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Abstract

We report the isolation and characterization of three new nybomycins (nybomycins B-D, 1-3) and
six known compounds (nybomycin, 4; deoxynyboquinone, 5; a-rubromycin, 6; g-rubromycin, 7;
y-rubromycin, 8; and [2a(1£,3E),48]-2-(1,3-pentadienyl)-4-piperidinol, 9) from the Rock Creek
(McCreary County, KY) underground coal mine acid reclamation site isolate Streptomyces sp.
AD-3-6. Nybomycin D (3) and deoxynyboquinone (5) displayed moderate (3) to potent (5) cancer
cell line cytotoxicity and displayed weak to moderate anti-Gram-(+) bacterial activity, whereas
rubromycins 6-8 displayed little to no cancer cell line cytotoxicity but moderate to potent anti-
Gram-(+) bacterial and antifungal activity. Assessment of the impact of 3 or 5 cancer cell line
treatment on 4E-BP1 phosphorylation, a predictive marker of ROS-mediated control of cap-
dependent translation, also revealed deoxynyboquinone (5)-mediated downstream inhibition of
4E-BP1p. Evaluation of 1-9 in a recently established axolotl embryo tail regeneration assay also
highlighted the prototypical telomerase inhibitor y-rubromycin (8) as a new inhibitor of tail
regeneration. Cumulatively, this work highlights an alternative nybomycin production strain, a
small set of new nybomycin metabolites, and previously unknown functions of rubromycins
(antifungal activity and inhibition of tail regeneration) and also provides a basis for revision of the
previously proposed nybomycin biosynthetic pathway.
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INTRODUCTION

Nybomycins are pyridoquinolinedione-based metabolites of Strepfomycesisolated from
diverse environments including terrestrial soil samples,:2 marine sediments,34 and the body
surface of carpenter ants.> These secondary metabolites are selective inhibitors of a
quinoline-resistant Ser84Leu mutant DNA gyrase (GyrA), and synthetic deoxynybomycin
analogues display good oral bioavailability, tolerance, and efficacy in murine infection
models.5-8 Conversely, the development of nybomycin resistance surprisingly resensitizes a
bacterium to quinolone antibiotics, and thus, nybomycins have been designated as “reverse
antibiotics”.6:8 Nybomycins are also active against both proliferating and dormant
Mycobacterium tuberculosis the proposed mechanistic basis for which is GyrA-independent.
3 In addition, some nybomycins display potent cancer cell line cytotoxicity where NAD(P)H
quinone oxidoreductase 1 (NQO1)-mediated bioreductive activation and corresponding
intracellular reactive oxygen species (ROS) production are believed to be the driving factors.
9-14 Nybomycin analogues can also inhibit cell division cycle 25 (CDC25) phosphatases that
serve as key regulators of the eukaryotic cell cycle and are highly overexpressed in many
cancers.1®16 Despite these prominent diverse biological functions of nybomycins,
corresponding biosynthetic studies are limited to early metabolic labeling studies!’-18 and
the more recent annotation of a nybomycin biosynthetic gene cluster,* both implicating 4-
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aminoanthranilic acid as a central progenitor. Given this context, access to new naturally
occurring nybomycins, corresponding production strains, and/or their genomic-encoded
biocatalysts may enable further probe/lead development and/or biosynthetic advances.

As part of an effort to discover new microbial natural products,1%-28 their unique molecular
targets,2%:30 and/or corresponding biocatalysts,3! herein, we describe the isolation and
structure elucidation of three new nybomycins (nybomycins B-D, 1-3) and six previously
reported metabolites (nybomycin, 4; deoxynyboquinone, 5; a-rubromycin, 6; g-rubromycin,
7; y-rubromycin, 8; and [2a(1£,3E),4]-2-(1,3-pentadienyl)-4-piperidinol, 9) from the
Rock Creek (McCreary County, KY) underground coal mine acid reclamation site isolate
Streptomyces sp. AD-3-6. Bioactivity studies revealed compounds 3 and 5 to afford
moderate (3) to potent (5) cancer cell line cytotoxicity and weak to moderate anti-Gram-(+)
bacterial activity. In contrast, the isolated rubromycins displayed little to no cancer cell line
cytotoxicity but moderate to potent anti-Gram-(+) bacterial and antifungal activity.
Consistent with 5-mediated ROS production,? and the recently established relationship
between elevated [ROS] and the phosphorylation of the translational repressor 4E-BP1,29.30
5 also inhibited phosphorylation of 4E-BP1. Using an axolotl embryo tail regeneration assay,
25,21,30,32,33 gyaluation of the set of isolated metabolites also identified 8 as an inhibitor of
tail regeneration. These cumulative studies highlight an alternative nybomycin production
strain, a small set of new nybomycin metabolites, and previously unknown functions of
rubromycins (antifungal activity and inhibition of tail regeneration). In addition, a revision
of the previously proposed nybomycin biosynthetic pathway is put forth based on the new
metabolites described.

RESULTS AND DISCUSSION

Six actinomycete strains were purified from a single soil sample collected near an acid mine
reclamation site in McCreary County, Kentucky. Metabolic profiling of these strains
implicated Streptomyces sp. AD-3-6 as capable of unique metabolite production based on an
AntiBase 201734 database comparison. Scale-up fermentation (10 L) of Streptomyces sp.
AD-3-6, followed by extraction, fractionation, and iterative chromatography (silica gel
column chromatography, Sephadex LH-20 column chromatography and semipreparative C1g
HPLC), gave nybomycins B (1, yield = 1.5 mg/L), C (2, yield = 0.5 mg/L), and D (3, yield =
0.3 mg/L), nybomycin (4, yield = 2.5 mg/L), deoxynyboquinone (5, yield = 0.2 mg/L), a-
rubromycin (6, yield = 0.2 mg/L), B-rubromycin (7, yield = 1.1 mg/L), y-rubromycin (8,
yield = 0.6 mg/L), and [2a(1£,3E),45]-2-(1,3-pentadienyl)-4-piperidinol (9, yield = 0.6
mg/L) (Supporting Information, Scheme S1).

Structure Elucidation.

Compounds 1 (C16H12N205), 2 (C15H14N204), and 3 (C16H16N203) displayed UV-vis and
NMR signatures consistent with previously reported nybomycins.1:2.7:9:35-37 14 NMR, 13C
NMR, and HSQC data (Table 1) of 1 were consistent with the presence of 16 carbons,
including two methyls [&4 4.01 (3H, s)/&¢c 33.8 (CH3-11), and &y 2.49 (3H, s)/6¢ 16.2
(CH3-13)], one methylene [y 6.42 (2H, s)/5¢ 86.8 (CH,-14)], three sp? methines [&y 7.47
(1H, s)/é6¢ 122.5 (CH-3), 64 8.59 (1H, s)/&¢c 116.7 (CH-5), and 84 6.78 (1H, s)/é6¢ 117.8
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(CH-7)], seven sp2 nonprotonated carbons [&c 140.2 (C-4), &c 118.8 (C-4a), &c 117.1
(C-5a), &¢c 155.0 (C-6), 6¢ 130.9 (C-9a), &¢ 138.2 (C-10), and &¢ 124.7 (C-10a)], and three
acid/amide carbonyls [6c 163.3 (C-2), &¢c 160.0 (C-8), and ¢ 169.0 (C-12)]. Key HMBC
correlations [from CH3-11 to C-2/C-10a, from CH3-13 to C-5a/C-6, from H-3 to C-2/C-4/
C-4a/C-11/C-12, from H-5 to C-4/C-4a/C-6/C-9a/C-10a, and from H-7 to C-5a/C-8/C-13]
further highlighted the close structural relationship of 1 and nybomycin (4, a previously
reported metabolite also produced by Streptomyces sp. AD-3-6)13% with structural
divergence in the C-4 substitution (Chart 1). Specifically, in 1, the prototypical nybomycin
C-4 exocyclic CH,OH has been replaced by a COOH, key support for which was the
observed CH-3 (84 7.47) to C-12 (6¢ 169.0) HMBC correlation. Thus, the structure of 1
was established as a new member of the nybomycin family and subsequently named
nybomycin B.

Cumulative analysis of NMR data (Table 1) indicated both 2 and 3 also shared the
pyrido[3,2-g]quinoline-2,8(1H,9 H)-dione core common to 1 and 4. Compound 2 was
distinguished by the lack of the 4 dihydro-oxazole CH,. In contrast, the C-4 and N-9 methyl
substitutions were the sole differentiating features of 3 (supported by HMBC correlations
from CH3-9/CH3-1 to C-8/C-2 and C-9a/C-10a, from CH-13/CH3-12 to C-6/C-4, C-7/C-4,
and C-5a/C-4a), indicating the similarity of ring A/C in compound 3 (Chart 1, Figure 1,
Table 1). Metabolites 2 and 3 were thereby designated as new nybomycins C and D.

Comparison of the NMR and MS data with literature values established the remaining
known compounds as nybomycin (4),3° deoxynyboguinone (5),° a-rubromycin (6),38 4
rubromycin (7),3% y-rubromycin (8),%° and [2a(1£,3£),4/]-2-(1,3-pentadienyl)-4-
piperidinol (9).41

All isolated compounds (1-9) were evaluated in standard antibacterial, antifungal, and
cancer cell line cytotoxicity assays (Table 2, Figure 2, and Supporting Information, Figure
S2). Nybomycin D (3) and deoxynyboquinone (5) were the only two metabolites to display
moderate (3) to potent (5) cancer cell line cytotoxicity [A549 (human non-small cell lung):
ECsq for 3 (15.17 M) and 5 (0.25, pM); PC3 (human prostate): ECgg for compounds 3
(1.14 1) and 5 (0.15 pM)]. Subsequent evaluation of 4E-BP1 phosphorylation, a predictive
marker of ROS-mediated effects,2%:30 in HCT116 (human colorectal) cancer cells treated
with 1 4M 3 or 5 revealed selective inhibition of 4E-BP1p in the presence of 5 (Figure 3A).
Nybomycins 3 and 5 also displayed weak to moderate anti-Gram-(+) bacterial activity. In
contrast, rubromycins 6-8 displayed little to no cancer cell line cytotoxicity but moderate to
potent anti-Gram-(+) bacterial and antifungal activity. Evaluation of all isolated metabolites
1-9 in our recently developed axolotl embryo tail regeneration assay?°:27:30.32.33 g|so
highlighted 8 as a new inhibitor of tail regeneration (Figure 3B and Supporting Information,
Figure S3).

Including the new naturally occurring nybomycins B-D (1-3) reported herein, 21 naturally
occurring metabolites reminiscent of pyridoquinolinedione-based nybomycins have been
reported.34 These include nybomycin (4, produced by Streptomycessp.),1:2:3°
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hydroxynybomycin (derived from Streptomyces sp. D57),%2 deoxynybomycin (derived from
S. hyalinum and marine Streptomyces sp. B8855),37 deoxynyboquinone (derived from the
deep-sea actinomycete Pseudonocardia sp. SCSIO 01299),%43 and other closely related
metabolites BE-12233 [produced by Streptomyces sp. BA-12233 (FERM P-10492)],44
Sch-538415 (produced by Streptomyces sp.),*>46 pseudonocardians A—-C (derived from the
deep-sea actinomycete Pseudonocardia sp. SCSIO 01299),3 diazaquinomycin A [also
known as antibiotic OM 704A and NSC 626554; derived from Streptomyces sp. om-704-ka
333 (FERM-p 6520) and Streptomyces sp. GW48/1497],47-4° diazaquinomycin B (also
known as antibiotic OM 704B and 9,10-dihydrodiazaquinomycin A; produced by
Streptomyces sp. om-704),4749 diazaquinomycins C-D (produced by Streptormyces sp.
GW48/1497),48 and diazaquinomycins E-G (produced by the marine-derived Streptomyces
sp.).59-52 The current study extends this previous work with both additional insights
regarding metabolite function and biosynthesis.

From a functional perspective, the current work offers the following two primary advances.
First, although NAD(P)H quinone oxidoreductase 1 (NQO1)-mediated bioreductive
activation of 5 and corresponding intracellular ROS production is well-precedented,? this
study is the first to demonstrate the corresponding effect of 5 on 4E-BP1 phosphorylation.
The phosphorylation status of 4E-BP1 was recently implicated as a potential predictive
marker in response to ROS-based anticancer agents?%:39, Dysregulation of cap-dependent
translation through redundant phosphorylation of the translational repressor 4E-BP1 by
multiple oncogenic pathways, such as PI3BK/AKT/mTOR and RAS/RAF/MEK/ ERK, is
associated with malignant progression and therapeutic resistance®3-60. Compounds that
induce H,0, and/or ROS production, such as 5, activate the peroxisome-bound tuberous
sclerosis complex, which leads to subsequent inhibition of mMTORC1-mediated 4E-BP1
phosphorylation and concomitant repression of cap-dependent translation and cancer cell/
tumor growth29.61.62_ Second, this study is also the first to reveal »-rubromycin (8) as an
inhibitor of axolotl embryo tail regeneration. In addition to their ability to inhibit HIV
reverse transcriptase,83-86, both B and y-rubromycin (7 and 8, respectively) are also
prototypical inhibitors of telomerare3:66-69 Telomerase function is a central player in
regeneration, aging, and cancer, where inhibition of telomerase correlates with reduced
pluripotency/plasticity, premature aging, and reduced lifespan in various models’%-74,
Importantly, axolotl telomerase increases during axolotl neonate tail regeneration based on
Western blotting.”> Although additional mechanistic studies are lacking, the ability of 8 to
inhibit axolotl embryo tail regeneration implicates 8 as new chemical biology tool to
mechanistically interrogate this unique regenerative model further.

From a biosynthetic standpoint, the current work provides additional support for the
biosynthetic pathway recently put forth by Luzhetskyy et al. and implicates new potential
enzymatic and/or chemical avenues for diversification of the 4 scaffold (Figure 4).4 The
central pyridoquinolinedione core of nybomycin was previously proposed to derive from 4-
aminoanthracilic acid followed by NybS-catalyzed N-1/9-dimethylation to generate 3. The
isolation of 3 from Streptomyces sp. AD-3-6 described herein provides the first direct
support of 3 as a probable biosynthetic intermediate. Subsequent NybT/U-catalyzed
isopenicillin N synthase-like ring closure was proposed to afford hypothetical intermediate
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I, followed by NybB-catalyzed C-12 hydroxylation to 4. Within this context, additional
C-12 oxidation of 4 would yield 1, one of the major pyridoquinolinedione-based metabolites
isolated in the current study. The isolation of metabolites 2 and 5, both lacking the
methylene bridge, suggests a central C-14 oxidative demethylation step potentially
originating from putative intermediate I11. As a chemical precedent, previously reported
chemical degradation of a semisynthetic intermediate 111 using MnQ, yielded intermediate
IV.76 Following demethylation, intermediate 1V could be hydroxylated by NybB to give 2,
oxidized to the p-quinone 5, or glycosylated to form pseudonocardian C, the latter two of
which are previously reported metabolites of Pseudonocardiasp. SCSIO 01299.43
Metabolite 5 could also serve as the precursor for pseudonocardins A and B, wherein the
pyrrolidine ring may surprisingly reflect an artifact due to metabolite isolation via acetone or
2-butanone extraction. Consistent with this hypotheses, incubation of 5 in the presence of
acetone (Supporting Information, Figure S36), followed by LC-MS analysis, gave a product
with a UV/vis and MS signature consistent with that of pseudonocardin A. Cumulatively, the
new metabolites and concepts resulting from this study are anticipated to enable future
biochemical studies that support or refute the proposed biosynthetic hypotheses highlighted
above.

MATERIALS AND METHODS

General Experimental Procedures.

UV spectra were recorded on an Ultrospec 8000 spectrometer (GE, Pittsburgh, PA, USA).
All NMR spectra were recorded at 400 MHz for 1H and 100 MHz for 13C with Varian Inova
NMR spectrometers (Agilent, Santa Clara, CA, USA). HPLC-MS was conducted with an
Agilent 6120 quadrupole MSD mass spectrometer (Agilent Technologies, Santa Clara, CA,
USA) equipped with an Agilent 1200 series quaternary LC system and an Eclipse XDB-C18
column (150 x 4.6 mm, 5 ym). HR-ESI-MS spectra were recorded on an AB SCIEX Triple
TOF 5600 system (AB Sciex, Framingham, MA, USA). HPLC analyses were performed on
an Agilent 1260 system equipped with a photodiode array (PDA) detector and a
Phenomenex Cqg column (250 x 4.6 mm, 5 zm; Phenomenex, Torrance, CA).
Semipreparative HPLC separation was performed on a Varian Prostar 210 HPLC system
equipped with a PDA detector using a Supelco DiscoveryBio wide pore C18 column (250 x
21.2 mm, 10 gm; flow rate, 8 mL/min; Sigma-Aldrich, St. Louis, MO, USA). Size exclusion
chromatography was performed on Sephadex LH-20 (25-100 pm; GE Healthcare,
Piscataway, NJ, USA). Amberlite XAD16N resin (20-60 mesh) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). TLC silica gel plates (60 F,s4) were purchased from EMD
Chemicals Inc. (Darmstadt, Germany). Staphylococcus aureus, Bacillus subtilis, Salmonella
enterica, Mycobacterium aurum, and Saccharomyces cerevisiae strains and human cancer
cell lines A549 (ATCC CCL185 human lung non-small cell carcinoma), HCT116 (ATCC
CCL-247 human colorectal carcinoma), and PC3 (ATCC CRL1435 human prostate
adenocarcinoma) were obtained from ATCC (Manassas, VA, USA). Micrococcus luteus and
Escherichia coli strains were obtained from NRRL (Peoria, IL, USA). All solvents used
were of ACS grade and purchased from the Pharmco-AAPER (Brookfield, CT, USA). All
other reagents used were reagent grade and purchased from Sigma-Aldrich (St. Louis, MO,
USA).
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Isolation and Identification of Streptomyces sp. AD-3-6.

The soil sample was collected from an acid mine drainage site in McCreary County, KY
(GPS coordinates: 36°42°03.4” N 84°3404.7”W). Metabolic profiling and strain isolation
followed previously reported protocols.1920:22 Strain identification, based on 16S rRNA
sequencing following previously described protocols,26:27 revealed 99% identity (BLAST
search) with the 16S rRNA gene sequence of Strepfomyces iakyrus strain NBRC 13401. The
sequence of 16S rRNA has been deposited in the NCBI nucleotide database with the
accession number KX902490.

Scale-up Fermentation.

Streptomyces sp. AD-3-6 was cultivated in three 250 mL Erlenmeyer flasks, each containing
50 mL of medium A (soluble starch, 20.0 g/L; glucose, 10.0 g/L; peptone, 5.0 g/L; yeast
extract, 5.0 g/L; NaCl, 4.0 g/L; KoHPQy, 0.5 g/L; MgS04-7H,0, 0.5 g/L; CaCOs3, 2.0 g/L,
pH 7.0). After 3 days of incubation at 28 °C with 200 rpm agitation, the cultures were used
to inoculate 100 flasks (250 mL), each containing 100 mL of medium A (total 10 L). The
fermentation was continued for 10 days at 28 °C with 200 rpm agitation. The combined
culture broth was centrifuged at 3000g for 30 min (4 °C) to provide the solid biomass and
supernatant. The cumulative biomass (mycelium) was extracted with MeOH (3 x 600 mL),
and the corresponding recovered organics were subsequently evaporated in vacuo at 40 °C to
yield 15.3 g of crude extract. The supernatant was mixed with 3% (w/v) XAD-16 resin and
stirred overnight, followed by filtration. The resin was washed with H,O (3 x 600 mL) and
then extracted with MeOH until the eluant was colorless. The combined MeOH extracts
were subsequently evaporated to afford 10.8 g of crude extract. Both extracts (obtained from
the biomass and supernatant) revealed a similar metabolite profile based on HPLC and TLC
analyses and were therefore combined.

As highlighted in Scheme S1, the combined crude extract (26.1 g) was subjected to
HP-20SS resin column chromatography (800g, 40 x 8 cm) eluted with a gradient of aqueous
MeOH (20-100%) to yield five fractions (A-E). Fraction B (1.5 g) was resolved by size-
exclusion chromatography (Sephadex LH-20, 4 x 100 cm, 2 mL/min, MeOH) to yield three
subfractions, B1-B3 (100 mL each). Subfraction B2 (0.3 g) was further purified by a
semipreparative HPLC (10-30% CH3CN/0.025% TFA over 30 min) to afford compound 1
(15.0 mg, white amorphous powder, retention time: 11.8 min). Fraction C (1.3 g) was
subjected to Sephadex LH-20 column (4 x 100 cm, 2 mL/min, MeOH) and the recovered
subfraction C2 (0.2 g) further purified by a semipreparative HPLC (5-40% CH3CN/0.025%
TFA over 30 min) to yield compounds 2 (5.0 mg, white amorphous powder, retention time:
10.1 min) and 9 [2-(1,3-pentadien-1-yl)-4-piperidinol, 6.0 mg, white amorphous powder,
retention time: 13.4 min]. Fraction D (2.7 g) was subjected to Sephadex LH-20 column
chromtography (4 x 100 cm, 2 mL/min, MeOH) to yield three subfractions, D1-D3 (120 mL
each). Subfraction D2 (0.8 g) was further purified by a semipreparative HPLC (20-45%
CH3CN/0.025% TFA over 25 min) to yield compounds 3 (3.0 mg, white amorphous powder,
retention time: 14.5 min), 5 (2.0 mg, white amorphous powder, retention time: 13.4 min),
and 4 (25.0 mg, white amorphous powder, retention time: 12.0 min). Fraction E (2.4 g) was
subjected to a silica gel column (50 g, 12 x 4 cm) eluted with CHCI3/MeOH (10:0-1:1) to
yield five fractions, E1-E5. Subfraction E5 (0.3 g) was further purified by semipreparative
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HPLC (45-75% CH3CN/0.05% TFA over 30 min) to afford compound 6 (2.0 mg, red
amorphous powder, retention time: 21.6 min). Subfraction E3 (0.4 g) was further purified by
semipreparative HPLC (50-70% CH3CN/0.05% TFA over 25 min) to afford compounds 7
(11.0 mg, red amorphous powder, retention time: 21.0 min) and 8 (6.0 mg, red amorphous
powder, retention time: 24.1 min).

Nybomyecin B (1): white amorphous powder; UV (DMSO) Anax (log &) 273 (9.27), 294
(8.04), 379 (3.66) nm; for 13C and IH NMR data, see Table 1; (+)-ESI-MS m/z313.0 [M +
H]*; (+)-HR-ESI-MS m/z313.0820 [M + H]* (calcd for C16H13N205, 313.0824).

Nybomyecin C (2): white amorphous powder; UV (DMSO) Amax (log ) 284 (15.37), 357
(4.77), 375 (5.57) nm; for 13C and 'H NMR data, see Table 1; (+)-ESI-MS 7/2287.0 [M +
HI*, (-)-ESI-MS m/z285.0 [M - H]™; (+)-HR-ESI-MS /m/z 287.1030 [M + H]* (calcd for
C15H15N204, 287.1032).

Nybomyecin D (3 ). white amorphous powder; UV (DMSO) Amax (log €) 290 (14.44), 359
(3.61), 376 (3.67) nm; for 13C and 'H NMR data, see Table 1; (+)-ESI-MS m/z285.1 [M +
H*, (-)-ESI-MS m/z283.0 [M = H]"; (+)-HR-ESI-MS /m/2285.1240 [M + H]* (calcd for
C16H17N203, 285.1239).

Antibacterial, Antifungal, and Cancer Cell Line Viability Assays.

Antibacterial (Staphylococcus aureus ATCC 6538, Micrococcus luteus ATCC 15307,
Bacillus subtilis ATCC 6633, Mycobacterium aurum ATCC 23366, Escherichia coli ATCC
12435, and Salmonella enterica ATCC 10708), antifungal (Saccharomyces cerevisiae ATCC
204508), and cytotoxicity (human non-small cell lung cancer cell A549 and prostate cancer
cell PC3) assays were accomplished in triplicate following our previously reported
protocols.20:77 Antibacterial/antifungal MIC values were obtained after 16-48 h incubation.
Vehicle (DMSO) was used as the negative control, and kanamycin and ampicillin (S. aureus,
M. luteus, B. subtilis, M. aurum, S. enterica, and E. coli), amphotericin B (S. cerevisiae),
and actinomycin D (A549 and PC3) were used as positive controls.

Axolotl Embryo Tail Regeneration Assay.

The axolotl embryo tail regeneration assay was conducted following our previously reported
protocols.2°:27:30.32.33 Axolotls (RRID:AGSC_100E) were obtained from the Ambystoma
Genetic Stock Center (RRID:SCR_006372). Vehicle (DMSQO) was used as the negative
control, and the Hsp90 inhibitor geldanamycin was used as a positive control.

Western Blot Analysis.

Western blot analysis was performed as previously described.29:30

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Selected HMBC (—) correlations of nybomycins B-D (1-3).
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Dose-response of compounds 1-9 against A549 (non-small cell lung) and PC3 (prostate)

human cancer cell lines (72 h). For ECgq values, see Table 2.
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Figure 3.
(A) HCT116 cells were treated with 2 ¢M 3 and 1 M 5 or DMSO (negative control) for 6 h

followed by Western blot analysis for the indicated proteins. (B) Impact of 1 zM 8 on axolotl
embryo tail regeneration at 7 dpa compared to vehicle control (DMSO). Note that control
embryos but not embryos treated with 8 regenerated a rounded tail tip typical of the
unamputated condition.
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Figure 4.

Streptomyces sp. AD-3-6-derived nybomycins 2-5 within the context of the biosynthetic
pathway put forth by Luzhetskyy and colleagues (black) and pseudonocardians previously
reported by Zhang et al. (red; *only relative stereochemistry assigned). Proposed
biosynthetic revisions based on the current study are highlighted (blue). Compounds in
brackets are putative intermediates, and dashed arrows represent putative transformations
with possible enzyme catalysts noted where possible. Metabolite 3 reported herein was
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previously proposed by Luzhetskyy et al. as a biosynthetic intermediate, whereas metabolite
5 and pseudonocardians were previously reported by Zhang et al.
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