —20 °C. Colonic fluid extract of patient A was purified before measure-
ment. The crude extract was dissolved in 200 uL of MeOH and applied to a
preparative TLC plate (silica gel; #2513040; 1,500 um; 20 x 20 cm). The plate
was evolved using CHCls/MeOH (=20:1) (vol/vol), and then air-dried. The
silica gel in the region R¢ = 0.1-0.5 was scraped into 150 mL of MeOH. The
mixture was stirred for 20 min at 22 °C and filtered through a cellulose filter.
The pad was rinsed with 100 mL of MeOH, and the solvent was removed
under reduced pressure.

HPLC-High-Resolution-ESMS. For HPLC-high-resolution (HR)-ESMS analysis,
samples were re-extracted in MeOH (300 pL), transferred to sterile auto-
sampler vials (polypropylene, 250 pL), and held at 20 °C in the autosampler
before measurement. HR-ESMS measurements were performed on a Q-
Exactive Hybrid Quadrupole-Orbitrap MS after HPLC on a Dionex Ultimate
3000 series instrument (Thermo Fisher Scientific). The HR-MS applies an at-
mospheric pressure electrospray ionization source (ES) using nitrogen as
nebulizer and drying gas. Measurements were performed in positive ioni-
zation mode, with a drying gas temperature of 440 °C, spray voltage of
3.5 kV, and a resolution of 70,000 (FWHM). The HPLC system was equipped
with a Shodex Asahipak ODP-50 column (4.0 x 125 mm; 5-um particle size)
using mobile phases A [water including 0.1% formic acid (vol/vol)] and B
(acetonitrile) under gradient elution conditions: 0-10 min, 10-12.5% B; 10—
10.5 min, 12.5-30% B; 10.5-15 min, 30% B; 15-25 min, 30-50% B; 25-30 min,
50% B; 30-30.5 min, 50-10% B; and 30.5-35 min, 10% B. lons were recorded
as protonated [M+H]* form in single-ion monitoring mode and masses set to
m/z: 235.1077 (TM) and 334.1550 (TV). Column temperature was 30 °C; flow
rate, 0.5 mL-min~"; and injection volume, 10 pL.

Cytotoxicity Assay. Cell survival was measured via 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) staining after 48-h incubation with
TM and TV, as previously described (17).

Agar Diffusion Assay. Cell suspensions (0.5 McFarland) were spread on Co-
lumbia Blood Agar and dried for 15 min. Antimicrobial discs were soaked with
10 pL (40 pg) of TM, TV, or solvents, dried, and transferred to the inoculated
plates. Depending on the bacteria tested, plates were incubated at 37 °C for
24-48 h under aerobic or anaerobic conditions.

Cell Cycle Analysis. Cells were harvested and washed twice with ice-cold PBS.
The pellet was resuspended in 500 pL of PBS, and 5 mL of 70% ethanol
(—20 °C) was added dropwise under constant shaking. Fixed and permeable
cells were centrifuged (720 x g, 4 min), washed with PBS containing 0.5%
FBS, and then resuspended in 200 pL of Pl-hypotonic lysis buffer [0.1% so-
dium citrate, 0.1% Triton X-100, 100 pg~mL‘1 RNase A (Fermentas), 50 pg-
mL~" PI (Sigma Aldrich)] and incubated for 20 min at RT in the dark.
Equivalent numbers of cells (events) were then sorted according to the PI
signal strength via FACS (BD LSR Il Flow Cytometer; BD Biosciences). BD
FACSDIVA software (version 8) and ModFit LT software (version 4 and 5)
were used to analyze and plot the data.

Thermal Denaturation. To generate a DNA template, complementary primers
(5'-CGATAACATCTTTTTCATTTGCAAACGCATTTGCAATAGCATGTCCGCAAATG-
GTAGAT-3’) were heated 10 min at 90 °C, and then slowly cooled (1 h) to RT.
Ten micromolar dsDNA in 10 mM Tris-HCl, pH 7.5, 10 mM NaCl, and 1 mM
MgCl, was incubated with 10 uM TM, TV, GWL-78, and solvents at 37 °C for
18 h. One hour before analysis, DNA was incubated with SYBR Green at 37 °C.
Thermal denaturation was performed from 20 to 90 °C with a ramping of
0.5 °C. Absorbance was measured at 260 nm on a CFX Real-Time PCR De-
tection System (Bio-Rad) in quadruplicates in three independent experiments.

Endonuclease Inhibition. DNA substrate (1,740 bp) containing a single BamHI and
Sspl recognition sequence was generated by PCR. Five hundred nanograms of
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DNA were incubated with test substances or solvents for 16 h at 37 °Cin 10 mM
Tris'HCl, pH 7.5, 1 mM EDTA. Treated DNA was incubated with 20 U of endo-
nuclease for 3 h at 37 °C, and then resolved electrophoretically. Nuclease activity
was calculated as intensity of the cut DNA fragment normalized to the intensity
of all bands visible and expressed as inhibition percentage.

Isolation of Enterocytes. Mice were colonized with K. oxytoca for 24 h, and
ceca were extracted, washed with ice-cold PBS, and inverted. Epithelial cell
suspension was obtained after 30-min incubation in PBS with 5 mM EDTA.
Cells were dissociated by incubation at 37 °C for 20 min in TrypLE Express
Enzyme (Thermo Fisher Scientific). In total, 1 x 10° cells were pelleted for
genomic DNA (gDNA) isolation, and the remaining cells were kept in DMEM/
F12 media with 10% FBS for comet analysis.

Single-Cell Electrophoresis—Comet Assay. After 4-h treatment with TM, TV, or
control substances, cells were harvested by gentle scraping, then pelleted
(700 x g, 2 min, 4 °C), washed, and resuspended in ice-cold PBS to obtain 1 x
10° cells:mL™". Cells were carefully mixed with agarose at a 1:10 ratio (vol/
vol) and 75 pL/well were immediately transferred onto the comet slide and
analyzed following the manufacturer’s instructions (OxiSelect comet assay
kit; Cell Biolabs). Tail length, tail DNA, and tail moment, defined as tail
length times tail DNA, were calculated with OpenComet software.

Sensitivity of DNA Repair-Deficient Mutants. Cells were treated with TM, TV,
illudin S, or solvent controls. For dose—response curves, cell viability after 48 h was
determined using CellTiter-Glo (Promega). After medium was replaced with 50
pL of reagent, plates were shaken for 30-45 min in darkness, and luminescence
was detected on a plate reader. Values were plotted by sigmoidal curve fitting.
For colony-forming assays, cells were treated for 48 h, followed by incubation in
drug-free medium for 72 h. Cells were washed with PBS, fixed in 3.7% formal-
dehyde for >1 h, stained with 0.1% crystal violet in 10% ethanol for >1 h,
washed, and air-dried. Images were analyzed using CellProfiler.

Long Amplicon PCR. gDNA was isolated from 1 x 10° cecum cells with the
Qiagen Genomic-tip 20/G Kit using the Qiagen Genomic DNA buffer set
applying the protocol for tissues. TE buffer (20x, 200 mM Tris-HCl, 20 mM
EDTA, pH 8.0) was used in all steps. gDNA was quantified via Pico Green
standard curve (Quant-iT PicoGreen dsDNA reagent; Invitrogen) (56) using
Lambda (A)/Hindlll DNA (Thermo Fisher Scientific). Fluorescence was mea-
sured in a plate reader (20-s shaking, 485-nm excitation, 520-nm emission),
and DNA quality was assessed with electrophoresis.

In total, 3.5 ng of gDNA was used for Long Amplicon PCR (56, 57). PCR was
performed in 25-uL reactions containing 1x LongAmp Hot Start Tag2x Master Mix
(New England Biolabs), 0.1 pM primer, and nuclease-free water. Temperature
profile was used as follows: 94 °C, 2 min; 94 °C, 15 s; x °C (individual), 12 min; 72 °C,
10 min; 4 °C, forever. Annealing temperatures and cycle numbers were adjusted
for 8.7-kb B-globin fragment (accession number X14061) to 64 °C and 25 cycles; for
6.6-kb DNA-polymerase f (accession number AA79582) to 65 °C and 24 cycles; for
10-kb long mitochondrial fragment to 64 °C and 17 cycles; for 117-bp short mi-
tochondrial fragment to 60 °C and 18 cycles. Ten microliters of PCR product were
quantified in duplicate using Pico Green and lesion burden was calculated
according to Furda et al. (56).

Monolayer Reconstitution Assay. Confluent HelLa cell monolayers were
wounded with a pipet tip to generate a “scratch,” washed, and treated with
substances. Images were taken with a Nikon Eclipse TE 300 microscope.
Phase contrast with a 10x magnification applied to the same xyz coordinates
enabled an identical position of each scratch to be monitored over time, and
gap closure was calculated (CorelDraw).

Immunofluorescence Microscopy. A549 cells on coverslips were treated with
TV or solvent for 24 h. Cells were washed with PEMP buffer [PEM, 100 mM
piperazine-N,N’-bis(2-ethanosulfonic acid) (PIPES) containing 4% poly-
ethylene glycol 8000], permeabilized with 0.5% (vol/vol) Triton X-100 in PEM
buffer for 90 s at RT, and fixed with 3.7% (vol/vol) formaldehyde for 30 min
at RT. After incubation with a-tubulin (DM1A) mouse mAb (Sigma Aldrich),
cells were washed twice and incubated with FITC goat anti-mouse immu-
noglobulins. DNA was stained with 1 pg-mL~' Hoechst 33342. A Zeiss
Axioplan epifluorescence microscope with an ORCA-FLASH 4.0 cooled
CCD camera was used to analyze the samples.

HT-29 cells grown on coverslips were fixed with methanol-free 4%
formaldehyde for 15 min at RT. Cells were washed 3 x 5 min in PBS and
blocked (5% goat serum, 0.3% Triton X-100 in PBS) for 1 h at RT. After
overnight incubation at 4 °C with antibodies to p-tubulin or NuMA (Cell
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Signaling Technology), cells were washed 3 x 5 min in PBS, and then in-
cubated with anti-rabbit IgG (H+L), F(ab’), fragment (Alexa Fluor 488 con-
jugate) for 2 h in the dark. After washing 2 x 5 min in PBS, DAPI staining
followed (15 min). The washed coverslips were embedded in Mounting
Medium (Roth). A Nikon Inverted Microscope Eclipse Ti-E/B with confocal
laser scanning was used to analyze the samples at different magnifications,
and images were edited with the Fiji software (ImageJ).

Tubulin Polymerization Assays. TM, TV, and control substances were diluted in
general tubulin buffer (GTB) [80 mM piperazine-N,N'-bis(2-ethanesulfonic acid)
sequisodium salt; 2.0 mM MgCly; 0.5 mM EGTA, pH 6.9]. Tubulin polymerization
buffer (TPB) contained GTB with 1 mM GTP and 15% glycerol. Lyophilized
porcine o/B-tubulin (tebu-bio), reconstituted at 10 mg-mL‘1 in ice-cold GTB was
mixed with TPB to a final concentration of 3 mg-mL™" tubulin in GTB with 1 mM
GTP and 10% glycerol. One hundred micromolar TV, 10 pM TM, 10 pM PTX, and
10 pM nocodazole were added to 100 uL of this suspension in a 96-well plate.
The reaction was started immediately in a spectrophotometer at 37 °C. After
initial orbital shaking for 5 s, absorbance at 340 nm was measured every min for
1 h under static conditions. Substances diluted in GTB without tubulin served as
blanks. To verify these results, tubulin isolated from bovine brain as described
(58) was polymerized in the presence of compounds either in glycerol-
assembling buffer (GAB) [3.4 M glycerol, 10 mM sodium phosphate (NaPi),
1 mM EGTA, 6 mM MgCl,, 1 mM GTP, pH 6.7] or GTB with 1 mM GTP and 10%
glycerol, pH 6.9. Turbidity at 340 nm was measured using a Varioskan Flash
multimode microplate reader (Thermo Fisher Scientific) at 37 °C.

Tubulin Pelleting Assay. To produce GDP-tubulin, purified tubulin was first
prepared by three buffer exchanges (500 pL) through 50-kDa Amicon Ultra-4
(Merck) with 10 mM GTP in NaPi buffer [10 mM sodium phosphate (NaPi),
1 mM EGTA, 6 mM MgCl,, 0.1 mM GDP, pH 6.7] followed by a column
(Sephadex G-25) buffer exchange to NaPi. Polymerization assay reactions in
GAB (200 pL), were performed as described in Methods, Tubulin Polymerization
Assays, except the nucleotide was either 1 mM GTP or GMPCPP. A control
without tubulin was performed to exclude the possibility that the TV recovered
in the pellet had sedimented due to a loss of solubility. Reactions were centri-
fuged (10,000 x g, 20 min, 37 °C). Supernatants were recovered and pellets were
diluted in 200 pL of NaPi buffer (with 1 mM GTP, pH 6.7). Ten micromolar PTX
was added as internal standard to both supernatant and pellet to determine the
loss of TV during extraction and measurement. Samples were subjected to three
rounds of organic extraction with dichloromethane. The recovered dichloro-
methane was evaporated and dried pellets containing the substances were
resuspended in 50% acetonitrile in H,O. Samples were loaded for HPLC-UV/VIS
(Agilent 1100 series) and run in a gradient of 2-40% of acetonitrile toward
0.001% formic acid in H,O (1 mL:min~", 25 min). TV values were normalized to
the standard PTX. For each type of reaction (without tubulin, GTP to GMCPP),
the TV concentration in either pellet or supernatant was normalized to the
additive value of both (shown in percentage).

Transmission Electron Microscopy. Tubulin assembly was performed in GTB
(1 mM GTP, 10% glycerol, pH 6.9) with 25 pM tubulin and DMSO, 75 pM TV, or
10 pM PTX. Samples were fixed with 0.1% glutaraldehyde and the reaction was
stopped with 100 mM glycine. Four microliters of sample, diluted 1:10 in water,
were mounted onto a carbon-coated 400 mesh copper grid. Samples were
counterstained with 2% (wt/vol) uranyl acetate before transmission electron
microscopy. Micrographs were obtained using a JEOL 1230 transmission electron
microscope at 100 keV and a 16 megapixel TemCam-F416 camera from TVIPS.

Immunoblot. Cells were treated with TM, TV, or control substances (two wells
per treatment) and harvested. The pellet was washed with PBS at 4 °C,
resuspended in 200 pL of lysis buffer (PBS with protease and phosphatase
inhibitor; Roche), lysed via ultrasonication twice for 15 s, and cleared by
centrifugation (10,000 x g, 20 min, 4 °C). For immunoblot analysis, 5-10 pg
of protein was denatured in SDS sample buffer for 10 min at 100 °C before
loading onto a 12% NuPAGE Bis-Tris-protein gel (Thermo Fisher Scientific).
Proteins were transferred to PVDF membranes via electroblotting for 2 h at
220 mA, and membranes were blocked overnight in TBS-T buffer (20 mM
Tris-HCl, pH 7.5, 150 mM NaCl, 1 mL of Tween 20) with 5% BSA or milk
powder. All mAbs were purchased from Cell Signaling Technology and used
according to the supplier's recommendations. We used Phospho-Chk1
(Ser345) (133D3) rabbit mAb and phospho-Chk2 (Thr68) (C13C1) rabbit
mAb. P53 (DO-7) mouse mAb, phospho-p53 (Ser15) (16G8) mouse mAb, and
Mcl-1 (D35A5) rabbit mAb were used to measure apoptosis induction. The
secondary antibodies used were anti-rabbit IgG, HRP-linked antibody, and
anti-mouse IgG, HRP-linked antibody. Equal loading was confirmed with
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B-Actin (13E5) rabbit mAb. Detection was achieved with Clarity Western ECL
Blotting Substrate (Bio-Rad).

Caspase 3/7 Flow Cytometry. The CellEvent Caspase-3/7 Green Flow Cytometry
Assay Kit containing the SYTOX AADvanced dead cell stain (Thermo Fisher
Scientific) was used to determine Caspase-3- or -7-positive cells and exclude
necrotic cells. Cells were grown and harvested as described in Methods, Cell
Cycle Analysis, washed with ice-cold PBS, and incubated with CellEvent Caspase-
3/7 Green Detection Reagent for 25 min at 37 °C. Staining with SYTOX AAD-
vanced dead cell stain solution for 5 min at 37 °C followed. Cells were analyzed
using 488-nm excitation and applied standard fluorescence compensation on a
BD LSR Il Flow Cytometer. Fluorescence emission with 530/30 BP (Caspase-3/7)
and 690/50 BP (dead cell stain) filters or their equivalents was used.

Quantification and Statistical Analysis. Protein and DNA signals were quantified
with the Image Lab Software (Bio-Rad). Significance (*P < 0.05) was determined

. Fischbach MA, Segre JA (2016) Signaling in host-associated microbial communities.
Cell 164:1288-1300.

2. Backhed F, et al. (2012) Defining a healthy human gut microbiome: Current concepts,
future directions, and clinical applications. Cell Host Microbe 12:611-622.

3. Lloyd-Price J, Abu-Ali G, Huttenhower C (2016) The healthy human microbiome.
Genome Med 8:51.

4. Lynch SV, Pedersen O (2016) The human intestinal microbiome in health and disease.
N Engl J Med 375:2369-2379.

5. Faith JJ, et al. (2013) The long-term stability of the human gut microbiota. Science 341:1237439.

6. Pickard JM, Zeng MY, Caruso R, Nuiiez G (2017) Gut microbiota: Role in pathogen
colonization, immune responses, and inflammatory disease. Immunol Rev 279:70-89.

7. Sommer F, Anderson JM, Bharti R, Raes J, Rosenstiel P (2017) The resilience of the
intestinal microbiota influences health and disease. Nat Rev Microbiol 15:630-638.

8. Hajishengallis G, Lamont RJ (2016) Dancing with the stars: How choreographed
bacterial interactions dictate nososymbiocity and give rise to keystone pathogens,
accessory pathogens, and pathobionts. Trends Microbiol 24:477-489.

9. Petersen C, Round JL (2014) Defining dysbiosis and its influence on host immunity and
disease. Cell Microbiol 16:1024-1033.

10. Donia MS, et al. (2014) A systematic analysis of biosynthetic gene clusters in the
human microbiome reveals a common family of antibiotics. Cell 158:1402-1414.

11. Joice R, Yasuda K, Shafquat A, Morgan XC, Huttenhower C (2014) Determining microbial
products and identifying molecular targets in the human microbiome. Cell Metab 20:731-741.

12. Koppel N, Balskus EP (2016) Exploring and understanding the biochemical diversity of
the human microbiota. Cell Chem Biol 23:18-30.

13. Donia MS, Fischbach MA (2015) HUMAN MICROBIOTA. Small molecules from the
human microbiota. Science 349:1254766.

14. Garg N, et al. (2017) Natural products as mediators of disease. Nat Prod Rep 34:194-219.

15. Beaugerie L, et al.; Infectious Colitis Study Group (2003) Klebsiella oxytoca as an agent
of antibiotic-associated hemorrhagic colitis. Clin Gastroenterol Hepatol 1:370-376.

16. Hoégenauer C, et al. (2006) Klebsiella oxytoca as a causative organism of antibiotic-
associated hemorrhagic colitis. N Engl J Med 355:2418-2426.

17. Schneditz G, et al. (2014) Enterotoxicity of a nonribosomal peptide causes antibiotic-
associated colitis. Proc Nat/ Acad Sci USA 111:13181-13186.

18. Pavlikova M, et al. (2018) Novel pathway of 3-hydroxyanthranilic acid formation in
limazepine biosynthesis reveals evolutionary relation between phenazines and pyr-
rolobenzodiazepines. Sci Rep 8:7810.

19. Dornisch E, et al. (2017) Biosynthesis of the enterotoxic pyrrolobenzodiazepine nat-
ural product tilivalline. Angew Chem Int Ed Engl 56:14753-14757.

20. Tse H, et al. (2017) A tricyclic pyrrolobenzodiazepine produced by Klebsiella oxytoca is
associated with cytotoxicity in antibiotic-associated hemorrhagic colitis. J Biol Chem 292:
19503-19520.

. von Tesmar A, et al. (2018) Biosynthesis of the Klebsiella oxytoca pathogenicity factor
tilivalline: Heterologous expression, in vitro biosynthesis, and inhibitor development.
ACS Chem Biol 13:812-819.

22. Gerratana B (2012) Biosynthesis, synthesis, and biological activities of pyrrolobenzo-

diazepines. Med Res Rev 32:254-293.

23. Hartley JA (2011) The development of pyrrolobenzodiazepines as antitumour agents.
Expert Opin Investig Drugs 20:733-744.

24. Mantaj J, Jackson PJ, Rahman KM, Thurston DE (2017) From anthramycin to pyrro-
lobenzodiazepine (PBD)-containing antibody-drug conjugates (ADCs). Angew Chem
Int Ed Engl 56:462-488.

25. Thurston DE (1993) Advances in the study of pyrrolo[2,1-c][l,4]benzodiazepine (PBD)
antitumour antibiotics. Molecular Aspects of Anticancer Drug-DNA Interactions, eds
Neidle S, Waring MJ (Macmillan, London), Vol 1, pp 54-88.

26. Darkoh C, Chappell C, Gonzales C, Okhuysen P (2015) A rapid and specific method for the
detection of indole in complex biological samples. App! Environ Microbiol 81:8093-8097.

27. Zollner-Schwetz |, et al. (2008) Role of Klebsiella oxytoca in antibiotic-associated di-
arrhea. Clin Infect Dis 47:e74-e78.

28. Thurston DE, et al. (1999) Effect of A-ring modifications on the DNA-binding behavior
and cytotoxicity of pyrrolo[2,1-c][1,4]benzodiazepines. J Med Chem 42:1951-1964.

29. Wells G, et al. (2006) Design, synthesis, and biophysical and biological evaluation of a series
of pyrrolobenzodiazepine-poly(N-methylpyrrole) conjugates. J Med Chem 49:5442-5461.

30. Basher MA, Rahman KM, Jackson PJM, Thurston DE, Fox KR (2017) Sequence-selective

binding of C8-conjugated pyrrolobenzodiazepines (PBDs) to DNA. Biophys Chem 230:53-61.

2

Unterhauser et al.

with statistical tests (in GraphPad Prism) specified in figure legends. Values for
substances were compared with respective solvents, and n represents the num-
ber of independent experiments performed, if not stated otherwise.
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