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Alternative Benzoxazole Assembly Discovered in Anaerobic Bacteria
Provides Access to Privileged Heterocyclic Scaffold

Therese Horch, Evelyn M. Molloy, Florian Bredy, Veit G. Haensch, Kirstin Scherlach,
Kyle L. Dunbar, Jonathan Franke, and Christian Hertweck*

Abstract: Benzoxazole scaffolds feature prominently in
diverse synthetic and natural product-derived pharma-
ceuticals. Our understanding of their bacterial biosyn-
thesis is, however, limited to ortho-substituted hetero-
cycles from actinomycetes. We report an overlooked
biosynthetic pathway in anaerobic bacteria (typified in
Clostridium cavendishii) that expands the benzoxazole
chemical space to meta-substituted heterocycles and
heralds a distribution beyond Actinobacteria. The first
benzoxazoles from the anaerobic realm (closoxazole A
and B) were elucidated by NMR and chemical synthesis.
By genome editing in the native producer, heterologous
expression in Escherichia coli, and systematic pathway
dissection we show that closoxazole biosynthesis invokes
an unprecedented precursor usage (3-amino-4-hydroxy-
benzoate) and manner of assembly. Synthetic utility was
demonstrated by the precursor-directed biosynthesis of
a tafamidis analogue. A bioinformatic survey reveals the
pervasiveness of related gene clusters in diverse bacte-

rial phyla.
N J

Introduction

Owing to their broad range of biological activities, benzox-
azoles are among the most prominent classes of pharma-
ceutically relevant heterocycles.! As a nucleotide bioisoster,
the benzoxazole scaffold is privileged for binding to various
targets and biopolymers.”) One medicinally used benzoxa-
zole derivative is tafamidis (1), which delays neurodegenera-
tion and other severe diseases linked to transthyretin
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amyloidosis.”! Moreover, numerous benzoxazole derivatives
have been explored as leads for development of anti-
tuberculosis (2)! or anti-inflammatory drugs (3, 4).1"! Apart
from these valuable therapeutics and drug candidates
designed by medicinal chemists,! it is noteworthy that
nature has evolved specialized metabolic pathways to
assemble structurally and functionally diverse
benzoxazoles.! Prominent examples of such natural prod-
ucts have been isolated mainly from marine- and soil-
derived actinomycetes; nocarbenzoxazoles (F, G) (5, 6),
which selectively inhibit various tumor cell lines,” the
cytotoxic and antibacterial caboxamycin (7),* the antibiotic
calcimycin (8),! the antitumoral agent nataxazole (9),'! and
the effective anti-leishmanial agent A3385 (10) (Fig-
ure 1A).01

With the aim of harnessing bacterial benzoxazole biosyn-
thesis, considerable effort has been devoted to the study of
the requisite biosynthetic pathways. Functional analyses at
the genetic and biochemical levels have revealed that the
aryl-benzoxazole cores of 7, 9 and 10 are formed from
condensation of 3-hydroxyanthranilic acid (3-HAA) build-
ing blocks with a second aromatic acid (3-HAA or other) by
ATP-dependent coenzyme A ligases, followed by enzymatic
cyclocondensation (Figure 1B).>¥ This heterocyclase-cata-
lyzed step proceeds via an unstable ester intermediate.'”l A
third aromatic building block is sometimes linked by means
of an acyl transferase that is related to ketoacylsynthases.[®*!
Although these characterized enzymes show synthetic utility
for benzoxazole production,”¥ the currently known path-
ways are restricted to ortho-substituted heterocycles, there-
by excluding the meta-substitution pattern of drug candi-
dates and clinically used benzoxazoles, such as the synthetic
1 and 2 and the naturally occurring 5 and 6. Despite the
pharmaceutical relevance of these compounds, biocatalysts
giving rise to this privileged heterocyclic scaffold have not
been found.

Here, we report the discovery of a novel family of
benzoxazoles (closoxazoles) produced by the anaerobic
bacterium Clostridium cavendishii DSM 21758 and provide
the first insights into biosynthesis of the meta-substituted
benzoxazole scaffold. We show that closoxazole biosynthesis
markedly differs from hitherto studied benzoxazole biosyn-
thesis pathways in terms of the building blocks incorporated,
the manner of backbone formation, and the subsequent
heterocyclization. We create an expression platform that
enables the heterologous production of meta-substituted
benzoxazoles. Finally, we demonstrate that putative benzox-
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azole biosynthesis gene clusters are widely distributed in the
genomes of bacteria belonging to diverse phyla.

A Structures of selected bioactive benzoxazoles
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Figure 1. Structures of selected bioactive benzoxazoles, and benzox-
azole formation in nataxazole biosynthesis. A) Bioactive benzoxazoles
with meta- (red) and ortho-substituted (blue) heterocycles. In the case
of natural products, the bacterial producer strain is named. B) Benzox-
xazole ring formation in nataxazole biosynthesis from fusion of two 3-
HAA units leads to an ortho-substituted heterocycle.
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Results and Discussion

Discovery of Novel Benzoxazoles Produced by an Anaerobic
Bacterium

In the course of genome mining to explore the untapped
biosynthetic potential of anaerobic bacteria, our attention
was drawn to C. cavendishii DSM 21758.' Analysis of the
genome of this strain using antiSMASH! revealed a
remarkably high number of biosynthetic gene clusters
(BGCs) tentatively coding for specialized metabolism. This
encouraged us to examine the metabolic profile of C. cav-
endishii. We cultivated the strain as resting cultures in an
anaerobic chamber in various liquid media, extracted the
cultures with ethyl acetate and monitored their metabolic
profiles by high-performance liquid chromatography with
diode array detection coupled to high-resolution mass
spectrometry (HPLC-DAD-HRMS) (Figure 2A and S1).
We detected four metabolites displaying pronounced UV/
Vis spectra (Ap,,=307-326 nm) that are characteristic for
conjugated n-systems, like benzoxazole chromophores (Fig-
ure $2)."*1 While UV/Vis and HRMS data indicated that
all compounds are congeners, signature fragment ions were
common to the MS/MS fragmentation patterns of 11 and the
later eluting pair, but were absent in that of 12 (Figure S3).
Isolation of sufficient amounts of the compounds of
interest for structural elucidation was hampered by their
extremely low production rates. These low titers could not
be increased by variation of cultivation conditions or by
conventional ways to optimize extraction, such as pH adjust-
ment and addition of absorber resin. We therefore at-
tempted to upregulate expression of the biosynthesis genes
by a method based on the selection of mutants resistant to
RNA polymerase-targeting antibiotics."” This led to the
generation of a spontaneous rifampicin-resistant mutant of
C. cavendishii, C. cavendishii Rifl, producing approximately
1.5-fold higher titers of the compounds compared to the
wild type (Figure 2A). When large-scale batch fermentations
(20L) of C. cavendishii Rifl were performed, however,
compound production was almost completely abolished. As
a result, we resorted to scaling up cultivation of C. cav-
endishii Rifl in the anaerobic chamber, and individually
extracted 500 mL cultures totaling 27 L. The pooled organic
extract was pre-purified using size-exclusion chromatogra-
phy (Sephadex LH-20), then purified by preparative HPLC
to give 1 mg of compound 11 and 800 pg of compound 12
(approximately 37 ugL ™' and 30 ug L™ yield, respectively).
From HRMS data of 11 (m/z 406.1031 [M+H]") and 12
(m/z390.1076 [M+H]"), the molecular formulae of
C, Hi(N;O¢ and C, H;(N;Os were deduced, respectively.
Since 11 was the predominant compound, we focused on its
structural elucidation first. The number of carbon atoms of
11 was corroborated by “C NMR and DEPT 135 NMR
data. The proton NMR spectrum shows nine signals
resonating at ¢ 6.83-8.31 ppm that were assigned to three
trisubstituted benzene rings based on H,H-COSY, HSQC
and HMBC measurements. °C signals at § 167.1, 165.1, and
164.8 ppm indicate the presence of three carboxyl moieties.
Their positions were determined based on HMBC correla-
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Figure 2. Isolation and structure elucidation of the closoxazoles. A) HPLC profiles of crude ethyl acetate extracts from cultures of C. cavendishii and
C. cavendishii Rif1. Asterisks (*) indicate signals corresponding to putative congeners of closoxazole A. B) Structures with 2D NMR couplings of the
main compound 11 and the second candidate structure 14. Compound 12 represents a congener of 11. C) Synthetic route to the reference
compounds 11 and 14. a) Dimethylformamide (DMF), Boc,0O, 70°C, 3 h. b) DMF, 4-methyl benzyl bromide (4-MeBnBr), K,CO;, then water, then
MeOH, NaOH, 70°C, 4 h then acetic acid. c) Dichloromethane (DCM), N,N-diisopropylethylamine (DIPEA), then SOCl,, 20°C, 10 min, then
DIPEA, Br-aniline (18), 20°C, 12 h. d) Cul, Cs,CO;, phenanthroline, MeCN, microwave. ) DCM, TFA, 65°C, 3.5 h then MeOH, NaOH. f) DMF,
Boc,0, 8 h, then H,0, then MeOH, NaOH, 70°C, 1 h then HCl, then DCM, DIPEA then SOClI,, 20°C, 10 min, then DIPEA, 17, 20°C, 1.5 h. g) DCM,
TFA, 70 min, 65 °C. Bn-protected 17 was synthesized from 15 as follows: DMF, K,COs, 4-MeBnBr, 70°C, then DCM, TFA, 12 h, 40°C (for details see
Supporting Information). HPLC profiles and selected region of >C NMR spectra of the isolated natural product 11 and both reference compounds
11 and 14.

tions of H-4/6 with C-8, H-10/14 with C-2, and H-18/20 with
C-21. Taking into account the molecular composition, the

Structural Confirmation by Total Synthesis

chemical shifts of the quaternary carbons of the aromatic
ring systems, and the HMBC correlations, 11 possesses 3-
amino-4-hydroxybenzoic acid (3,4-AHBA, 13) moieties
connected via a benzoxazole ring and an amide bond.

Angew. Chem. Int. Ed. 2022, 61, €202205409 (3 of 9)

Since the exact connection of the partial structure of 11
could not be unambiguously assigned by interpretation of
the observed HMBC couplings alone, we synthesized
authentic reference compounds, the constitutional isomers
11 and 14 (Figure 2B). Starting from 3,4-AHBA (13), we
prepared tert-butyloxycarbonyl (Boc)-protected amine 15,
Boc- and benzyl (Bn)-protected ether 16, and the Bn-
protected ester 17. Amide linkage between methyl 3-amino-
4-bromobenzoate (18) and benzoic acid 16 gave amide 19,
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and subsequent microwave-assisted, copper-catalyzed cycli-
zation with concomitant Boc deprotection yielded benzox-
azole 20."" Coupling of 20 with benzoic acid 16 and
subsequent removal of protection groups with trifluoroacetic
acid (TFA) and NaOH gave benzoxazole 14 (total yield
2.6 %, Figure 2C). The second possible structure, benzox-
azole 11, was obtained by modification of benzoxazole ester
20. Amide protection and ester hydrolysis followed by
coupling with Bn-protected ester 17 gave benzoxazole amide
21. TFA-mediated global cleavage of the protecting groups
provided the target molecule (11) (total yield 2.5 %, Fig-
ure 2C). Comparison of NMR, HPLC retention times, and
MS/MS spectra showed that the structures of synthetic 11
and 11 from C. cavendishii are identical (Figures 2C and S5,
Table S5). Accordingly, 11 is a benzoxazole composed of
three 3,4-AHBA units in which the first 3,4-AHBA moiety
is connected via its carboxyl to form a benzoxazole ring with
the second 3,4-AHBA moiety. The carboxyl group of the
benzoxazole moiety is connected via an amide bond to the
third 3,4-AHBA molecule.

By comparison of NMR, HRMS, and MS/MS data we
concluded that 11 and 12 share a molecular framework, yet
instead of the 3,4-aminohydroxy substituents at the benzox-
azole-fused phenyl ring of 11, compound 12 has a 4-amino
group. MS/MS fragmentation patterns indicate that the later
eluting pair of metabolites are N- or O-acylated congeners
of 11 (Figure S3). It should be highlighted that these new
compounds, which we named closoxazole A (11) and
closoxazole B (12), represent the first known benzoxazole
natural products isolated from anaerobic bacteria and out-
side the phylum Actinobacteria. The topology of these
compounds markedly differs from that of previously re-
ported benzoxazole metabolites in that it is meta-substituted,
as is often found in medicinally relevant benzoxazoles
(Figure 1A).

Identification of the Genetic Origin of Closoxazole Biosynthesis

The substitution patterns of 11 and 12 indicate that the
benzoxazole moieties are derived from 3,4-AHBA and p-
aminobenzoic acid (PABA) building blocks. This is remark-
able because in all hitherto reported biosynthetic pathways
to benzoxazoles in bacteria (Streptomyces spp.), 3-HAA
moieties are fused to a second 3-HA A moiety, salicylic acid
or a polyketide.’®**'? Evidently, the biosynthesis of the
closoxazoles deviates from this scheme and, accordingly, the
genome sequence of C. cavendishii lacks a complete set of
canonical benzoxazole biosynthesis genes. However, we
noticed that a cryptic BGC (now named clx, Figure 3A,
Table S6), predicted by antiSMASH! to be involved in p-
lactone biosynthesis,"™ harbors two genes (c/xE and clxB)
that encode enzymes tentatively involved in 3,4-AHBA
formation, a putative 2-amino-3,7-dideoxy-p-threo-hept-6-
ulosonate synthase (CIXE) and a putative 3,4-AHBA-
synthase (CIxB).'") Located in the same locus are two genes
(cIxA and cixC) that code for members of the ANL (acyl-
CoA synthetases, nonribosomal peptide synthetase adenyla-
tion domains and luciferase enzymes) superfamily. A
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HHpred?” search indicated that the deduced gene products
are similar to NatL2, a ligase that catalyzes the ATP-
dependent activation and ligation of 3-HAA building blocks
in Streptomyces spp.'"? Lastly, clxD encodes a putative
amidohydrolase superfamily member that is, however,
unrelated to amidohydrolases that catalyze heterocycle
formation in Streptomyces spp., e.g. NatAM (only 16 %
sequence similarity).!'”

Based on these findings, we sought to determine whether
the closoxazoles originate from the clx genetic locus by
creating a targeted knock-out. It should be emphasized that
specific genetic modifications are particularly challenging in
Clostridium species,” and there are no reports on the
genetic tractability of C. cavendishii. To generate the desired
mutant, we adapted the CRISPR-Cas9n genome editing
approach that we previously applied to study biosynthetic
pathways in Ruminiclostridium cellulolyticum.”® By analogy,
we constructed a CRISPR-Cas9n-based genome editing
vector’ designed to incorporate a nonsense mutation
(STOP+ EcoRV) in the ligase gene clxA, resulting in the
targeted mutant C. cavendishii Rifl AcixA (Figure 3A). We
noted the absence of 11, its putative congeners, and 12 from
this mutant‘s metabolic profile, implicating a crucial role of
clxA in closoxazole biosynthesis (Figures 3B and S6).

Heterologous Production of Closoxazoles

To further dissect the role of the clx locus in closoxazole
biosynthesis, we set out to heterologously reconstitute
production in Escherichia coli. This approach would help to
determine the essential biosynthesis genes, to decipher their
functions, and to facilitate benzoxazole production in vivo.
Our analysis using the Enzyme Function Initiative (EFI)-
Genome Neighborhood Tool®! suggested that clxA-E are
the minimal set of genes required for closoxazole production
(for details see Supporting Information). We therefore
cloned clxA-E into the pET28a expression vector and
introduced the construct into E. coli BL21. The metabolic
profile of the resulting strain, E.coli pET28a-cixA-E,
showed production of 11 and 12 (Figures3B and S7).
Moreover, we obtained 1 mg of 11 from a 5 L E. coli culture,
which equates to an over 5-fold increase in yield compared
to that of the native producer. In order to test whether the
five genes are collectively required for biosynthesis of 11
and 12, we generated five expression strains, each lacking
one of the genes. Their metabolic profiles indicated that
production of 11 and 12 is abolished or decreased when any
of the genes is missing (Figure S8). Consequently the B-
lactone BGC predicted by antiSMASH!"! has been misanno-
tated and instead codes for a previously unknown pathway
to meta-substituted benzoxazoles.

Dissection of Closoxazole Backbone Assembly
The successful production of 11 and 12 by E. coli enabled us

to gain further insights into closoxazole assembly. Specifi-
cally, we dissected the pathway in vivo by heterologously
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Figure 3. Genetic origin and biosynthesis of the closoxazoles. A) Top: Closoxazole BGC of C. cavendishii (see also Table S6). Bottom: Scheme
depicting the targeted knock-out of clxA in the genome of C. cavendishii Rifl by CRISPR/Cas9n-mediated genome editing, alongside mutant
verification by colony PCR and subsequent EcoRV restriction analysis of the resulting PCR fragment (unedited: 1012 bp; AclxA: 552 and 460 bp).
BS: biosynthesis. WT: wild type. B) Extracted ion chromatograms (EIC) corresponding to 11 and 12 are shown for crude ethyl acetate extracts of
C. cavendishii Rif1, C. cavendishii Rif1AclxA, E. coli pET28a-cIxA—E (heterologous expression) and E. coli pET28a (vector control). EICs of the
calculated exact mass of the compounds are shown with m/z £5 ppm. C) EICs corresponding to closoxazoles and proposed biosynthetic
intermediates detected in crude ethyl acetate extracts from E. coli strains expressing the listed combinations of clx genes along with the respective
synthetic reference. () not related. D) Proposed closoxazole biosynthesis pathway in C. cavendishii and precursor-directed biosynthesis in E. coli.
Exogenous supply of the alternative starter unit 3,5-dichlorobenzoic acid (3,5-DCA) results in the production of the bioactive tafamidis

analogue (25).

expressing various combinations of the clx biosynthesis
genes. First, we expressed in E. coli the genes (cIxB and
clxE) tentatively coding for 3,4-AHBA biosynthesis. By LC-
HRMS analysis and comparison of retention time and
HRMS with a synthetic reference, we found that E. coli

Angew. Chem. Int. Ed. 2022, 61, €202205409 (5 of 9)

pET-cixBE produces 3,4-AHBA. Notably, 3,4-AHBA can-
not be detected in extracts of E. coli strains harboring either
the empty vector or expressing only one of the two genes
(cIxB or clxE) (Figures 3C and S9). Accordingly, biosyn-
thesis of 11 and 12 could be complemented by provision of

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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exogenous 3,4-AHBA to a strain lacking both c/xB and cixE
(E. coli pET-clxACD) (Figure 3C). These experiments un-
equivocally prove that 3,4-AHBA is produced by CIxB and
CIxE and is a precursor for closoxazole biosynthesis.

With the enzymes responsible for the biosynthesis of 3,4-
AHBA established, we endeavored to identify those that
subsequently activate and fuse the 3,4-AHBA building
blocks. We proposed the predicted ligases CIxA and CIxC as
the likely candidates and therefore analyzed the metabolic
profiles of strains lacking either clxA (E.coli pET-
clxBCDE) or cIxC (E.coli pET-clxABDE). Similar to
C. cavendishii Rifl AclxA, closoxazole production is greatly
diminished in E. coli pET-cixBCDE (Figures 3C and S8),
confirming the importance of CIxA for closoxazole forma-
tion. In the absence of CIxC (E. coli pET-cixABDE), lower
levels of 11 and 12 are produced compared to E. coli pET-
clxA-E, and a new metabolite (22) with m/z 271.0713 [M
+H]" accumulates. The calculated sum formula
(C,H{(N,O,) and UV/Vis absorption spectrum of 22
indicate that it is a benzoxazole composed of two 34-
AHBA moieties (Figures 3C and S10), which was confirmed
by comparison with a synthetic reference (Figures3C,
S11,S12). Taken together, these data infer that CIxA
catalyzes the initial linkage of two 3,4-AHBA molecules,
while CIxC catalyzes the downstream reaction, specifically
the fusion of benzoxazole 22 to a third 3,4-AHBA unit. The
continued production of 11 and 12 by E. coli pET-cixABDE
is likely enabled by the broad substrate tolerance of CIxA
and/or other ANL superfamily members encoded in the
E. coli genome. In line with this, we detected formation of
11 when cultures of E. coli pET28a and E. coli pET-clxA
were supplemented with 3,4-AHBA and synthetic 22, with
the signal corresponding to 11 being markedly enhanced
when CIxA is present (Figure S13).

With CIxA assigned as the enzyme responsible for the
activation of 3,4-AHBA, we proceeded to compare it to its
counterparts that activate 3-HAA during biosynthesis of
ortho-substituted benzoxazoles. Therefore, we performed a
multiple sequence alignment of CIxA, NatL2 and BomJ, and
found their sequences to be grossly similar. However, key
residues implicated in nucleotide and 3-HAA binding by
NatL2 are not conserved in CIxA (Figure S14).

Timing and Substrate of Heterocyclization

With roles established for four of the five enzymes encoded
in the clx BGC (CIxB and CIXE in formation of the 3,4-
AHBA precursor, and CIXA and CIxC in precursor
activation and fusion), we deemed the remaining uncharac-
terized enzyme (CIxD) as likely catalyzing the heterocycliza-
tion step in closoxazole biosynthesis. When we scrutinized
the metabolic profile of E. coli pET-cixABCE, it became
apparent that the absence of the putative amidohydrolase
CIxD causes the accumulation of two new metabolites, 23
with m/z 289.0819 [M+H]* (Figure 3C), and 24 with m/
74241143 [M+H]" (Figure S15) instead of 11 and 12. The
deduced sum formulas C,,H;,N,O5 (23) and C,;H,;N;0; (24)
fit to the composition of conjugates composed of two (23)

Angew. Chem. Int. Ed. 2022, 61, €202205409 (6 of 9)
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and three (24) 3,4-AHBA units, respectively. We confirmed
the identities of the dimer (23) and the trimer (24) by LC-
HRMS and MS/MS comparison with synthetic reference
compounds (Figures 3C, S12, S16-S17). Conclusively, these
data show that CIxD is required for oxazole ring formation.
In nataxazole biosynthesis, the ClxD homolog NatAM can
possibly catalyze a second heterocyclization.®! Similarly,
when we supplemented E.coli pET-clxD with 11, we
detected a new metabolite, of which HRMS, MS/MS and
retention time are consistent with a compound derived from
11 that harbors a second benzoxazole heterocycle (Fig-
ure S18, S19).

To test if 23 and 24 could be transformed into the
corresponding benzoxazoles by CIxD, we individually added
synthetic 23 and 24 to cultures of E. coli pET-clxD. Since
trimer 24 is not converted into 11 (Figure S20), it may be
considered to be a shunt product. In contrast, dimer 23 is a
true biosynthetic intermediate, being readily cyclized by
CIxD into benzoxazole 22 (Figure 3C), which is ultimately
fused to a third 3,4-AHBA unit by CIxC to yield 11
Notably, 23 is absent in the 3,4-AHBA-producing E. coli
pET-cIxBE, excluding the possibility that 23 is decomposed
to 3,4-AHBA and re-assembled by endogenous ANL super-
family enzymes of E. coli (Figure S21).

To clarify the precise functions of the two adenylating
enzymes CIxA and CIxC in the assembly of 23 and 24, we
created strains lacking both c/xD and either c/xA or cixC.
Unsurprisingly, 23 and 24 are not produced in the absence
of clxA and clxD (E. coli pET-cIxBCE). The strain lacking
both clxC and clxD (E. coli pET-cIxABE), however, shows
the same chemotype as E. coli pET-cixABCE (Figure S22).
Thus, we conclude CIxA is able to form conjugates
composed of two (23) and three (24) 3,4-AHBA building
blocks, but in the native pathway the third 3,4-AHBA unit is
linked to 23 primarily by CIxC.

Incorporation of Alternative Starter Units

The structure of 12 implies that CIxA can use PABA, likely
recruited from primary metabolism, as an alternative
building block to 3,4-AHBA. To test this possibility, we
supplemented E. coli pET-cixACD with a mixture of 3,4-
AHBA and deuterated PABA (PABA-d,). The 2 amu mass
shift (m/z 392.1210 [M+H]") consistent with incorporation
of one PABA-d, unit into 12 (Figure S23) was detected in
the resulting metabolite profile. Furthermore, we noted that
E. coli pET-cIxABDE produces a minor metabolite with m/
7255.0764 [M+H]" (Figure S24) and a deduced sum for-
mula (C,H;(N,O;) that corresponds to a benzoxazole
derived from PABA and 3,4-AHBA, the plausible pathway
intermediate en route to 12. Upon supplementation of the
E. coli pET-clxABDE culture with PABA-d,, the biosyn-
thetic intermediate underwent the expected mass shift of 2
amu (m/z 257.0882 [M+H]*, Figure S23). Conclusively,
these data confirm that PABA is accepted by CIxXA,
ultimately leading to the formation of 12.

Inspired by the substrate tolerance of CIxA, we probed
the scope of enzymatic meta-substituted benzoxazole assem-
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bly by performing a precursor-directed biosynthesis experi-
ment. With the goal of accessing the tafamidis analogue 25,
which is known as a synthetic transthyretin amyloid fibril
inhibitor,* we supplemented E. coli pET-clxA-E with 3,5-
dichlorobenzoic acid. We isolated the desired compound
(production rate 2.5 mgL™") and unequivocally confirmed its
identity by HRMS (Figure S25) and NMR analysis. This
proof-of-concept experiment demonstrates that the closox-
azole biosynthesis enzymes can be used to access pharma-
ceutically valuable meta-substituted benzoxazoles.

Model for Alternative Benzoxazole Assembly in Anaerobes

Based on the results of our mutational, heterologous
expression, precursor supplementation, and isotope labeling
experiments, we propose a model for the biosynthesis of
meta-substituted benzoxazole natural products (Figure 3D).
Broadly speaking, the steps of closoxazole biosynthesis by
C. cavendishii mirror those of benzoxazole biosynthesis by
Streptomyces spp. (canonical), consisting of precursor for-
mation, activation and fusion of building blocks, benzox-
azole formation and modification. Nevertheless, we noted
numerous striking differences between the two assembly
strategies.

In the canonical biosynthetic pathway, 3-HAA serves as
the initial building block and is fused with a second 3-HAA
or other aromatic acid. 3-HAA is proposed to be derived
from chorismate.™™ ¥ In contrast, the closoxazole pathway
uses 3,4-AHBA as the initial building block, which is
provided by CIxB and CIXE, presumably independent of the
shikimate pathway.['”) 3 4-AHBA is condensed with a second
aromatic acid (PABA or 3,4-AHBA) by the ligase CIxA,
followed by ClxD-mediated benzoxazole formation. Con-
sequently, the 3,4-AHBA-derived closoxazoles feature a
meta-substituted benzoxazole core rather than the ortho-
substitution pattern of canonical benzoxazoles.*®*

Furthermore, it appears that the enzymatic cycloconden-
sation reactions that form the benzoxazole moieties in the
canonical pathways and in closoxazole biosynthesis proceed
via different mechanisms. In nataxazole biosynthesis, it is
known that the ligase NatL2 introduces an ester linkage
between two 3-HAA molecules, followed by heterocycliza-
tion catalyzed by the amidohydrolase NatAM.!'? In contrast,
the two respective homologs in the closoxazole pathway,
CIxA and CIxD, probably catalyze heterocycle formation via
an amide linkage.

The final step of closoxazole biosynthesis involves the
attachment of another 3,4-AHBA moiety to the benzox-
azole core structure at its meta-position. This reaction is
catalyzed by CIxC, which activates the benzoxazole carboxy
group, not the 3,4-AHBA moiety. This behavior differs
from that of characterized ANL superfamily members in the
biosynthesis of canonical benzoxazoles,'” where each build-
ing block is proposed to be individually activated by a
distinct ligase.[®™ In this way, CIxC is an outlier among the
characterized benzoxazole-forming ANL superfamily en-
zymes.
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Yet another remarkable observation is that closoxazole
biosynthesis is independent of any thiotemplate mechanism,
unlike canonical pathways to benzoxazoles.™ It should
also be noted that the collective action of the enzyme types
involved in the biosynthesis of 3,4-AHBA-derived benzox-
azoles is unprecedented, explaining the misannotation of the
closoxazole BGC by automated bioinformatic analysis. We
expect that our discovery of this overlooked pathway will
contribute to the ongoing refinement of BGC prediction
tools, thereby supporting future natural product discovery
efforts.

Putative Benzoxazole Biosynthesis Gene Clusters in Diverse
Bacterial Phyla

In light of the newly discovered closoxazole BGC clx, we set
out to determine if additional benzoxazole BGCs are over-
looked in bacterial genomes. To this end, we created a
sequence similarity network (SSN) using the EFI-Enzyme
Similarity Tool® and employing the heterocyclase CIxD as
the genetic handle. Although CIxD and the heterocyclases
involved in ortho-substituted benzoxazole formation are
members of the amidohydrolase superfamily, they share
very low sequence similarity. As a result, canonical benzox-
azole heterocyclases, e.g. NatAM!'? were absent in an initial
CIxD-based SSN. With the goal of encompassing all known
benzoxazole-forming amidohydrolases, we created a hybrid
SSN based on both NatAM and CIxD (for details, see
Supporting Information). Since building block activation is
required for heterocyclization, we constrained the search to
ClxD/NatAM homologs that are encoded in the vicinity of
genes encoding enzymes possibly involved in amide bond
formation/esterification. This hybrid SSN consists of 243
nodes (Figure 4A), each representing a CIxD/NatAM homo-
log found in a locus encoding putative activation enzymes.
Thus, these loci were deemed BGCs putatively involved in
biosynthesis of benzoxazole-containing natural products.

The alignment score of the hybrid SSN was determined
empirically such that orthologs group together, forming
three main groups of putative BGCs that differ mainly in
the genes involved in precursor supply (Figure 4B): benzox-
azole formation from 3,4-AHBA, 3-HAA or a mixture of
both. There are also various putative BGCs (43 %) that do
not to contain homologs of any genes involved in 3-HAA or
3,4-AHBA formation. This could be due to i) the use of
uncharacterized precursors for which the responsible biosyn-
thesis genes are not predictable, ii) the precursor biosyn-
thetic genes not being located within the BGC, or (iii) the
precursors of the cognate natural products originating from
primary metabolism, as exemplified by PABA in closox-
azole biosynthesis. If legitimate, these BGCs hint to an even
greater structural variety of benzoxazoles derived from
various precursors, particularly since various loci harbor
genes encoding enzymes often associated with secondary
metabolism, like methyltransferases, prenyltransferases, oxi-
doreductases and polyketide synthases.

Since the amidohydrolase superfamily is large and func-
tionally diverse, it follows that not all of the enzymes
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Figure 4. Genome mining for putative benzoxazole biosynthetisis gene
clusters. A) Sequence similarity network based on CIxD and NatAM
homologs encoded in the vicinity of genes encoding enzymes putatively
involved in building block activation. B) Diversity of reported and
putative benzoxazole BGCs selected based on architecture diversity
and/or ecological or medicinal significance of the potential producer
(e.g. R. picketti is an emerging human pathogen and F. irregularis is a
plant symbiont). Letters correspond to the node labels in (A). Grey
genes marked as “other” also include genes encoding putative tailoring
enzymes. The interested reader is directed to the respective protein
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AMP: adenosine monophosphate. BS: biosynthesis. NRPS: nonriboso-
mal peptide synthetase. PKS: polyketide synthase.
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represented in the hybrid SSN are necessarily involved in
benzoxazole formation. Indeed, the hybrid SSN includes
MxcM, a NatAM homolog implicated in imidazoline
formation.™ The hybrid SSN also does not provide a
complete overview of all benzoxazole-forming enzymes,
given that the calcimycin producer S. chartreusis NRRL3882
is not represented. This arose because the cognate BGC
lacks an amidohydrolase-encoding genel® and raises the
intriguing possibility that at least one further mechanism of
benzoxazole formation remains to be uncovered.

Among the putative BGCs belonging to the mixed
group, we noticed one in the genome of Nocardiop-
sis sp. JB363 that encodes a ClxD homolog, with a part
(noc) of the BGC being common to the genome of the
nocarbenzoxazole producer, N. lucentensis DSM 44048 (Fig-
ure 4B)."" This observation piqued our interest given that
the genetic basis for nocarbenzoxazole production has
remained elusive and, other than closoxazole, it is the only
bacterially produced meta-substituted benzoxazole known.
Drawing on our knowledge of the function of CIXA-E in
closoxazole biosynthesis and taking the structure of nocar-
benzoxazole G (6) into account, we could envision a
putative biosynthetic route to the meta-substituted benzox-
azole core of nocarbenzoxazole G (for further details see
Supporting Information, Table S8 and Figure S75).

Intriguingly, previously only known from Actinobacteria,
we found putative benzoxazole BGCs in the genomes of
bacteria from different phyla including Proteobacteria,
Firmicutes, and Spirochaetae. Overall, our findings point to
an untapped biosynthetic potential for benzoxazole-contain-
ing natural products within the bacterial kingdom.

Conclusion

The benzoxazole heterocycle is a crucial structural motif of
various synthetic and natural bioactive molecules.!"> With
the discovery of closoxazoles and the characterization of
their biosynthetic origin, we reveal a pathway for the
formation of the pharmacologically relevant meta-substi-
tuted benzoxazole scaffold, in which both the building
blocks and their assembly deviate from previously reported
biosynthetic pathways to benzoxazoles. The successful
heterologous production of 3,4-AHBA-derived benzoxa-
zoles represents an important addition to the biocatalytic
toolbox, exemplified by the precursor-directed biosynthesis
of a medically relevant halogenated benzoxazole that was
previously inaccessible by reported biosynthetic enzymes.
Also, our discovery of a benzoxazole produced by a
Clostridium sp. supports previous findings of anaerobes as a
promising source of natural products and non-canonical
pathways.?**! Finally, we provide a first bioinformatic
survey of putative benzoxazole BGCs that may guide future
natural product discovery efforts.

Experimental Section

For Experimental Details, see Supporting Information.
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