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Abstract

Himalaquinones A–G, seven new anthraquinone-derived metabolites, were obtained from the 

Himalayan-based Streptomyces sp. PU-MM59. The chemical structures of the new compounds 

were identified based on cumulative analyses of HRESIMS and NMR spectra. Himalaquinones 

A–F were determined to be unique anthraquinones that contained unusual C-4a 3-methylbut-3

enoic acid aromatic substitutions, while himalaquinone G was identified as a new 5,6-dihydrodiol

bearing angucyclinone. Comparative bioactivity assessment (antimicrobial, cancer cell line 

cytotoxicity, impact on 4E-BP1 phosphorylation, and effect on axolotl embryo tail regeneration) 

revealed cytotoxic landomycin and saquayamycin analogues to inhibit 4E-BP1p and inhibit 

regeneration. In contrast, himalaquinone G, while also cytotoxic and a regeneration inhibitor, did 

not affect 4E-BP1p status at the doses tested. As such, this work implicates a unique mechanism 

for himalaquinone G and possibly other 5,6-dihydrodiol-bearing angucyclinones.

Graphical Abstract

Angucyclines are ubiquitous aromatic polyketide metabolites signified by a 

benz[a]anthraquinone aglycone, variation in the A and B ring oxidation state, and 

differential glycosylation commonly observed on the A, B, and D rings (at the 3-, 8-, 

9-, and/or 12b-positions).1–18 These fused tetracyclic aromatic metabolites contribute to a 
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range of molecular mechanisms that primarily manifest in potent anticancer and antibacterial 

activities.19–24 Thus, the discovery of novel angucycline natural products sets the stage 

for new bioactive probe development and provides access to unique genomic tools for 

biosynthetic and bioengineering efforts.25–27 Within this context, we report the discovery 

of seven new microbial aromatic polyketides (himalaquinones A–G, 1–7; Chart 1 and 

Supporting Information, Figure S3), produced by Streptomyces sp. PU-MM59 isolated from 

a Himalayan region of Pakistan. Six of these new metabolites [himalaquinones A–F (1–6)] 

were identified as classic anthraquinones bearing unusual C-4a 3-methylbut-3-enoic acid 

aromatic substitutions. Importantly, only three other such 3-methylbut-3-enoic acid-bearing 

anthraquinones have been reported, all of which are modified at the anthraquinone C-12b.28 

In addition, himalaquinone G (7) is a new 5,6-dihydrodiol-bearing angucyclinone, an 

angucycline subclass for which only three other members have been reported (PM070747, 

PD 116740, and TAN-1085; Supporting Information, Figure S1).1,29–31 Herein, we describe 

the fermentation, isolation, and structure elucidation of himalaquinones A–G (1–7) and 

propose a biosynthetic pathway for these structurally unique metabolites based on well

established precedent. In addition, 1–7, along with a diverse range of representative naturally 

occurring angucyclin(on)es (aquayamycin, rabelomycin, landomycins, saquayamycins, and 

urdamycin A) were evaluated for cancer cell line cytotoxicity, antimicrobial activity, 

inhibition of 4E-BP1 phosphorylation, and modulation of axolotl embryo development and 

tail regeneration.32–37 These studies revealed angucyclinone 7 as an inhibitor of axolotl 

embryo tail regeneration and cancer cell line growth and suggest the antiproliferative 

mechanism of 7 may be unique to that of classical angucyclines. As such, this work 

may prompt further studies to elucidate the potentially unique fundamental mechanism of 

5,6-dihydrodiol-bearing angucyclinones.

RESULTS AND DISCUSSION

Streptomyces sp. PU-MM59 was isolated from a soil sample collected 30 km east of 

Muzaffarabad City (Kashmir, Pakistan) as part of an ongoing effort to profile microbes 

and their metabolites from unique environments in Pakistan.32,38–40 Metabolic profiling 

of more than 20 strains isolated from this soil sample implicated Streptomyces sp. PU

MM59 as capable of unique metabolite production based on an AntiBase 201741 database 

comparison. Scale-up fermentation (20 L) of Streptomyces sp. PU-MM59, followed by 

extraction, fractionation, and iterative chromatography (HP20 resin column chromatography, 

Sephadex LH-20 column chromatography, and semipreparative C18 HPLC), afforded seven 

pure metabolites (Supporting Information, Figure S3). On the basis of the cumulative MS 

and NMR spectral data analyses, these metabolites were identified and characterized as 

himalaquinones A (1, yield: 1.17 mg/L), B (2, yield: 0.12 mg/L), C (3, yield: 0.18 mg/L), D 

(4, yield: 0.24 mg/L), E (5, yield: 0.11 mg/L), F (6, yield: 0.38 mg/L), and G (7, yield: 0.20 

mg/L).

The physicochemical properties of 1–7 are summarized in the Experimental Section. 

Compound 1 was obtained as a yellow-brown solid. The molecular formula of 1, deduced 

as C19H14O7 based on (+)-HRESIMS, indicated 13 degrees of unsaturation. The UV/vis 

spectrum of 1 displayed absorbance signatures common to anthraquinones.42–45 The 13C 
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NMR spectrum of 1 (Table 1 and Supporting Information, Figure S10) revealed 19 carbon 

resonances consistent with three carbonyl carbons, 14 sp2 carbons, one methylene carbon, 

and one methyl carbon. Among these, the signals for two carbonyl resonances (δC 187.2 and 

185.3) and 12 benzenoid carbons (rings B and D) were consistent with an anthraquinone 

core. The 1H NMR of 1 (Table 2 and Supporting Information, Figure S9) included signals 

for four aromatic protons, one olefinic proton (δH 6.00, H-4), one methylene (δH 2.90, 

CH2-2), one methyl (δH 1.99, 3-CH3), and four hydroxy protons (Table 2). Among these, 

the presence of three ortho-coupled aromatic protons at δH 7.75 (1H, t, J = 8.0 Hz, H-10), 

7.65 (1H, d, J = 7.5 Hz, H-11), and 7.30 (1H, d, J = 8.4 Hz, H-9) was consistent with a 

trisubstituted benzenoid moiety, further supported by the observation of COSY and NOESY 

cross-peaks for H-10/H-11 and H-9/H-10 and HMBC correlations (H-11 to C-9, C-7a, 

C-12; H-10 to C-8, C-11a; H-9 to C-11, C-7a) (Figure 1 and Supporting Information, 

Figures S11–S14). The annotation of the remaining aromatic proton at δH 7.24 (1H, s, H-6) 

was supported by HMBC correlations [H-6 to C-7, C-6a, C-4, C4a, C-12a]. Two chelated 

hydroxy proton signals were observed at δH 13.20 (12b-OH) and 12.38 (8-OH), consistent 

with the HMBC correlations [12b-OH with C-4a, C-12a, C-12b; 8-OH with C-7a, C-8, 

C-9]. The 3-methylbut-3-enoic acid substructure of 1 was deduced from the existence of one 

olefinic proton (δH 6.00, H-4), one methylene (δH 2.90, CH2-2), and one methyl (δH 1.99, 

3-CH3), by the cumulative analysis of the molecular formula and by HSQC and HMBC 

correlations [H-4 with 3-CH3, C-2; 3-CH3 with C-2, C-3, C-4; and CH2-2 with C-1, C-3, 3-

CH3, C-4]. The HMBC correlations of H-4 to C-12b, C-4a, and C-4 served as key evidence 

for the C-4a aromatic substitution. The configuration of the double bond at C-3/C-4 was 

confirmed as Z/cis-configuration based on the observed NOE cross-peak between H-4 and 

3-CH3, consistent with H-4 and 3-CH3 as adopting the same facial orientation (Figure 1). 

The remaining two hydroxy protons were assigned as 5-OH and COOH (δH 11.80, 2H, br 

s). This was consistent with the observed downfield carbon shifts at C-5 (δC 162.8) and 

the carboxylic acid carbonyl (δC 172.0) (Figure 1 and Table 1). Based on this cumulative 

analysis, the structure of 1 was established as depicted in Figure 1. As a new natural product, 

1 was named himalaquinone A to reflect the producing strain’s point of origin.

Compounds 2 and 3 were isolated as yellow-brown solids. Both shared an identical 

molecular formula of C20H16O7 established by (−)-HRESIMS. The 13C NMR and 1H NMR 

data of 2 and 3 (Tables 1 and 2) were similar to those of 1, with the exception of 13C (δC 

56.4 and 51.3 for 2 and 3, respectively) and 1H (δH 3.94, 3H, s and δH 3.56, 3H, s for 2 
and 3, respectively) resonances consistent with an additional methoxy group (HSQC spectra, 

Supporting Information, Figures S21 and S30). Regiochemistry of 2 and 3 methylation was 

confirmed by the HMBC correlations (2, 8-OCH3 to C-8; 3, OCH3-13 to C-1). Similar 

to 1, the Z/cis-configuration of the 3-methylbut-3-enoic acid double bond in 2 and 3 was 

established by NOESY (Figure 1). Cumulative analyses of 1D (1H, 13C) and 2D (HSQC, 
1H,1H–COSY, HMBC, and NOESY) (Figure 1 and Tables 1 and 2) established the structures 

of 2 and 3 as depicted in Figure 1. Thus, the structures of 2 and 3 were established as new 

natural products and subsequently named as himalaquinones B and C, respectively.

Compounds 4 and 5 were obtained as yellow-brown solids and displayed UV–vis 

characteristics similar to metabolites 1–3. Compounds 4 and 5 shared identical molecular 
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formulas of C20H16O6 based on (+)-HRESIMS indicative of one oxygen less than 2 or 3. 

Comparison of the 1H NMR of 2 and 4 (Table 2) revealed 4 to lack the 5-OH hydroxy 

resonance of 2 (δH 11.80) and instead contain a new doublet proton signal at δH 7.72 (d, 

J = 7.9 Hz), consistent with the presence of 1H–1H COSY and NOE cross-peak H-5/H-6 

for 4 (Figure 1; Supporting Information, Figures S38 and S41). All the remaining 2D NMR 

(1H,1H–COSY, HMBC, and NOESY) correlations are in full agreement with structure 4 
(Figure 1). Based on the cumulative spectroscopic data, 4 and 5 differed solely via their 

C-3/C-4 double-bond configurations. Distinct from 1–4, the E/trans-configuration in 5 was 

supported by an upfield chemical shift of 3-CH3 (δC 18.4 in 5 compared to δC 24.5–23.9 in 

1-4; Table 1) as well as the observed NOE cross-peaks CH2-2/H-4 and 3-CH3/H-5 (Figure 

1). Consistent with the cumulative 1D and 2D NMR data analysis, the structures of 4 and 5 
were established as depicted in Figure 1 and named himalaquinones D and E, respectively.

Compound 6 was isolated as a yellow-brown solid with a molecular formula of C21H16O9 

based on (−)-HRESIMS. The 13C/1H/HSQC NMR of 6 (Tables 1 and 2; Supporting 

Information, Figures S54, S55, and S57) highlighted structural features of the C-4a aromatic 

substitution of 6 unique to those of 1–5. Compared to 1, the NMR spectra of 6 showed 

two additional carbons, including one carbonyl (δC 169.7) and one methyl signal (δC 20.4; 

δH 2.09, s). In addition, the methylene group (δH 2.90, s, H2-2) of 1 was replaced with an 

oxygenated methine (δH 5.43, d, J = 0.9 Hz, H-2) in 6 along with the alterations of the 

chemical shifts at CH-4, C-3, 3-CH3, CH-2, and C-1 positions (Tables 1 and 2). The planar 

structure of the side chain in compound 6 was confirmed through the HMBC correlations 

[H-4/C-2, C-3, 3-CH3, C-4a, C-12b, C-5; 3-CH3/C-2, C-3, C-4; H-2/C-1, C-3, 3-CH3, 

C-4; CH3-14/C-13] (Figure 1; Supporting Information, Figure S58). The C-3/C-4 double 

bond of 6 was consistent with the Z/cis-configuration [NOE cross-peak between H-4 and 

3-CH3] of 1–4. In addition, the relative configuration of the C-2 stereocenter of compound 

6 was established by NOESY, which highlighted H-2, 3-CH3, and H-4 to adopt the same 

facial orientation (Figure 1; Supporting Information, Figure S59). Attempts to establish the 

absolute configuration at the C-2 stereocenter of 6 were unsuccessful. As a new natural 

product, 6 was subsequently designated as himalaquinone F.

In a similar manner, 7 was obtained as a yellow-green solid with a molecular formula of 

C20H16O6 based on (+)-HRE-SIMS. Based on full 1D and 2D NMR analysis (Figure 1), 

the structure of 7 was deduced to be similar to PM0707471 and PD 11674029 (Supporting 

Information, Figure S1), with structural divergence via the C-3-substitution and 5,6-diol 

stereochemistry. Distinct from an ethyl group in PM070747 and a benzylic hydroxymethyl 

group in PD 116740, a methyl signal at δH 2.26 (3H, s, 3-CH3) was observed in 7, 

supported by HMBC correlations [3-CH3/C-2, C-3, C-4; H-4/C-2, C-3, 3-CH3, C-5, C-12b; 

H-2/3-CH3, C-4, C-12b] (Figure 1 and Supporting Information, Figure S67). In addition, 

NOESY cross-peaks observed between H-4/3-CH3 and 3-CH3/H-2 were consistent with 

the methyl group at C-3 (Figure 1 and Supporting Information, Figure S68). A hydroxy 

group at C-1 was assigned based on the observed HMBC correlations from 1-OH (δH 

9.64, s) to C-1, C-2, and C-12b. The presence of a 5,6-diol moiety was deduced by the 

observation of two coupled oxygenated methine protons at δH 4.36 (1H, d, J = 2.6 Hz, 

H-5) and 4.87 (1H, d, J = 2.5 Hz, H-6) as well as the HMBC correlations [H-6/C-4a, C-6a, 
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C-7; H-5/C-6, C-6a, C-4, C-12b]. Similar to 4 and 5, three ortho-coupled protons at δH 

7.77 (1H, t, J = 8.0 Hz, H-10), 7.51 (1H, overlap, H-9), and 7.49 (1H, overlap, H-11) for 

compound 7 were observed in the 1H NMR/1H–1H COSY/NOESY spectra (Figure 1 and 

Table 2; Supporting Information, Figures S63, S65, and S68), indicating a trisubstituted 

benzene ring. This was further supported by the HMBC correlations [H-11/C-7a, C-12; 

H-10/C-11, C-9, C-11a; H-9/C-7a, C-11]. The C-8 methoxy was established based on 

the HMBC correlations from δH 3.93 (3H, s, 8-OCH3) to C-8, as well as the NOESY 

cross-peak between H-9/8-OCH3. The C-5/C-6 relative stereochemistry of 7 was established 

by NOESY (Figure 1 and Supporting Information, Figure S68), which highlighted H-4, H-5, 

and H-6 to adopt the same facial orientation (Figure 1; Supporting Information, Figure S68). 

Interestingly, an additional critical NOESY correlation between H-5/H-6 in 7 was observed 

that was not reported in PM0707471 and PD 116740.29 In addition, the smaller coupling 

constant (J = 2.5 Hz) in 7 compared to those of reported PM070747 and PD 116740 (J = 

3 Hz) was also consistent with the H-5/H-6 cis-stereochemistry of 7. Consistent with this, 

the determined optical rotation of 7 ([α]25
D = −33.3, c 0.2, MeOH) was distinct from that 

reported for PM0707471 (lit., [α]25
D = +220, c 0.32, MeOH). As a new natural product, 7 

was subsequently designated as himalaquinone G.

Given the structural novelty of the himalaquinones, Scheme 1 puts forth a putative 

biosynthetic pathway based on well-established angucyclinone precedent.4,46–49 The 

earliest reported angucyclinone tetrangomycin likely serves as an early common 

intermediate.50 Subsequent 8-O-methylation46 affords 8-O-methyltetrangomycin, a putative 

point of biosynthetic divergence. A 3,4-elimination to 8-O-methyltetrangulol followed by 

dioxygenase- or sequential mono-oxygenase-catalyzed oxidation is postulated to provide 7. 

Alternatively, Baeyer–Villiger monooxygenase-catalyzed lactone intermediate A formation 

is proposed to commit the pathway to metabolites 1–6.51–56 The hydrolysis of putative 

lactone A to fridamycin E46,57–61 followed by cis- or trans-elimination and C-8 O

methylation would provide 4 and 5. Alternatively, fridamycin E cis-elimination, C-8 O

methylation, and C-5 oxidation would give 1 and 2. Metabolites 3 and 6 likely derive 

from 1 via methylation to ester 3 or side chain oxygenation and acetylation to anhydride 

6, respectively. C-8 or side chain O-glycosylation of fridamycin E could also give rise to 

fridamycin H62 or gaudimycin D,63 respectively.

Compounds 1–7 were initially evaluated in antimicrobial and cytotoxicity assays. 

Compounds 1–7 displayed weak anti-Gram-(+) (Staphylococcus aureus, Micrococcus 
luteus, and Bacillus subtilis) and anti-Gram-(−) (Escherichia coli and Salmonella enterica) 

activity at ≤133 μM. No detectable activity against mycobacteria (Mycobacterium aurum) 

or fungi (Saccharomyces cerevisiae) was observed at ≤133 μM. While anthraquinones 1–

6 displayed little to no cancer cell line cytotoxicity at ≤80 μM concentration (Figure 2; 

Supporting Information, Figure S4), angucyclinone 7 displayed potent cytotoxicity against 

PC3 (prostate cancer cell line, IC50 = 0.32 μM) and moderate cytotoxicity against A549 

(non-small-cell lung cancer cell line, IC50 = 1.88 μM) (Figure 2; Supporting Information, 

Table S1). In comparison, the structurally related analogues PM070747 and PD 116740 

(Supporting Information, Figure S1) were nearly an order of magnitude less cytotoxic 

against comparable cancer cell lines.1,29 Structurally similar cytotoxic natural products were 
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recently determined to function via inhibition of peroxiredoxin 1 (Prx1), leading to an 

increase of reactive oxygen species (ROS), subsequent inhibition of mTORC1-mediated 

4E-BP1 phosphorylation (4E-BP1p), apoptosis induction, and tumor suppression.34,37,64 

Given the positive correlation between inhibition of 4E-BP1 phosphorylation and ROS

mediated cancer cell cytotoxicity in these studies, and the reported ability of angucyclines/

angucyclinones to upregulate ROS and modulate mTORC1 function,65–67 7 and a 

representative set of related cytotoxic angucycline comparators were evaluated for their 

ability to inhibit 4E-BP1 phosphorylation. Specifically, this comparator test set included 

landomycins and saquayamycins that displayed IC50s < 500 nM against A549 or PC3 

(Figures 3 and 5; Supporting Information, Table S1).2,3,5 As highlighted in Figure 3, 

a number of landomycins and saquayamycins were able to inhibit 4E-BP1p, while 7 
lacked 4E-BP1p inhibitory activity at the doses tested. As a final measure of in vivo 
tolerance, antiproliferative efficacy, and potential impact on early development, 1–7 along 

with a diverse set of representative angucycline/angucyclinone comparators (compounds 

8–31) were also tested in an axolotl embryo tail regeneration assay (Figure 4; Supporting 

Information, Figure S5 and Table S1). Notably, nearly all angucyclines/angucyclinones 

tested in this in vivo assay were well-tolerated, and many inhibited tail regeneration at the 

doses evaluated (Figure 4).

CONCLUSIONS

In this study, we report the isolation, characterization, and bioactivities of six new 

anthraquinones and one unique angucyclinone from a Himalayan-based streptomyces. 

Himalaquinones A–F (1–6) were distinguished by their unusual anthraquinone C4a 3

methylbut-3-enoic acid side chains, while himalaquinone G (7) was identified as a rare 5,6

dihydrodiol angucycline analogue. Biosynthetically, 1–7 were postulated to diverge from a 

common tetrangomycin precursor following well-established anthraquinone and angucycline 

biosynthetic precedent. Bioactivity assessment revealed a putative mechanistic dichotomy 

among the angucyclines identified as potent cancer cell line cytotoxins (i.e., those displaying 

IC50s ≤ 500 nM in either A549 and/or PC3) and inhibitors of in vivo tail regeneration. 

Specifically, this work revealed representative landomycin and saquayamycin analogues 

to inhibit 4E-BP1p, a strong correlation with ROS-mediated modulation of mTORC1 

function65,66 and cancer cell death. Consistent with this, representative landomycins were 

also previously reported to function via a ROS-mediated mechanism.66,67 In contrast, the 

lack of 7 4E-BP1p activity may implicate an alternative antiproliferative mechanism for 7 
(and possibly PM070747 and PD 116740). As such, this study reinforces the concept that 

relatively minor structural modifications of classical natural product pharmacophores can 

dramatically alter mechanistic outcomes.

EXPERIMENTAL SECTION

General Experimental Procedures.

Optical rotation was measured on a Jasco DIP-370 digital polarimeter. UV spectra were 

recorded on a GE Ultraspec 8000 spectrophotometer (GE, Pittsburgh, PA, USA). NMR 

spectra were performed using a Varian (Palo Alto, CA, USA) Vnmr 400 (1H, 400 MHz; 
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13C, 100 MHz) spectrometer where δ-values were referenced to respective solvent signals 

[DMSO-d6, δH 2.50 ppm, δC 39.51 ppm]. High-resolution electrospray ionization (HRESI) 

mass spectra were recorded on an AB SCIEX Triple TOF 5600 system. HPLC-MS analyses 

were accomplished with an Agilent 6120 Quadrupole MSD mass spectrometer (Agilent 

Technologies, Santa Clara, CA, USA) equipped with an Agilent 1200 Series Quaternary LC 

system and a Phenomenex NX-C18 column (250 × 4.6 mm, 5 μm; solvent A: H2O/0.1% 

formic acid, solvent B: CH3CN/0.1% formic acid; flow rate: 0.5 mL min−1; 0–2 min, 

5% B; 2–30 min, 5–100% B; 30–35 min, 100% B; 35–36 min, 100–5% B; 36–40 min, 

5% B). Semipreparative HPLC was used on a Varian ProStar model 210 equipped with 

a photodiode array detector using a Supelco DiscoveryBio wide pore C18 column (21.2 

× 250 mm, 10 μm). HPLC analyses were carried out in a Agilent 1260 system equipped 

with a photodiode array detector (PDA) and a Phenomenex C18 column (Phenomenex, 

Torrance, CA, USA; 250 × 4.6 mm, 5 μm; solvent A: H2O/0.1% TFA, solvent B: CH3CN; 

flow rate: 1.0 mL min−1; 0–30 min, 5–100% B; 30–35 min, 100% B; 35–36 min, 100–

5% B; 36–40 min, 5% B). All solvents used were of ACS grade and purchased from 

the Pharmco-AAPER (Brookfield, CT, USA). C18-functionalized silica gel (40–63 μm) 

was purchased from Material Harvest Ltd. (Cambridge, UK). Amberlite XAD16N resin 

(20–60 mesh) and Diaion HP-20 resin (250–850 μm) were purchased from Sigma-Aldrich 

(St. Louis, MO; Bellefonte, PA, USA). Size exclusion chromatography was performed 

on Sephadex LH-20 (25–100 μm; GE Healthcare, Piscataway, NJ, USA). Staphylococcus 
aureus, Bacillus subtilis, Mycobacterium aurum, Salmonella enterica, and Saccharomyces 
cerevisiae strains and A549 and PC3 cells were obtained from ATCC (Manassas, VA, USA); 

Micrococcus luteus and Escherichia coli were obtained from NRRL (Peoria, IL, USA). All 

other reagents used were reagent grade and purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Angucyclin(on)es 8–31 (Figure 5) used in this study were previously reported.2,3,5,68

Isolation and Identification of Streptomyces sp. PU-MM59.

The soil sample was collected near Pir Chinasi, 30 km east of Muzaffarabad City (Kashmir, 

Pakistan) at an elevation of 2900 m (coordinates: N 34°21′30″ and E 73°28′20″). 

Metabolic profiling and strain isolation followed previously reported protocols.69–71 

Strain identification, based on 16S rRNA sequencing following previously described 

protocols,32,40 revealed 99% identity (BLAST search) with the 16S rRNA gene sequence 

of Streptomyces sp. strain D2Sl69. The 16S rRNA sequence of Streptomyces sp. PU-MM59 

has been deposited in the NCBI nucleotide database with the accession number MH190054.

Fermentation, Extraction, Isolation, and Purification.

Streptomyces sp. PU-MM59 was cultivated on M2 agar plates [malt extract (10.0 g), glucose 

(4.0 g), yeast extract (4.0 g), CaCO3 (2.0 g), and agar (18.0 g) dissolved in 1 L of H2O 

(pH 7.2) and sterilized by autoclaving for 33 min at 121 °C] at 28 °C for 3 days. Small 

pieces of the agar with the fully grown strain were used to inoculate six 250 mL Erlenmeyer 

baffled flasks, each containing 50 mL of A-medium [glucose (10.0 g), yeast extract (5.0 

g), soluble starch (20.0 g), peptone (5.0 g), NaCl (4.0 g), K2HPO4 (0.5 g), MgSO4·7H2O 

(0.5), and calcium carbonate (2 g) dissolved in 1 L of H2O (pH 7.0) and sterilized by 

autoclaving for 33 min at 121 °C], and the culture was grown at 28 °C with shaking (210 

rpm) for 3 days. An aliquot of seed culture (1 mL) was used to inoculate 200 250 mL 
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baffled flasks each containing 100 mL of A-medium. Fermentation was continued at 28 

°C with 210 rpm agitation for 10 days. All 200 culture flasks were combined to obtain 

20 L of yellowish-brown culture broth, which was subsequently centrifuged (5000 rpm, 

20 min). The supernatant was extracted by mixing with XAD-16 (4%) resin overnight, 

followed by filtration. The resin was washed with water (2000 mL) and then extracted with 

MeOH (3 L). The methanolic extract was subsequently evaporated in vacuo to yield 19.6 g 

of yellowish-brown extract. The biomass (mycelium) was extracted with MeOH (5 × 800 

mL) and then evaporated in vacuo to afford 33.6 g of yellowish-brown extract. After being 

analyzed with HPLC and TLC, both extracts showed an identical set of metabolites. Thus, 

the extracts were combined to get a total 53.2 g of crude extract for further separation.

As highlighted in Figure S3 (see Supporting Information), the combined extract (53.2 g) 

was subjected to an HP-20 resin column (column 6 × 26 cm) and eluted with a gradient 

of aqueous MeOH (0%, 20%, 40%, 60%, 80%, 100%; each 2.0 L) to afford five fractions, 

A–E (excluding the 0% MeOH fraction, which was discarded, as the HPLC profile matched 

that of the culture broth). The target compounds were detected in fractions D (1.26 g) 

and E (1.17 g), and both fractions were combined (2.43 g) based on their similarity in 

HPLC and TLC analyses. The combined fractions D and E (2.43 g) was subjected to a 

Sephadex LH-20 column (MeOH, 3 × 80 cm) to afford six subfractions, D1–D6. Subfraction 

D3 was separated by a Sephadex LH-20 column (MeOH, 2 × 40 cm) again to yield 

subfractions D3A–D3D. Further purification of D3A using semipreparative HPLC (mobile 

phase: 23% aqueous CH3CN, flow rate: 8 mL min−1, wavelength: 320 nm) afforded 7 (4.0 

mg). Subfraction D5 was subjected to a reverse-phase C18 column (3 × 20 cm) and isolated 

with a gradient of aqueous MeOH (50–100%) to obtain subfractions D5A–D5G. Further 

purification of subfractions D5B and D5C by semipreparative HPLC (mobile phase: 35% 

aqueous CH3CN, flow rate: 8 mL min−1, wavelength: 280 nm) afforded 5 (2.2 mg) and 2 
(2.3 mg), respectively. Subfractions D5E and D5F were combined due to their similar HPLC 

profiles and further resolved using semipreparative HPLC (mobile phase: 45% aqueous 

CH3CN, flow rate: 8 mL min−1, wavelength: 320 nm) to afford 4 (4.7 mg). In a similar 

manner, subfraction D6 was subjected to a reverse-phase C18 column (3 × 20 cm) with a 

gradient of aqueous MeOH (50–100%) to give subfractions D6A–D6H. Subfractions D6D, 

D6F, and D6H were further subjected to semipreparative HPLC purification (mobile phase: 

65% aqueous MeOH for subfraction D6D; 40% aqueous CH3CN for subfraction D6F; 48% 

aqueous CH3CN for subfraction D6H, flow rate: 8 mL min−1, wavelength: 320 nm) to yield 

6 (7.6 mg), 1 (23.3 mg), and 3 (3.5 mg) in pure forms, respectively.

Himalaquinone A (1): yellow-brown solid; UV/vis (MeOH) λmax (log ε) 214 (3.82), 

237 (3.80), 289 (4.06), 431 (3.74) nm; 1H NMR (DMSO-d6, 400 MHz) and 13C NMR 

(DMSO-d6, 100 MHz), see Tables 1 and 2; (+)-ESIMS m/z 355 [M + H]+, 377 [M + Na]+; 

(−)-ESIMS m/z 353 [M − H]−; (+)-HRESIMS m/z 355.0814 [M + H]+ (calcd for C19H15O7, 

355.0812).

Himalaquinone B (2): yellow-brown solid; UV/vis (MeOH) λmax (log ε) 223 (3.51), 

241 (3.23), 286 (3.65), 418 (3.26) nm; 1H NMR (DMSO-d6, 400 MHz) and 13C NMR 

(DMSO-d6, 100 MHz), see Tables 1 and 2; (+)-ESIMS m/z 369 [M + H]+, 391 [M + Na]+, 
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759 [2 M + Na]+; (−)-ESIMS m/z 367 [M − H]−; (−)-HRESIMS m/z 367.0813 [M − H]− 

(calcd for C20H15O7, 367.0823).

Himalaquinone C (3): yellow-brown solid; UV/vis (MeOH) λmax (log ε) 220 (3.00), 

237 (3.20), 287 (3.67), 431 (3.32) nm; 1H NMR (DMSO-d6, 400 MHz) and 13C NMR 

(DMSO-d6, 100 MHz), see Tables 1 and 2; (+)-ESIMS m/z 369 [M + H]+, 391 [M + Na]+; 

(−)-ESIMS m/z 367 [M − H]−; (−)-HRESIMS m/z 367.0815 [M − H]− (calcd for C20H15O7, 

367.0823).

Himalaquinone D (4): yellow-brown solid; UV/vis (MeOH) λmax (log ε) 225 (3.41), 271 

(3.72), 415 (3.44) nm; 1H NMR (DMSO-d6, 400 MHz) and 13C NMR (DMSO-d6, 100 

MHz), see Tables 1 and 2; (+)-ESIMS m/z 353 [M + H]+, 375 [M + Na]+, 727 [2 M + Na]+; 

(−)-ESIMS m/z 351 [M − H]−; (+)-HRESIMS m/z 353.1020 [M + H]+ (calcd for C20H17O6, 

353.1020).

Himalaquinone E (5): yellow-brown solid; UV/vis (MeOH) λmax (log ε) 218 (3.60), 

242 (3.50), 273 (3.83), 428 (3.54) nm; 1H NMR (DMSO-d6, 400 MHz) and 13C NMR 

(DMSO-d6, 100 MHz), see Tables 1 and 2; (+)-ESIMS m/z 353 [M + H]+, 375 [M + Na]+, 

727 [2 M + Na]+; (+)-HRESIMS m/z 353.1023 [M + H]+ (calcd for C20H17O6, 353.1020).

Himalaquinone F (6): yellow-brown solid; [α]25
D = +10.5 (c 0.4, MeOH); UV/vis 

(MeOH) λmax (log ε) 220 (3.37), 243 (3.56), 288 (4.03), 430 (3.71) nm; 1H NMR (DMSO-

d6, 400 MHz) and 13C NMR (DMSO-d6, 100 MHz), see Tables 1 and 2; (+)-ESIMS m/z 413 

[M + H]+, 435 [M + Na]+, 847 [2 M + Na]+; (−)-ESIMS m/z 411 [M − H]−; (−)-HRESIMS 

m/z 411.0711 [M − H]− (calcd for C21H15O9, 411.0722).

Himalaquinone G (7): yellow-green solid; [α]25
D = −33.3 (c 0.2, MeOH); UV/vis 

(MeOH) λmax (log ε) 215 (3.63), 243 (3.47), 274 (3.70), 381 (3.40) nm; 1H NMR (DMSO-

d6, 400 MHz) and 13C NMR (DMSO-d6, 100 MHz), see Tables 1 and 2; (+)-ESIMS m/z 353 

[M + H]+, 375 [M + Na]+, 727 [2 M + Na]+; (−)-ESIMS m/z 351 [M − H]−; (+)-HRESIMS 

m/z 353.1022 [M + H]+ (calcd for C20H17O6, 353.1020).

Antibacterial, Antifungal, and Cancer Cell Line Viability Assays.

Antibacterial (Staphylococcus aureus ATCC 6538, Micrococcus luteus NRRL B-287, 

Bacillus subtilis ATCC 6633, Mycobacterium aurum ATCC 23366, Escherichia coli NRRL 

B-3708, Salmonella enterica ATCC 10708), antifungal (Saccharomyces cerevisiae ATCC 

204508), and mammalian cell line cytotoxicity [A549 (non-small-cell lung) and PC3 

(prostate) human cancer cell lines] assays were accomplished in triplicate following our 

previously reported protocols.70–72 Positive controls for antibacterial and antifungal assays 

included kanamycin and ampicillin (S. aureus, M. luteus, S. enterica, and E. coli) and 

amphotericin B (S. cerevisiae). Actinomycin D (A549 and PC3) was used as the positive 

control for cancer cell line viability assays (Figure 2 and Supporting Information, Figure 

S4).
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Axolotl Embryo Tail Regeneration Assay.

The axolotl embryo tail regeneration assay was conducted following our previously reported 

protocols.33–35 Briefly, stage 42 embryos were manually hatched, administered benzocaine 

anesthesia (0.2 g in 5 mL EtOH/L water), and photographed. Embryos were subsequently 

administered 2 mm tail amputations and then reared (in the absence or presence of test 

agent) at 18–19 °C in 12-well microtiter plates containing 2.0 mL of artificial pond water 

(43.25 g NaCl, 0.625 g KCl, 1.25 g MgSO4, 2.5 g NaHCO3, and 1.25 g CaCl2 per 50 

L charcoal filtered municipal water). Assays were conducted for 7 days postamputation 

(DPA). Images of anesthetized embryos at 0 and 7 DPA were captured using an Olympus 

microscope with a 0.5× objective lens and DP400 camera. All chemicals were dissolved 

in DMSO and diluted to 0.1% final DMSO concentration. Axolotls (RRID:AGSC_100E) 

were obtained from the Ambystoma Genetic Stock Center (RRID:SCR_006372). Vehicle 

(DMSO) 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.34,64 Specifically, after 

treatment with test agent, cells were lysed in NP-40 lysis buffer (50 mM Tris-HCl, pH 7.5, 

150 mM NaCl, 1 mM EDTA, 1% NP-40, 10% glycerol, protease and phosphatase inhibitor 

cocktail). Equal amounts of lysate were subsequently resolved by SDS-PAGE, transferred 

to PVDF membranes, immunoblotted with specific primary and secondary antibodies, and 

detected using chemiluminescence (GE Healthcare, Chicago, IL, USA). Antibodies for 

phospho-4E-BP1 (Thr37/46) (#2855), phospho-4E-BP1 (Ser65) (#13443), and phospho-4E

BP1 (Thr70) (#13396) were purchased from Cell Signaling Technology (Danvers, MA, 

USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
1H,1H–COSY (——), selected HMBC (blue →) and selected NOESY (red ↔) correlations 

of himalaquinones A–G (1–7).
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Figure 2. 
(A) Percent viability of A549 (non-small-cell lung) and PC3 (prostate) human cancer cell 

lines (after 72 h) at 80 μM of compounds 1–7. (B) Dose–response of compound 7 against 

A549 (non-small-cell lung) and PC3 (prostate) human cancer cell lines (72 h). See also 

Supporting Information, Figure S4 and Table S1.
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Figure 3. 
HCT116 cells were treated with 2 μM of test compound [himalaquinone G (7), 

saquayamycins A (8), B (9), J (14), or K (15), or landomycins A (18), X (23), or Y (29)] 

or DMSO (negative control) for 6 h followed by Western blot analysis for the indicated 

proteins. The position of 4E-BP1 phosphorylation (p-4E-BP1) is indicated in parentheses, 

cleaved PARP is included as an apoptotic marker, and β-actin serves as an internal standard 

reference. For cancer cell line cytotoxicities (IC50s), see Supporting Information, Table S1. 

For the chemical structures of compounds 1–31, see Chart 1 and Figure 5.
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Figure 4. 
Single-dose axolotl tail regeneration assay of himalaquinone G (7) and representative 

angucycline analogues saquayamycins A (8), B1 (10), G (11), H (12), I (13), and J (14), 

urdamycin A (16), and landomycins M (26), O (27), and V (22). All compounds were 

tested at 10 μM concentration with the exception of 8 (1.0 μM). Controls were 0.1% DMSO 

(negative) and Hsp90 inhibitor geldanamycin (positive). See Supporting Information, Table 

S1 for the summary results of compounds 1–31. For the chemical structures of compounds 

1–31, see Chart 1 and Figure 5.
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Figure 5. 
Chemical structures of angucyclin(on)es 8–31.
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Scheme 1. 
Proposed Biosynthetic Pathway of the Himalaquinones A–G (1–7)
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Chart 1. 
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