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Abstract

Terfestatins B (1) and C (2), new p-terphenyls bearing a novel unsaturated hexuronic acid (4-

deoxy-α-L-threo-hex-4-enopyranuronate), a unique β-D-glycosyl ester of 5-isoprenylindole-3-

carboxylate (3) and the same rare sugar, and two new hygromycin precursors, were characterized 

as metabolites of the coal mine fire isolate Streptomyces sp. RM-5–8. EtOH damage 

neuroprotection assays using rat hippocampal-derived primary cell cultures with 1, 2, 3 and 

echoside B (a terfestatin C-3′-β-D-glucuronide from Streptomyces sp. RM-5– 8) revealed 1 as 

potently neuroprotective, highlighting a new potential application of the terfestatin scaffold.
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The p-terphenyl-derived natural products are composed of a linear 1,4-diaryl-substituted 

benzene core often further modified via enzymatic modification. While substituted p-

terphenyls are fairly common as fungal metabolites,1 only 13 have been reported from 

bacteria,2 six of which (terfestatin A3 and echosides A–E4) exist as simple glucosides or 

glucuronides. Consistent with the diverse range of biological activities reported for p-

terphenyl metabolites,5 terfestatin A was identified as a modulator of auxin signaling in 

Arabidopsis, while the echosides were noted as DNA topoisomerase inhibitors.3,4 Beginning 

with the pioneering work of Hamilton and co-workers,6 the p-terphenyl core scaffold has 

also been recognized as a unique small molecule-based α helix mimic and subsequently 

exploited for the development of synthetic protein–protein interaction inhibitors.7

As part of an effort to explore the microbial diversity and corresponding metabolic potential 

of actinomycetes associated with thermal vents emanating from underground coal mine fires 

in Appalachia,8 herein we report the discovery of two new p-terphenyl glycosides 

[terfestatins B (1) and C (2)] from the Ruth Mullins coal fire-affiliated isolate Streptomyces 

sp. RM-5–8. Both metabolites bear a novel unsaturated hexuronic acid (4-deoxy-α-L-threo-

hex-4-enopyranuronate), a sugar also found appended as a β-D-glycosyl ester of 5-

isoprenylindole-3-carboxylate (3) produced by the same strain (Figure 1). While this may 

implicate the presence of a uniquely permissive glycosyltransferase, it is important to note 

that there are only two reported unsaturated hexuronic acids among the >3400 known 

naturally occurring glycosylated bacterial natural products.2,9 Furthermore, 1 displayed 

notable activity in an EtOH damage neuroprotection assay using rat hippocampal-derived 

primary cell cultures. As neurodegeneration and gliotoxicity are hallmarks of protracted 

EtOH dependence,10 this work highlights a new terfestatin activity of clinical significance.

Nine actinomycete strains were purified from the second-generation plates deriving from a 

single soil sample collected near a Ruth Mullins underground coal mine fire thermal vent 

located in Perry County, KY.11 Metabolic profiling of these strains implicated Streptomyces 

sp. RM-5–8 as capable of unique metabolite production. A seed culture of Streptomyces sp. 

RM-5–8 was subsequently used to inoculate 6 L of medium A, and large-scale fermentation 

continued for 7 days at 28 °C and 200 rpm. The culture broth was filtered, and the recovered 

mycelial cake was extracted with acetone while the recovered aqueous filtrate was subjected 

to solid-phase extraction (XAD-16 resin, 800 g) and the resin subsequently washed with 

water and then extracted with methanol to obtain crude extract. The mycelial acetone and 

solid-phase methanolic crude extracts were combined, dried, and subjected to progressive 

chromatography (silica gel column chromatography, Sephadex LH-20 column 

chromatography, and semipreparative C18 HPLC) to yield 1 (9 mg, yield: 1.5 mg/L), 2 (10 

mg, yield: 1.7 mg/L), and 3 (4 mg, yield: 0.7 mg/L). In addition, two new hygromycin A 

precursors 4 (15 mg, yield: 2.5 mg/L; Figure S1) and 5 (5 mg, yield: 0.8 mg/L, Figure S1), 
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and seven known compounds were identified including the major product hygromycin A 

(107 mg/L) (see the Supporting Information).

Compounds 1 and 2 were obtained as white amorphous powders, and their molecular 

formulas were established by HR-ESI-MS as C25H22O8 [m/z 451.1379 (M + H)+] and 

C24H20O8 [m/z 435.1089 (M − H)−], respectively, indicating 15 degrees of unsaturation and 

a difference of a single methylene between the two metabolites. 1H and 13C NMR data 

(Table 1) revealed characteristic features of p-terphenyl-derived compounds, including two 

monosubstituted benzene rings (rings A and C, Figure 1) with key H-2/H-3, H-3/H-4, H-2″/

H-3″, and H-3″/H-4″ COSY correlations and H-3/C-1, H-2/C-4, H-4/C-2, H-3″/C-1″, H-2″/

C-4″, and H-4″/C-2″ HMBC correlations (Figure 2). Common features of the shared 

pentasubstituted benzene core (ring B) included a singlet aromatic proton signal (H-5′) with 

HMBC correlations to four aromatic quaternary carbons (C-1′, C-3′, C-6′ and C-1″) and a 

C-2′-OH with HMBC correlations to C-1′, C-2′, and C-3′. Compounds 1 and 2 diverge 

structurally via their C-3′ and C-6′ substitution patterns (ring B). Among the key signatures 

used to delineate these distinctions was the 2J HMBC correlation between the 3′-OCH3 and 

C-3′ as support of the C-3′ methoxy assignment in 1 (absent in 2, C-6′–OH, δH 9.21).

Most notably, both 1 and 2 bear an appended rare sugar assigned as 4-deoxy-α-L-threo-

hex-4-enopyranuronate based upon key COSY (Figure 2, H-1‴/H-2‴ and H-3‴/H-4‴), 

HMBC correlations (Figure 2; from H-1‴ to C-2‴, C-3‴ and C-6‴; from H-4‴ to C-2‴, 

C-5‴ and C-6‴) and ROESY (Figure 3). The corresponding glycosyl regiospecificity was 

also found to differ between 1 (C-6′, supported by a key H-1‴/C-6′ HMBC correlation) and 

2 (C-3′, supported by a key H-1‴/C-3′ HMBC correlation). The terfestatin naming 

convention was adopted for compounds 1 and 2 based upon the core scaffold structural 

similarity compared to the first reported microbial metabolites in this family.3

Compound 3 was isolated as a white amorphous powder, and its molecular formula was 

established by HR-ESI-MS as C20H21NO7 [m/z 388.1395 (M + H)]. The analysis of 

the 1H/13C and gHSQC NMR data suggested the presence of two methyl, one methylene, 

nine methine, and eight quaternary carbon signals (Table S2, Supporting Information). The 

characteristic aromatic proton signals at δH 8.10 (s), 7.97 (d, 7.8), 7.25 (s), and 7.00 (d, 7.8) 

were diagnostic of a 5-substituted indole moiety, which displayed HMBC correlations from 

H-2 (δH 8.10, s) to C-3 (δC 105.3), C-8 (δC 123.7), and C-9 (δC 136.8); from H-4 (δH 7.25, s) 

to C-6 (δC 122.5) and C-8; from H-6 (δH 7.00, d) to C-4 (δC 111.3) and C-9; and from H-7 

(δH 7.97, d) to C-5 (δC 135.9) and C-8. Support for the C-5 isoprenyl assignment derived 

from a key COSY correlation between H-1′/H-2′ and HMBC correlations from H2-1′ (δH 

3.40, 2H) to C-4 (δC 111.3), C-5 (δC 135.9), C-6 (δC 122.5), C-2′ (δC 123.8), and C-3′ (δC 

131.3) and from H-2′ (δH 5.34) to C-1′ (δC 33.8), C-4′ (δC 17.6), and C-5′ (δC 25.5), as well 

as two singlet methyl signals (H3-4′ and H3-5′) correlated with C-2′ (δC 123.8) and C-3′ (δC 

131.3). Notably, the same 4-deoxy-α-L-threo-hex-4-enopyranuronate found within 1 and 2 
was also detected in 3 (Table S2 and Figure 1). However, distinct from 1 and 2, the 

corresponding lower anomeric proton chemical shift (δH 6.21, H″-1) in 3 and the key 

HMBC correlation with the C-10 carboxylic acid implicated a less common glycosyl ester 

attachment. Interestingly, a similar 4-deoxy-α-L-threo-hex-4-enopyranuronate glycosyl ester 
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of the angiotensin converting inhibitor A58365 was previously discovered as part of a broad 

microbial bioconversion screening effort.12

Two additional new natural hygromycin precursors [prehygromycin (4) and 4′-epi-

prehygromycin (5); Figure S1] and seven known compounds [echoside B,4 hygromycin A,13 

4″-epi-hygromycin, 14 5-methoxyhygromycin,15 5-methoxy-4″-epi-hygromycin,15 

geldanamycin,16 17-O-demethylgeldanamycin;17 Figure S1] were isolated and identified on 

the basis of NMR, MS, and comparison with literature precedent (see the Supporting 

Information). Of these, echoside B was recently reported as a metabolite of Streptomyces sp. 

LZ35 and differs from 1 via the nature of the appended sugar (where echoside B is the 

corresponding C-3′-β-D-glucuronide).4

Compounds 1–3 and echoside B were subsequently evaluated in an EtOH damage 

neuroprotection assay using rat hippocampal-derived primary cell cultures. Forty-eight 

hours of exposure to 100 mM EtOH in cell culture medium produced significant increases in 

uptake of propidium iodide, a highly polar nucleic acid intercalating agent that labels 

degenerating cells in the primary neuronal and glial cell layers of hippocampal cell cultures. 

Mean increases of approximately 145% of control levels were observed with each 

replication. Exposure of EtOH naïve or EtOH-exposed cultures to compounds 2 and 3 and 

echoside B for the 48 h incubation period did not significantly reduce propidium iodide 

uptake into cultures. In contrast, coexposure of cultures to compound 1 with EtOH produced 

a significant reduction in propidium iodide uptake. Post hoc analysis demonstrated that this 

reversal of EtOH-induced propidium iodide uptake was observed with coexposure to 0.01, 

0.10, and 1.0 μM compound 1 (Figure 4). Exposure of EtOH-naïve cultures to compound 1 
did not alter propidium iodide uptake.

Protracted intake of EtOH is known to produce cytotoxicity in the central nervous system of 

prenatal, adolescent, and adult individuals via myriad diverse mechanisms.10 While 

compounds that influence inflammatory cascades and osmotic disturbance have been found 

to reduce this form of insult in preclinical models, none are effective in countering the 

adverse effects of chronic EtOH dependence in a clinical population. Additionally, loop 

diuretics such as furosemide produce orthostatic hypotension that may be markedly 

enhanced by concomitant EtOH intake,18 while drugs approved for the treatment of alcohol 

dependence also lack efficacy against the neurodegenerative effects of binge-like or chronic 

ethanol exposure. Thus, the identification of novel compounds, such as 1, with the potential 

to address the debilitating neurodegenerative aspects of EtOH dependence offer significant 

translational potential.

In summary, the discovery of 1–3 as metabolites of the coal mine fire isolate Streptomyces 

sp. RM-5–8 further highlights the potential for novel microbial natural product discovery 

from this unique ecological niche.8,19 The current study reveals the attachment of a rare 

unsaturated hexuronic acid (4-deoxy-α-L-threo-hex-4-enopyranuronate) to two structurally 

distinct classes (5-isoprenylindole-3-carboxylate and p-terphenyl). The former offers an 

uncommon glycosyl ester linkage, while the latter highlights two distinct terphenyl glycosyl 

regioisomers. As such, this study may implicate Streptomyces sp. RM-5–8 as containing a 

uniquely permissive glycosyltransferase of potential utility to chemoenzymatic 
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glycodiversification efforts.20 In addition, while the genes encoding metabolites bearing a 

C-2″-epimer of the corresponding unsaturated hexuronic acid (the 4,5-unsaturated-α-D-

mannuronic acid within capuramycins) have recently been reported,21 the biosynthetic 

pathway(s) for unsaturated hexuronic acid construction and/or attachment remain(s) 

uncharacterized. Furthermore, the demonstrated specific functional cytoprotection by 1 
against EtOH toxicity in a primary brain cell culture model establishes, for the first time, the 

p-terphenyl scaffold as a neuroprotective agent within this context. The lack of such activity 

in 2 or echoside B also implicates the importance of both the specifically unique structure 

and corresponding regiospecificity of the attached unsaturated hexuronic acid. The fact that 

compounds 1–3 lacked representative activity against bacteria, fungi, or cancer cell lines 

(see Supporting Information) further supports the perceived specificity and limited general 

toxicity of 1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of new compounds 1–3 isolated from Streptomyces sp. RM-5–8
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Figure 2. 
1H,1H-COSY (–) and selected HMBC (→) correlations of compounds 1–3.
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Figure 3. 
Key ROESY correlations of terfestatins B (1) and C (2).
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Figure 4. 
EtOH damage neuroprotection assay (propidium iodide uptake in rat-derived organotypic 

hippocampal slice primary cell cultures): (A) DMSO control; (B) 48 h exposure to 100 mM 

EtOH; (C) 48 h exposure to 100 mM EtOH with 10 nM 1; (D) dose response with 48 h 

exposure to EtOH (100 mM) in the absence or presence of 1. *P < 0.001 vs control; **P < 

0.001 vs EtOH; F(4,35) = 4.629, P < 0.01.
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Table 1

1H and 13C NMR (400 and 100 MHz) Data for Terfestatins B (1) and C (2) in DMSO-d6 (J in Hz)

no.

terfestatin B (1) terfestatin C (2)

δH δC, type δH δC, type

1 133.4, C 134.4, C

2, 6 7.41, m 130.9, CH 7.33, m 130.8, CH

3, 5 7.35, m 127.5, CH 7.38, m 127.3, CH

4 7.29, m 126.7, CH 7.24, m 126.2, CH

1' 119.9, C 116.0, C

2' 148.3, C 148.5, C

3' 141.0, C 133.0, C

4' 133.1, C 132.8, C

5' 6.76, s 108.8, CH 6.39, s 107.4, CH

6' 150.0, C 151.5, C

1'' 137.6, C 137.7, C

2'', 6'' 7.62, d, (7.5) 128.6, CH 7.54, dd (7.2, 1.2) 128.6, CH

3'', 5'' 7.46, t (7.5) 128.4, CH 7.45, t (7.3) 128.4, CH

4'' 7.35, m 127.5, CH 7.35, m 127.4, CH

1''' 5.54, d (4.6) 99.1, CH 4.83, d (2.2) 99.5, CH

2''' 3.46, m 69.9, CH 3.70, br s 68.1, CH

3''' 3.91, br s 66.2, CH 3.81, br s 63.9, CH

4''' 5.87, br s 112.6, CH 5.97, d (4.4) 110.7, CH

5''' 140.6, C 140.3, C

6''' 163.2, C 162.9, C

3'-OCH3 3.30, s 60.3, CH3

2'-OH 8.91, s 8.28, s

6'-OH 9.21, s

2''-OH 5.37, br s 5.53, d (4.3)

3''-OH 4.35, br s 5.68, d (6.6)
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