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Abstract

Only a few azoxy natural products have been identified despite their intriguing biological activities. Azodyrecins D-G, four new
analogs of aliphatic azoxides, were identified from two Streptomyces species by a reactivity-based screening that targets azoxy
bonds. A biological activity evaluation demonstrated that the double bond in the alkyl side chain is important for the cytotoxicity of
azodyrecins. An in vitro assay elucidated the tailoring step of azodyrecin biosynthesis, which is mediated by the S-adenosylmethio-
nine (SAM)-dependent methyltransferase Adyl. This study paves the way for the targeted isolation of aliphatic azoxy natural prod-

ucts through a genome-mining approach and further investigations of their biosynthetic mechanisms.

Introduction
Azoxy natural products are a rare yet intriguing class of natural ~ (Figure 1) [1-3]. Since the discovery of the natural azoxy com-
products with various beneficial biological properties, such as  pound macrozamin in 1951 as the first example of a

antibacterial, antifungal, nematicidal, and cytotoxic activities nitrogen—nitrogen bond-containing natural product [4], azoxy
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Figure 1: Representative natural azoxides.

compounds have been isolated from various natural sources in-
cluding bacteria, fungi, plants, and marine sponges [1-3]. Azoxy
natural products have occasionally been discovered by conven-
tional isolation schemes guided by biological activities or physi-
cochemical properties, which are not selective for the azoxy
functionality. Consequently, there are only a few examples of
azoxy natural products, despite their notable biological activi-
ties.

Reactivity-based screening is an emerging strategy in natural
products discovery, in which chemical probes are used for the
specific detection of the unique functionality of interest in crude
metabolites [5,6]. The reactions usually facilitate the subse-
quent isolation process of the target molecules. This strategy
has been successfully applied for detecting a range of peculiar
functional groups, such as ureido [7], isocyanide [8], and alkyne
[9,10]. A combination of reactivity-based screening and
genome-based prioritization would allow the prediction of the
producer of natural products with the functional groups of
interest, leading to a higher rate of hits. We recently exploited
genome mining targeting hydrazine synthetase and the genera-
tion of inorganic hydrazine NoHy4 in acid hydrolysate as an indi-
cator of N-N bond-containing functional groups, which led to
the discovery of actinopyridazinones with a unique dihydropyri-
dazinone scaffold [11]. NoH, generates similarly in the acid
hydrolysate of azoxy compounds, and this feature has been
exploited as proof for the presence of N-N bonds in the plant-
derived methyl azoxy compound macrozamin [4]. Although the
N,H,4 generation is an advantageous reactivity of an azoxy
group, to the best of our knowledge, it has not been applied for
the detection of azoxy bonds in the context of natural products

discovery.
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The azoxy bond is biosynthesized by two distinct mechanisms.
The first is the nitrogen radical coupling mechanism in the bio-
synthesis of azoxymycins [12,13], which are aromatic azoxy
natural products. A similar mechanism has been envisioned for
the autoxidation and spontaneous dimerization of aliphatic
hydroxylamines via the azoxy linkage in malleobactin D bio-
synthesis [14]. A distinct mechanism is employed in the biosyn-
thesis of valanimycin, an aliphatic azoxy natural product. This
involves the N-hydroxylation of isobutylamine, mediated by the
flavin-dependent monooxygenase VImH [15-17], and the
following formation of O-(1-seryl)-isobutylhydroxylamine by
the tRNA-utilizing enzyme VImA [18]. This intermediate is
hypothesized to be transformed into the azoxy bond-containing
intermediate via an intramolecular rearrangement accompanied
by a concomitant oxidation [18]. Although the exact mecha-
nisms of azoxy bond formation remain unclear, VImH and
VImA cooperate to biosynthesize the N-acyl intermediate for
azoxy bonds, suggesting that a genetic region containing both
genes could be a potential biosynthetic gene cluster of aliphatic
azoxy natural products.

Results and Discussion
Reactivity-based isolation of azodyrecins
from two Streptomyces strains

During our efforts toward the discovery of N-N bond-contain-
ing natural products from our in-house actinobacterial culture
collection, we found two closely related potential biosynthetic
gene clusters of aliphatic azoxy natural products in Strepto-
myces sp. RM72 and Streptomyces sp. A1C6 (Figure 2 and
Tables S1 and S2 in Supporting Information File 1). They

encode five genes that are also present in the biosynthetic gene
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Figure 2: Biosynthetic gene clusters of aliphatic azoxy natural products. Conserved proteins are colored according to their functional annotations.
Genes encoding homologous proteins with more than 30% amino acid sequence identities are linked.

clusters of valanimycin [19] and KAS57-A [20]: the putative
two-component flavin-dependent monooxygenase similar to
VImH/VImR, the homologous protein of VImA, and two addi-
tional hypothetical proteins similar to VImB and VImO. Based
on this observation, we hypothesized that these two Strepto-
myces strains potentially produce aliphatic azoxy natural prod-
ucts similar to valanimycins and KA57-A, and aimed to iden-
tify their biosynthetic products. To this end, we conducted a re-
activity-based screening to detect NoH,4, which could be gener-
ated upon the acid hydrolysis of azoxy natural products. In the
assay, NoHy is captured by two equivalents of p-dimethyl-
aminobenzaldehyde (DAB) to generate p-dimethylaminobenzal-
dazine, which can be sensitively detected by HPLC by monitor-
ing the UV absorption at 485 nm (Scheme 1). As a result, we
observed the generation of NoHy upon the hydrolysis of solid-
culture extracts of both Streptomyces strains (Supporting Infor-
mation File 1, Figure S1). Therefore, we attempted to isolate the
azoxy natural products in an NoHy-detecting assay guided

manner.

The extracts of Streptomyces sp. RM72 were first partitioned by
water and ethyl acetate, and then the organic layer was further
fractionated by silica gel column chromatography. Fractiona-
tion by reversed-phase HPLC yielded ten compounds (1-10)
that generate NoHy4 upon acid hydrolysis. The combination of
TH and '3C NMR with a series of 2D NMR analyses and optical
rotation revealed that six of the isolated compounds are

Microbial - = HoN-NH,
metabolites acid hydrazine
hydrolysis

Scheme 1: NoHy-detecting colorimetric assay.

azodyrecin A (1), azodyrecin B (2), azodyrecin C (3), and their
geometric isomers 1’-trans-azodyrecin A (4), 1’-trans-
azodyrecin B (5), and 1’-frans-azodyrecin C (6), respectively,
which were previously discovered from Streptomyces sp. strain
P8-A2 (Figure 3a) [21]. Of note, the trans-azodyrecins 4-6 are
reportedly generated by the spontaneous isomerization of the
cis-congeners, after long-term exposure to CHCl3 [21]. While
trans-azodyrecins could also be generated nonenzymatically
from their cis-congeners during the isolation process, trans-
azodyrecins were detected in the fresh extracts of the solid
cultures from both strains, suggesting that they are also gener-

ated in vivo (Figure S2 in Supporting Information File 1).

The NMR spectra of compound 7 are similar but distinct from
those of the known azodyrecins. Close inspection of 7 revealed
the absence of olefinic proton signals (7.09 ppm and 6.99 ppm
in 4) and additional methylene proton signals at 4.21 ppm and
1.93 ppm in 7 (Table 1, Figure S3, Supporting Information
File 1). The chemical formula predicted with HRMS
(C1gH3603N),) indicated the presence of two additional hydro-
gens as compared to compounds 1 and 4. Collectively, com-
pound 7 was identified as a new analog with a fully saturated
alkyl side chain, named azodyrecin D (7) (Figure 3b). Likewise,
compounds 8, 9, and 10 also lack olefinic proton signals
(7.09 ppm and 6.99 ppm in 4) but possess methylene protons
(4.21 ppm and 1.93 ppm in 8, 4.22 ppm and 1.92 ppm in 9, and
4.21 ppm and 1.81 ppm in 10). HRMS showed that compound 8

\ ::: ::: /
E— N C=N-N=C N
/ H H \

azine
(UV absorption at 485 nm)

1019



(a)

Beilstein J. Org. Chem. 2022, 18, 1017-1025.

/LR R = R": azodyrecin A (1), R = R% 1'-trans-azodyrecin A (4)

\)\R R = R": azodyrecin B (2), R = R% 1'-frans-azodyrecin B (5)

)\/\R R = R": azodyrecin C (3), R = R2: 1'-trans-azodyrecin C (6)

Ri= ¥ =M Aowe

azodyrecin F (9)

- COSY

RZ=

13' 11 9' 7 5' 3 1

+ N2
14,/\|/\/\/\/\/\/\,}1 Z \)I\OMe
O a

15'

ng\/\/\/\/\/\@f %OMS

azodyrecin E (8)

azodyrecin G (10)

~~—A HMBC

Figure 3: Structures of azodyrecins (a) and new azodyrecin derivatives, azodyrecins D-G (7—10) (b). Key correlations in 2D NMR are shown.

possesses two additional hydrogens compared to 2 and 5, while
compounds 9 and 10 possess two additional hydrogens com-
pared to compounds 3 and 6. These data, together with 2D
NMR spectra showed that compounds 8, 9, and 10 were
azodyrecin derivatives with saturated alkyl side chains, which
were named azodyrecin E (8), azodyrecin F (9), and azodyrecin
G (10), respectively (Figure S3, Supporting Information File 1).
Although azodyrecins characteristically possess branched alkyl
side chains, compound 10 is the only azodyrecin analog with a
straight alkyl chain. The configurations of the azoxy groups in
7-10 were determined to be Z, as in the case of other
azodyrecins, according to the characteristic UV absorption at
221 nm (Figure S4 in Supporting Information File 1) [22].
Based on optical rotation values and biosynthetic correlation to
known azodyrecins, the configuration of compounds 7-10 was
defined to be 2S.

Fractionation guided by the NoHy-detecting assay revealed that
compounds 1-10 were also produced by Streptomyces sp. A1C6
(Figure S2 in Supporting Information File 1). This result identi-
fied a similar yet distinct type of azodyrecin biosynthetic gene
cluster that contains several insertions and inversions, which
generally make it challenging to precisely predict its biosyn-
thetic products based solely on genome information (Figure 2).
Taken together, the NoHy-detecting reactivity-based screening
led to the identification of four new analogs and two types of
biosynthetic gene clusters of azodyrecins, demonstrating its
utility in natural product discovery and deorphanization of
biosynthetic gene clusters.

Evaluation of cytotoxicities of azodyrecins

A previous report demonstrated the cytotoxic activity of

azodyrecins [21]; however, the relationships between the struc-
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Table 1: 'H (500 MHz) and '3C (125 MHz) NMR data for azodyrecin D (7), azodyrecin E (8), azodyrecin F (9), and azodyrecin G (10).2

compound 7 compound 8 compound 9 compound 10

pos. Oc OH m, J Oc O m,J Oc OH m,J O¢ OH m,J

(Hz) (Hz (Hz) (Hz)
1 172.7 172.7 172.9 170.6
2 59.9 4.38 q,7.2 59.9 4.38 q,7.1 60.0 4.38 q,7.2 58.1 4.33 q,7.5
3 16.1 1.45 d, 7.2 16.1 1.45 d, 7.2 15.9 1.45 d, 7.0 15.4 1.38 d, 7.1
4 52.6 3.66 s 52.6 3.67 s 52.5 3.66 s 51.8 3.59 s
1’ 70.6 4.21 m 70.6 4.21 m 70.6 4.22 m 68.9 4.21 m
2 28.9 1.93 m 28.9 1.93 m 28.8 1.92 m 27.2 1.81 m
3 27.3 1.36° m 27.3 1.370 m 27.2 1.360 m 254 1.20-1.30 m
4 30.2 1.25-1.35 m 30.4 1.25-136 m 30.0 1.26-1.36 m 28.3-29.0 1.20-1.30 m
5 29.2-310 1.25-1.35 m 284-31.3 1.25-1.36 m 30.5-30.8 1.26-1.36 m 28.3-29.0 1.20-1.30 m
6 29.2-31.0 1.25-135 m 284-31.3 1.25-1.36 m 30.5-30.8 1.26-1.36 m 28.3-29.0 1.20-1.30 m
7 29.2-310 125-135 m 284-31.3 1.25-1.36 m 30.5-30.8 1.26-1.36 m 28.3-29.0 1.20-1.30 m
8 29.2-310 125-1.35 m 284-31.3 1.25-1.36 m 30.5-30.8 1.26-1.36 m 28.3-29.0 1.20-1.30 m
9" 29.2-310 125135 m 284-31.3 1.25-1.36 m 30.5-30.8 1.26-1.36 m 28.3-29.0 1.20-1.30 m
10’ 28.7 1.29° m 28.4-31.3 1.25-1.36 m 30.5-30.8 1.26-1.36 m 28.3-29.0 1.20-1.30 m

m 1.31b m 31.0 1.26-1.36 m 28.3-29.0 1.20-1.30 m
11’ 40.4 1.18 37.9

m 1.100 m m
12’ 29.2 1.53 m 35.8 1.33b m 28.5 1.28° m 28.3-29.0 1.20-1.30 m
13’ 23.2 0.88 d, 6.7 30.7 1.15 m 40.2 1.17 m  28.3-29.0 1.20-1.30

1.25-1.36 m

14 23.3 0.88 d, 6.7 12.0 0.87 m 29.1 1.52 m 31.3 1.20-1.30 m
15’ 19.9 0.86 m 23.0 0.87 d, 6.7 22.1 1.20-1.30 m
16' 23.0 0.87 d, 6.7 13.9 0.85 d, 6.6

aSpectra for compounds 7-9 were measured in methanol-d, and spectrum for compound 10 was measured in DMSO-dg; °determined by HSQC.

ture and cytotoxicity were not determined. With new
azodyrecin analogs with saturated alkyl chains in hand, we
attempted to gain insights into the effects of the double bond on
cytotoxicity. To this end, we assessed the cytotoxic activities of
azodyrecin B (2), 1’-trans-azodyrecin B (5), together with the
most abundant new analogs azodyrecin D (7), and azodyrecin E
(8), against human ovarian adenocarcinoma SKOV-3 cells,
malignant pleural mesothelioma MESO-1 cells, immortalized T
lymphocyte Jurkat cells, and P388 murine leukemia cells. The
results revealed that the derivatives with unsaturated side

Table 2: Cytotoxicities of compound 2, 5, 7, and 8.

chains, 2 and 5, exhibited moderate cytotoxicity against all
tested cell lines, with the highest potency against Jurkat cells
(ICs0 at 3.36 pM for 5) (Table 2 and Figure S5 in Supporting
Information File 1). In contrast, the saturated analogs 7 and 8
showed no or negligible cytotoxicity, clearly supporting the
importance of the double bond adjacent to the azoxy bond for
the cytotoxicity. This result is in contrast to the similar struc-
ture—activity relationship (SAR) profiles of elaiomycins, struc-
turally related aliphatic azoxy natural products, in which the

antimicrobial and cytotoxic activities do not depend on the

ICs0 (UM)
SKOV-3 MESO-1 Jurkat P388
azodyrecin B (2) 7.37 9.70 8.72 11.6
1’-trans-azodyrecin B (5) 8.24 6.70 3.36 4.72
azodyrecin D (7) >50 43.2 >50 >50
azodyrecin E (8) >50 >50 >50 >50
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double bond adjacent to the azoxy bond [23]. The difference in
the SAR profiles between azodyrecins and elaiomycins sug-

gests their distinct modes of actions.

Biosynthetic origin of the unique methyl ester

in azodyrecin

The structural diversity of aliphatic azoxy natural products can
be attributed to variations in the alkyl side chains and the amino
acid-derived counterparts. The variation in the amino acid-
derived units is considerably large, as it includes primary and
secondary alcohols [24], methoxides [23,25,26], carboxylic
acids [27], amides [28], ketones [29,30], an exo-olefin [31], and
lactones [32]. Elucidating the mechanisms of structural diversi-
fication is essential when considering the synthesis of unnatural
azoxides by a synthetic biology-based approach. However, their
enzymatic basis has remained elusive except for the exo-olefin
formation in valanimycin biosynthesis, which is mediated by
the phosphorylation of a serine moiety by VImJ and the subse-
quent dehydration by VImK [33]. To obtain insights into the
late-stage diversification mechanisms, we focused on the bio-
synthesis of the methyl ester, which is unique to azodyrecins.
To this end, we characterized the putative SAM-dependent
methyltransferase Ady1 in vitro to assess its activity against the
carboxylic acid 11, which was prepared by the hydrolysis of
compound 8 under basic conditions. When acid 11 was incubat-
ed with recombinant Ady1 in the presence of SAM, it was con-
verted to 8, showing that Adyl can install the methyl ester of
azodyrecins (Figure 4).

The in vitro characterization of Ady1 and the functional annota-
tion of ady clusters allowed the prediction of the entire biosyn-
thetic pathway of azodyrecins (Scheme 2). The pathway is

Beilstein J. Org. Chem. 2022, 18, 1017-1025.
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Figure 4: In vitro characterization of Ady1. Extracted ion chromato-
grams at m/Z 329.3 (black) and m/z 343.3 (blue), corresponding to
compound 11 and 8, respectively, are shown.
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likely initiated by Ady2, a putative dehydrogenase that recruits
fatty acids from primary metabolism to generate an aldehyde,
which would be converted to an aliphatic amine by the pyri-
doxal phosphate (PLP)-dependent transaminase Ady4. The
amine would be N-hydroxylated by the two-component flavin-
dependent monooxygenase Ady3/Ady10, as in the valanimycin
biosynthesis mediated by VImH/VImR [15-17]. The hydroxyl-
amine would be conjugated to alanyl-tRNA to form an ester
intermediate by the function of the tRNA-utilizing enzyme
Ady7, which is homologous to VImA. In valanimycin biosyn-
thesis, the substrate seryl-tRNA is provided by VImL, an addi-
tional seryl-tRNA synthetase (SerRS) encoded within the vim
cluster [34]. However, no aminoacyl-tRNA synthetase gene is
present in the ady cluster, suggesting that the alanyl-tRNA is
directly provided from the cellular tRNA pool in the case of
azodyrecin biosynthesis. The mechanism for the subsequent re-
arrangement of the ester intermediate for azoxy bond formation
remains unclear; however, the conservation of the two hypo-
thetical proteins Ady6/Ady8 among the biosynthetic gene clus-
ters of valanimycin, KAS57-A, and azodyrecins may suggest
their participation in this step. Ady6 shows weak homology to
DUF4260 (PF14079.9), a family of integral membrane proteins
with unknown functions, while Ady8 is similar to the ferritin-
like superfamily protein (IPR009078). Ady6/Ady8 are homolo-
gous to VImO/VImB and SRO_1835/SRO_1837 in the biosyn-
thetic gene clusters of valanimycin and KAS57-A, respectively.
The in vitro characterization of Ady1 suggested the late-stage
biosynthetic pathway of azodyrecin: the azoxy bond formation
is followed by the Adyl-mediated methyl esterification to form
saturated azodyrecins, and then the subsequent installation of a
cis-olefin on the 1,2-positions of the alkyl side chain would
afford azodyrecins A—C (1-3), in a reaction likely to be medi-
ated by Ady9, a putative fatty acid desaturase. Nevertheless, the
possibility that the desaturation occurs prior to the methyl ester-
ification could not be excluded. The elucidation of the exact
order of the late-stage modifications requires further investiga-
tions, such as gene knockout experiments and substrate scope

analyses of Adyl, which will be accomplished in future work.

Distribution of potential biosynthetic gene

clusters of aliphatic azoxy natural products

To obtain insights into the distribution and diversity of the
biosynthetic gene clusters of aliphatic azoxy natural products,
we searched for a pair of VImA and VImH, two key enzymes in
the azoxy bond formation, encoded in close genetic loci in the
reference genome of 3,146 actinobacteria in the NCBI database.
A stepwise HMM-based search using models for “VImA"
(PF09924: LPG_synthase_C) and the amino acid sequence of
VImH identified 179 pairs of VImA/VImH, indicating that
approximately 5.7% of the actinobacteria present in the NCBI

Refseq database are potential producers of aliphatic azoxy

Beilstein J. Org. Chem. 2022, 18, 1017-1025.

natural products. The sequence similarity network (SSN) gener-
ated by all-vs-all blastp with E-value at 1 x 10770 classified
these “VImAs" into more than fourteen groups (Figure 5). In
this network, the two Ady7s from Streptomyces sp. RM72 and
Streptomyces sp. A1C6 belong to group 3, while VImA and
SRO_1850 belong to groups 12 and 1, respectively. An analy-
sis of the genome neighborhoods of “VImA” revealed that the
three genes encoding “VImB/O/R” are highly conserved (Figure
S7, Supporting Information File 1), suggesting the functional
relevance of these genes with VImA and VImH. Additionally, a
comparison of representative gene clusters from each group in-
dicated that several protein families are frequently observed in
the genome neighborhoods of specific “VImA” groups, such as
Ady1-like methyltransferases (PF04072), homologous pairs of
VImJ/VImK-like exo-olefin-forming enzymes (PF19279/
PF03972), seryl-tRNA synthetases (PF02403), putative Trp
halogenase-like enzymes (PF04820), and putative 3-oxoacyl-
[acyl-carrier-protein (ACP)] synthase IlI-like enzymes
(PF08541) (Figures S7 and S8 in Supporting Information
File 1). The various protein families encoded in the proximity
of the “VImA" gene suggest the manifold biosynthetic path-
ways and structural diversity of aliphatic azoxy natural prod-
ucts. Considering that most groups in the SSN lack links to their
biosynthetic products, a substantial fraction of the chemical
diversity in aliphatic natural azoxides likely remains untapped.

Ady7
(RMy72) Ady7
(A1CB)
SRO_1850 Op OO © OOo
Group 1 o) Oo
O 0 O O 0]
o 0 o !
o @ Group 2 Group 3 Group 4
O
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% 0°©09%000p©°

00000000
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0000000000
o

1 Corynebacteriales 3 Micromonosporales [ Pseudonocardiales

[ Frankiales [ Nakamurellales [ Streptomycetales

[ Goodermatophilales [ Propionibacteriales [ Streptosporangiales

Figure 5: Sequence similarity network of VImA-like enzymes in the
actinobacterial genomes in the Refseq database. Nodes are colored
according to the host organism’s order. Enzymes with known biosyn-
thetic products are colored red.
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Conclusion

By using the generation of NoHy as the indicator of an azoxy
bond, we conducted a reactivity-based screening for aliphatic
azoxy natural products. This led to the identification of two new
producers of azodyrecins, as well as the new analogs 7-10,
demonstrating the utility of this reactivity-based strategy for
natural products discovery. Bioinformatic surveys shed light on
the unexplored biosynthetic potential of actinobacteria for ali-
phatic azoxides, setting the stage for the targeted isolation of
this scarce yet valuable class of natural products with remark-
able biological activities.

Supporting Information

Supporting Information File 1

Experimental procedures, characterization data ('H,

13C NMR, and HRMS) and biochemical characterization of
recombinant Ady1.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-102-S1.pdf]

Acknowledgements
We thank to Dr. Eri Fukushi (Hokkaido University) for tech-
nical assistance in measurement of NMR.

Funding

This work was partly supported by Hokkaido University,
Global Facility Center (GFC), Pharma Science Open Unit
(PSOU), funded by MEXT under "Support Program for Imple-
mentation of New Equipment Sharing System", Global Station
for Biosurfaces and Drug Discovery, a project of Global Institu-
tion for Collaborative Research and Education in Hokkaido
University, the Asahi Glass Foundation, the Naito Foundation,
the Uehara Memorial Foundation, the Sumitomo
Foundation—Grant for Basic Science Research Projects, Daiichi
Sankyo Foundation of Life Science, the Japan Agency for
Medical Research and Development JP19ae0101045, Grants-in-
Aid from the Ministry of Education, Culture, Sports, Science
and Technology (MEXT), the Japan Science and Technology
Agency (JST Grant Numbers ACT-X JPMJAX201F and
A-STEP JPMJTR20US), Japan JP16H06448, JP18H02581,
JP19K 16390, JP21HO02635, and JP22K15302.

ORCID® iDs

Atina Rizkiya Choirunnisa - https://orcid.org/0000-0001-6594-1125
Kuga Arima - https://orcid.org/0000-0002-1093-6342

Kei Kudo - https://orcid.org/0000-0001-7500-9462

Kenichi Matsuda - https://orcid.org/0000-0002-9269-688X
Toshiyuki Wakimoto - https://orcid.org/0000-0003-2917-1797

Beilstein J. Org. Chem. 2022, 18, 1017-1025.

References

1.

10.

1

—_

12.

13.

14,

15.

16.

17.

18.

19.

20.

2

g

22.

Wibowo, M.; Ding, L. J. Nat. Prod. 2020, 83, 3482—-3491.
doi:10.1021/acs.jnatprod.0c00725

. Blair, L. M.; Sperry, J. J. Nat. Prod. 2013, 76, 794-812.

doi:10.1021/np400124n

. Le Goff, G.; Ouazzani, J. Bioorg. Med. Chem. 2014, 22, 6529-6544.

doi:10.1016/j.bmc.2014.10.011

. Langley, B. W.; Lythgoe, B.; Riggs, N. V. J. Chem. Soc. 1951,

2309-2316. doi:10.1039/jr9510002309

. Hughes, C. C. Nat. Prod. Rep. 2021, 38, 1684—1705.

doi:10.1039/d0np00034e

. Harris, L. A.; Mitchell, D. A. Methods Enzymol. 2022, 665, 177—-208.

doi:10.1016/bs.mie.2021.11.018

. Harris, L. A.; Saint-Vincent, P. M. B.; Guo, X.; Hudson, G. A;

DiCaprio, A. J.; Zhu, L.; Mitchell, D. A. ACS Chem. Biol. 2020, 15,
3167-3175. doi:10.1021/acschembio.0c00685

. Huang, Y.-B.; Cai, W.; Del Rio Flores, A.; Twigg, F. F.; Zhang, W.

Anal. Chem. (Washington, DC, U. S.) 2020, 92, 599-602.
doi:10.1021/acs.analchem.9b05147

. Moss, N. A.; Seiler, G.; Ledo, T. F.; Castro-Falcén, G.; Gerwick, L.;

Hughes, C. C.; Gerwick, W. H. Angew. Chem., Int. Ed. 2019, 58,
9027-9031. doi:10.1002/anie.201902571

Back, D.; Shaffer, B. T.; Loper, J. E.; Philmus, B. J. Nat. Prod. 2022,
85, 105—-114. doi:10.1021/acs.jnatprod.1c00798

.Matsuda, K.; Arima, K.; Akiyama, S.; Yamada, Y.; Abe, Y.;

Suenaga, H.; Hashimoto, J.; Shin-ya, K.; Nishiyama, M.; Wakimoto, T.
J. Am. Chem. Soc. 2022, 144, 12954—12960.
doi:10.1021/jacs.2c05269

Guo, Y.-Y,; Li, H.; Zhou, Z.-X.; Mao, X.-M.; Tang, Y.; Chen, X,;

Jiang, X.-H.; Liu, Y.; Jiang, H.; Li, Y.-Q. Org. Lett. 2015, 17,
6114-6117. doi:10.1021/acs.orglett.5003137

Guo, Y.-Y.; Li, Z.-H.; Xia, T.-Y.; Du, Y.-L.; Mao, X.-M.; Li, Y.-Q.

Nat. Commun. 2019, 10, 4420. doi:10.1038/s41467-019-12250-1
Franke, J.; Ishida, K.; Ishida-Ito, M.; Hertweck, C.

Angew. Chem., Int. Ed. 2013, 52, 8271-8275.
doi:10.1002/anie.201303196

Parry, R. J.; Li, W. Arch. Biochem. Biophys. 1997, 339, 47-54.
doi:10.1006/abbi.1996.9857

Parry, R. J.; Li, W. J. Biol. Chem. 1997, 272, 23303-23311.
doi:10.1074/jbc.272.37.23303

Li, H.; Forson, B.; Eckshtain-Levi, M.; Valentino, H.;

Martin del Campo, J. S.; Tanner, J. J.; Sobrado, P. Biochemistry 2021,
60, 31-40. doi:10.1021/acs.biochem.0c00679

Garg, R. P.; Qian, X. L.; Alemany, L. B.; Moran, S.; Parry, R. J.

Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 6543-6547.
doi:10.1073/pnas.0708957105

Garg, R. P.; Ma, Y.; Hoyt, J. C.; Parry, R. J. Mol. Microbiol. 2002, 46,
505-517. doi:10.1046/j.1365-2958.2002.03169.x

Nindita, Y.; Cao, Z.; Fauzi, A. A.; Teshima, A.; Misaki, Y.; Muslimin, R.;
Yang, Y.; Shiwa, Y.; Yoshikawa, H.; Tagami, M.; Lezhava, A,;
Ishikawa, J.; Kuroda, M.; Sekizuka, T.; Inada, K.; Kinashi, H.;
Arakawa, K. Sci. Rep. 2019, 9, 10973.
doi:10.1038/s41598-019-47406-y

.Wibowo, M.; Gotfredsen, C. H.; Sassetti, E.; Melchiorsen, J.;

Clausen, M. H.; Gram, L.; Ding, L. J. Nat. Prod. 2020, 83, 3519-3525.
doi:10.1021/acs.jnatprod.0c00339

Taylor, K. G.; Riehl, T. J. Am. Chem. Soc. 1972, 94, 250-255.
doi:10.1021/ja00756a044

1024


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-18-102-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-18-102-S1.pdf
https://orcid.org/0000-0001-6594-1125
https://orcid.org/0000-0002-1093-6342
https://orcid.org/0000-0001-7500-9462
https://orcid.org/0000-0002-9269-688X
https://orcid.org/0000-0003-2917-1797
https://doi.org/10.1021%2Facs.jnatprod.0c00725
https://doi.org/10.1021%2Fnp400124n
https://doi.org/10.1016%2Fj.bmc.2014.10.011
https://doi.org/10.1039%2Fjr9510002309
https://doi.org/10.1039%2Fd0np00034e
https://doi.org/10.1016%2Fbs.mie.2021.11.018
https://doi.org/10.1021%2Facschembio.0c00685
https://doi.org/10.1021%2Facs.analchem.9b05147
https://doi.org/10.1002%2Fanie.201902571
https://doi.org/10.1021%2Facs.jnatprod.1c00798
https://doi.org/10.1021%2Fjacs.2c05269
https://doi.org/10.1021%2Facs.orglett.5b03137
https://doi.org/10.1038%2Fs41467-019-12250-1
https://doi.org/10.1002%2Fanie.201303196
https://doi.org/10.1006%2Fabbi.1996.9857
https://doi.org/10.1074%2Fjbc.272.37.23303
https://doi.org/10.1021%2Facs.biochem.0c00679
https://doi.org/10.1073%2Fpnas.0708957105
https://doi.org/10.1046%2Fj.1365-2958.2002.03169.x
https://doi.org/10.1038%2Fs41598-019-47406-y
https://doi.org/10.1021%2Facs.jnatprod.0c00339
https://doi.org/10.1021%2Fja00756a044

23.Ding, L.; Ndejouong, B. L. S. T.; Maier, A.; Fiebig, H.-H.; Hertweck, C.
J. Nat. Prod. 2012, 75, 1729—-1734. doi:10.1021/np300329m

24. Kunitake, H.; Hiramatsu, T.; Kinashi, H.; Arakawa, K. ChemBioChem
2015, 16, 2237—-2243. doi:10.1002/cbic.201500393

25. Stevens, C. L.; Gillis, B. T.; French, J. C.; Haskell, T. H.
J. Am. Chem. Soc. 1956, 78, 3229-3230. doi:10.1021/ja01594a078

26.Haskell, T. H.; Ryder, A.; Bartz, Q. R. Antibiot. Chemother. 1954, 4,
141-144.

27.Manderscheid, N.; Helaly, S. E.; Kulik, A.; Wiese, J.; Imhoff, J. F.;
Fiedler, H.-P.; Sissmuth, R. D. J. Antibiot. 2013, 66, 85-88.
doi:10.1038/ja.2012.99

28. Fukumoto, A.; Murakami, C.; Anzai, Y.; Kato, F. J. Antibiot. 2016, 69,
395-399. doi:10.1038/ja.2015.126

29. Takahashi, Y.; Nakayama, M.; Watanabe, I.; Deushi, T.; Ishiwata, H.;
Shiratsuchi, M.; Otani, G. J. Antibiot. 1989, 42, 1541—1546.
doi:10.7164/antibiotics.42.1541

30. McGahren, W. J.; Kunstmann, M. P. J. Am. Chem. Soc. 1969, 91,
2808-2810. doi:10.1021/ja01038a081

31.Yamato, M.; linuma, H.; Naganawa, H.; Yamagishi, Y.; Hamada, M.;
Masuda, T.; Umezawa, H.; Abe, V.; Hori, M. J. Antibiot. 1986, 39,
184—191. doi:10.7164/antibiotics.39.184

32.Nakano, H.; Hara, M.; Katsuyama, T.; Uozaki, Y.; Gomi, K. Compound
DCO0110. WO Pat. Appl. WO1993009110A1, May 13, 1993.

33.Garg, R. P.; Alemany, L. B.; Moran, S.; Parry, R. J. J. Am. Chem. Soc.
2009, 731, 9608-9609. doi:10.1021/ja901243p

34.Garg, R. P.; Gonzalez, J. M.; Parry, R. J. J. Biol. Chem. 2006, 281,
26785-26791. doi:10.1074/jbc.m603675200

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.18.102

Beilstein J. Org. Chem. 2022, 18, 1017-1025.

1025


https://doi.org/10.1021%2Fnp300329m
https://doi.org/10.1002%2Fcbic.201500393
https://doi.org/10.1021%2Fja01594a078
https://doi.org/10.1038%2Fja.2012.99
https://doi.org/10.1038%2Fja.2015.126
https://doi.org/10.7164%2Fantibiotics.42.1541
https://doi.org/10.1021%2Fja01038a081
https://doi.org/10.7164%2Fantibiotics.39.184
https://doi.org/10.1021%2Fja901243p
https://doi.org/10.1074%2Fjbc.m603675200
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.18.102

	Abstract
	Introduction
	Results and Discussion
	Reactivity-based isolation of azodyrecins from two Streptomyces strains
	Evaluation of cytotoxicities of azodyrecins
	Biosynthetic origin of the unique methyl ester in azodyrecin
	Distribution of potential biosynthetic gene clusters of aliphatic azoxy natural products

	Conclusion
	Supporting Information
	Acknowledgements
	Funding
	ORCID iDs
	References

