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Abstract 14 

 15 

Chemical investigation of a previously unreported indigenous Australian Streptomyces strain 16 

MST-91080 has identified six novel analogues related to the oxazole-pendanted macrodiolide, 17 

conglobatin. Phylogenetic analysis of the 16S rRNA gene sequence identified MST-91080 as 18 

a species of Streptomyces, distinct from reported conglobatin producer, S. conglobatus ATCC 19 

31005. Conglobatins B – E diverge from conglobatin through differing patterns of methylation 20 

on the macrodiolide skeleton. The altered methyl positions suggest a deviation from the 21 

published biosynthetic pathway, which proposed three successive methylmalonyl-CoA 22 

extender unit additions to the conglobatin monomer. Conglobatins B1, C1 and C2 exhibited 23 

more potent cytotoxic activity selectively against the NS-1 myeloma cell line (IC50 0.084, 1.05 24 

and 0.45 µg ml-1, respectively) compared to conglobatin (IC50 1.39 µg ml-1). 25 

 26 

Streptomyces/conglobatin/macrodiolide/oxazole/cytotoxic 27 

 28 

  29 



Introduction 30 

Macrocyclic lactones represent a mainstay of drug discovery from microbes since the discovery 31 

of the first macrocycle natural product, pikromycin in 1950 [1]. In the 70 years since, over 32 

6,000 macrolide natural products have been reported [2]. Within the structural diversity of 33 

macrolides, some 13% are macrodiolides with symmetrical and asymmetrical arrangements of 34 

a second ester in the macrocycle. It is therefore curious that 16-membered macrolides are 35 

represented by only a handful of symmetric 16-membered macrodiolides drawn from across 36 

nature. Only a single plant metabolite, chaksine, from the legume Cassia absus [3], a single 37 

lichen metabolite, lepranthin, from Arthonia impolita [4], and a single family of 12 analogues 38 

belonging to the pyrenophorin class [5], including the vermiculins [6] and trichobotryside A 39 

[7], have been reported from diverse range of endophytic and plant pathogenic fungi. Within 40 

actinomycetes, only two groups of 16-membered macrodiolides bearing a symmetrical 41 

disposition of lactones have been reported from Streptomyces species: a family of 16-42 

membered diene-conjugated lactones, the elaiophylins (including halichoblelides, efomycins 43 

and SNA 4606-1) first described by Kaiser and Keller-Schierlein in 1981 [8] and subsequently 44 

by others [9-12], and a single conjugated , unsaturated lactone, conglobatin (1), reported by 45 

researchers at Roche in 1979 [13]. The discovery of 1 was driven by its abundance as a co-46 

metabolite of the ionophore ionomycin, discovered some years earlier in Streptomyces 47 

conglobatus ATCC 31005 [13]. Despite the absence of biological activity against fungi, 48 

bacteria, protozoa and mammalian cells  presented in the original report, subsequent in vitro 49 

studies have revealed that conglobatin has cytotoxic, antitrypanosomal and antimalarial 50 

activities [14-16]. 51 

Structurally, 1 is C2-symmetric, bearing pendant 5-substituted oxazole moieties. The two ,-52 

unsaturated lactones are the dominant chromophores, providing a distinct single UV maximum 53 

at 214 nm. In 2015, the conglobatin (cong) biosynthetic gene cluster (BGC) was reported [17]. 54 

Biosynthesis of 1 is mediated by a nonribosomal peptide synthetase (NRPS)-like loading 55 

module (encoded by congA) coupled to four polyketide synthase (PKS) modules (encoded by 56 

congBCD), and a cyclodehydratase (encoded by congE). During biosynthesis, an oxazole-57 

containing diketide is generated by the subsequent formylation, cyclisation and extension of a 58 

glycine starter unit through coordinated action of CongABE. Three additional Claisen 59 

condensations yield a pentaketide that forms mature 1 following head-to-tail dimerization 60 

catalysed by the thioesterase domain of CongD. Notably, the acetyltransferase domain of 61 

module three in the PKS is mutated, leading to module ‘stuttering’ and the incorporation of 62 

three methylmalonyl extender units, resulting in the characteristic 2,4,6-trimethylated pattern 63 

of 1 [17]. 64 

As part of our continuing search for chemical diversity from Australian microbes [18-20], we 65 

constructed a library of 50,000 talented microbes, each containing high levels of secondary 66 

metabolites and a diverse array of UV spectra. The library, which was drawn from 500,000 67 

microbes sampled from 25,000 soil, marine and plant samples collected across the length and 68 

breadth of Australia, represents a unique continental bioresource. From this collection, an 69 

unusual soil actinomycete, Streptomyces sp. MST-91080 with a unique secondary metabolite 70 

profile, was obtained from Yeppoon, Queensland, Australia. Notably, MST-91080 exhibited a 71 

highly characteristic family of metabolites displaying a single UV maximum at 214 nm 72 

consistent with the presence of an α,β-unsaturated carbonyl moiety as found in conglobatin and 73 

related compounds. Herein, we report the isolation, structural elucidation and bioactivity 74 



profiling of this dominant metabolite class, leading to the discovery of six novel conglobatin 75 

analogues, conglobatins B1 (2), C1 (3), C2 (4), D1 (5), D2 (6) and E (7), together with 76 

conglobatin (1) itself.  77 

Methods and Materials 78 

General 79 

NMR spectra were acquired in DMSO-d6 on a Bruker Avance II DRX-600K 600 MHz 80 

spectrometer at 25 °C. NMR spectra were processed using Topspin 3.5 and referenced to the 81 

residual solvent signals (DMSO-d6; δH 2.49 / δC 39.5). High resolution electrospray ionisation 82 

mass spectra (HRESIMS) were acquired by direct infusion in MeCN on either a Bruker Apex 83 

Qe 7T Fourier Transform Ion Cyclotron Resonance mass spectrometer equipped with an 84 

Apollo II ESI/MALDI dual source or a Q Exactive Plus hybrid quadrupole-Orbitrap mass 85 

spectrometer. Electrospray ionisation (ESI) mass spectrometry was carried out with an Agilent 86 

1260 Infinity HPLC series equipped with an Agilent 6120 Infinity series mass detector in both 87 

positive and negative ion modes. All HPLC and LC-MS data were analysed with in-house 88 

software COMET [21], respectively. Chiroptical measurements were acquired in MeOH with 89 

a Perkin-Elmer Model 341 polarimeter in a 50 × 5 mm cell. UV-vis spectra were acquired in 90 

MeCN on a Varian Cary 4000 spectrophotometer between 200 – 600 nm with a cell size of 10 91 

× 10 mm. FT-IR spectra were obtained with Bruker Platinum-ATR and processed with OPUS 92 

software.  93 

 94 

Analytical HPLC was performed on a gradient Agilent 1260 Infinity quaternary HPLC system. 95 

The column was an Agilent Zorbax SB-C18 (2.1 × 50 mm, 1.8 µm) eluted with a 0.6 ml min-1 96 

gradient of 10-100% MeCN/H2O (0.01% TFA) over 8.33 min. Preparative HPLC was 97 

performed on a gradient Shimadzu HPLC system comprising of two LC-8 preparative liquid 98 

pumps with static mixer, SPD-M10AVP diode array detector and SCL-10AVP system 99 

controller with standard Rheodyne injection port. The columns used in the purification of the 100 

metabolites were selected from either a Vydac C18 column (50 × 100 mm, 5 m; Grace 101 

Discovery), a Zorbax SB-C18 column (50 × 150 mm, 5 m; Agilent) or an Alltima C18 (22 × 102 

250 mm, 5 m, Grace Discovery) isocratically with MeCN/H2O mixtures containing 0.01% 103 

TFA modifier. 104 

 105 

Taxonomic studies 106 

Genomic DNA from Streptomyces sp. MST-91080 and Streptomyces conglobatus was 107 

extracted using E.Z.N.A. Bacterial DNA Kit (Omega Bio-Tek) following the manufacturers 108 

protocol. 16S rRNA was amplified via PCR using the primers S-D-Bact-0341-b-S-17 109 

(CCTACGGGNGGCWGCAG) and S-D-Bact-0785-a-A-21 110 

(GACTACHVGGGTATCTAATCC) [22] and sequenced using the AGRF Sanger sequencing 111 

platform (Melbourne, Australia). Sequences were submitted to GenBank under accessions 112 

MT013375 (MST-91080) and MT013374 (ATCC 31005). Non-redundant sequences were 113 

aligned using Clustal Omega [23] along with representative Streptomyces spp. 16S sequences 114 

identified from Labeda et al., 2012 [24]. A phylogenetic tree was generated using FastTree 2 115 

[25] using default setting and visualised in iTOL [26] (Supplementary Information Figure S61). 116 



 117 

Fermentation and extraction 118 

MST-91080 was cultured on ISP2 agar plates for seven days at 28 °C. A spore suspension 119 

(H2O; 100 ml) was used to inoculate pearl barley (3.5 kg), which was incubated for seven days 120 

at 28 °C. The fermentation was extracted with acetone (2 × 1800 ml) and the acetone layer was 121 

filtered and concentrated by evaporation to an aqueous slurry (1000 ml) before being 122 

partitioned against ethyl acetate (2 × 1200 ml). The ethyl acetate fraction was evaporated to 123 

dryness, then redissolved in methanol (200 ml) and re-partitioned against hexane (2 × 400 ml) 124 

to obtain a methanolic crude extract. 125 

Isolation of compounds 126 

After in vacuo reduction, the crude (3.2 g) was dissolved in chloroform and applied to a silica 127 

gel column (80 g) and eluted with a stepwise gradient of 0–100% MeOH in CHCl3, collecting 128 

a total of twelve fractions (500 ml). The metabolites sharing a common UVmax of 214 nm eluted 129 

in fractions 4 (475 mg) and 5 (197 mg), which were combined. Fraction 4/5 was dissolved in 130 

MeOH (4 ml) and was further fractionated by preparative HPLC (Hypersil C18, isocratic 70% 131 

MeCN/H2O containing 0.01% TFA, 60 ml min-1). The conglobatin compounds eluted in 132 

fractions A3 (11.2 mg), A4 (199.2 mg), A5 (126.7 mg) and A7 (25.6 mg). Fraction A3 was 133 

further resolved by preparative HPLC (Hypersil C18, isocratic 60% MeCN/H2O containing 134 

0.01% TFA, 20 ml min-1), yielding 6 (tR= 11.9 min, 1.1 mg) and 7 (tR= 12.5 min, 1.5 mg). 135 

Fraction A4 was dissolved in MeOH (3 ml) and fractionated (Hypersil C18, isocratic 60% 136 

MeCN/H2O containing 0.01% TFA, 20 ml min-1) in three consecutive separations, yielding 5 137 

(tR= 14.1 min, 25.3 mg) and 3 (tR= 15.6 min, 36.3 mg). While A5 was resolved by preparative 138 

HPLC (Hypersil C18, isocratic 67.5% MeCN/H2O containing 0.01% TFA, 20 ml min-1), to yield 139 

4 (tR= 14.4 min, 3.8 mg) and 2 (tR= 15.4 min, 73.4 mg). Finally, the most non-polar fraction 140 

A7 was fractionated by preparative HPLC (Hypersil C18, isocratic 80% MeCN/H2O containing 141 

0.01% TFA, 20 ml min-1) in two separations to provide 1 (tR= 10.1 min, 6.03 mg). 142 

Characterisation of metabolites 143 

Conglobatin B1 (2): white powder; m.p. 98 – 100 °C; [α]
2

D

0  
  –45 (c 0.03, MeOH); UV (MeCN) 144 

λmax (log ε) 214 (4.46) nm; IR (ATR) νmax 3123, 2959, 2927, 2871, 1698, 1271, 1098, 745, 646 145 

cm–1; HRESI(+)MS m/z 485.2490; calcd. for C27H37N2O6
+ [M + H]+, 485.2646. 146 

Conglobatin C1 (3): white powder; m.p. 138 – 140 °C; [α]
2

D

0  
  –55 (c 0.05, MeOH); UV (MeCN) 147 

λmax (log ε) 214 (4.42) nm; IR (ATR) νmax 3101, 2939, 2867, 1698, 1274, 1098, 973, 651 cm–148 
1; HRESI(+)MS m/z 471.2490; calcd. for C26H35N2O6

+ [M + H]+, 471.2490. 149 

Conglobatin C2 (4): white powder; [α]
2

D

0  
  –25 (c 0.03, MeOH); UV (MeCN) λmax (log ε) 214 150 

(4.67) nm; HRESI(+)MS m/z 471.2482; calcd. for C26H35N2O6
+ [M + H]+, 471.2490. 151 

Conglobatin D1 (5): white solid; [α]
2

D

0  
  –11 (c 0.03, MeOH); UV (MeCN) λmax (log ε) 214 (4.50) 152 

nm; m.p. 98 – 100 °C; IR (ATR) νmax 3139, 2935, 2864, 1705, 1653, 1608, 1512, 1273, 1099, 153 

828, 748, 645 cm–1; HRESI(+)MS m/z 457.2327; calcd. for C25H33N2O6
+ [M + H]+, 457.2333. 154 

Conglobatin D2 (6): colourless oil; [α]
2

D

0  
  –46 (c 0.01, MeOH); UV (MeCN) λmax (log ε) 200 155 

(4.69) nm; HRESI(+)MS m/z 457.2322; calcd. for C25H33N2O6
+ [M + H]+, 457.2333. 156 



Conglobatin E (7): colourless oil; [α]
2

D

0  
  –27 (c 0.01, MeOH); UV (MeCN) λmax (log ε) 214 157 

(4.39) nm; HRESI(+)MS m/z 443.2172; calcd. for C24H31N2O6
+ [M + H]+, 443.2177. 158 

 159 

Biological assays 160 

NS-1 (ATCC TIB-18) mouse myeloma cells and NFF (ATCC PCS-201) human fibroblast cells 161 

were inoculated in 96-well microtitre plates (190 µl) at 50,000 cells ml-1 in DMEM (Dulbecco's 162 

Modified Eagle Medium + 10% fetal bovine serum (FBS) + 1% penicillin/streptomycin (Life 163 

Technologies)) and incubated in 37 °C (5% CO2) incubator. At 48 h, resazurin (120 µg ml-1; 164 

10 µl) was added to each well and the plates were incubated for a further 48 h. Finally, the 165 

absorbance of each well at 605 nm was measured using a Spectromax plate reader (Molecular 166 

Devices). The absorbance measured using Spectromax plate reader (Molecular Devices) at 605 167 

nm and the IC50 values determined using a sigmoidal dose response model with variable slope 168 

in Graphpad Prism 8. 169 

Bacillus subtilis (ATCC 6633) and Escherichia coli (ATCC 25922) were used as indicative 170 

species for Gram-positive and Gram-negative antibacterial activity, respectively. A bacterial 171 

suspension (50 ml in 250-ml flask) was prepared in nutrient media by cultivation for 24 h at 172 

250 rpm, 28 °C. The suspension was diluted to an absorbance of 0.01 absorbance units per ml, 173 

and 10 µl aliquots were added to the wells of a 96-well microtitre plate, which contained the 174 

test compounds dispersed in nutrient agar (Amyl) with resazurin (120 µg ml-1). The plates were 175 

incubated at 28 °C for 48 h during which time the positive control wells changed colour from 176 

a blue to light pink colour. MIC end points were determined visually. The absorbance measured 177 

using Spectromax plate reader (Molecular Devices) at 605 nm and the IC50 values determined 178 

using a sigmoidal dose response model with variable slope in Graphpad Prism 8. 179 

Candida albicans (ATCC 10231) was used as indicative species for antifungal activity. A yeast 180 

suspension (50 ml in 250 ml flask) was prepared in 1% malt extract broth by cultivation for 24 181 

h at 250 rpm, 24 °C. The suspension was diluted to an absorbance of 0.005 and 0.03 absorbance 182 

units per ml for C. albicans. Aliquots (20 µl and 30 µl) of C. albicans was applied to the wells 183 

of a 96-well microtitre plate, which contained the test compounds dispersed in malt extract agar 184 

containing resazurin (120 µg ml-1). The plates were incubated at 24 °C for 48 h during which 185 

time the positive control wells change colour from a blue to yellow colour. MIC end points 186 

were determined visually. The absorbance measured using Spectromax plate reader (Molecular 187 

Devices) at 620 nm and the IC50 determined using a sigmoidal dose response model with 188 

variable slope in Graphpad Prism 8. 189 

Tritrichomonas foetus (strain KV-1) was used as an indicative species for antiprotozoal 190 

activity. T. foetus was inoculated in 96-well microtitre plates (200 µl) at 4×104 cells ml-1 in T. 191 

foetus medium (0.2% tryptone, Oxoid; 0.1% yeast extract, Difco; 0.25% glucose; 0.1% L-192 

cysteine; 0.1% K2HPO4; 0.1% KH2PO4; 0.1% ascorbic acid; 0.01% FeSO4·7H2O; 1% 193 

penicillin/streptomycin (10,000 U ml-1 / 10,000 µg ml-1, Life Technologies Cat. No. 194 

15140122), 10% new born calf serum (NBCS), Life Technologies). The plates were incubated 195 

in anaerobic jars (Oxoid AG25) containing Anaerogen satchel (Oxoid AN25) in 37 °C (5% 196 

CO2) incubator. At 72 h, T. foetus proliferation was counted and % inhibition graphed to 197 

determine the IC50 values using a sigmoidal dose response model with variable slope in 198 

Graphpad Prism 8. 199 



Giardia duodenalis (strain 713) were inoculated in 96-well microtitre plates (200 µl) at 4×105 200 

cells/ml in Giardia medium (0.2% tryptone, Oxoid; 0.1% yeast extract, Difco; 0.5% glucose; 201 

0.106% L-Arginine; 0.1% L-cysteine; 0.2% NaCl; 0.1% K2HPO4; 0.06% KH2PO4; 0.02% 202 

ascorbic acid; 0.0023% ferric ammonium citrate; 0.01% Bile (Sigma); 1% 203 

penicillin/streptomycin (10,000 U ml-1 / 10,000 µg ml-1, Life Technologies Cat. No. 204 

15140122), 10% newborn calf serum (NBCS), Life Technologies). The plates were incubated 205 

in anaerobic jars (Oxoid AG25) containing Anaerogen satchel (Oxoid AN25) in 37 °C (5% 206 

CO2) incubator. At 96 h, G. duodenalis proliferation was counted and % Inhibition graphed to 207 

determine the IC50 values. 208 

Eragrostis tef (teff) seed was used as indicative species for herbicidal discovery. 10 to 15 teff 209 

seeds were dispensed using LabTIE seed dispenser into the wells of a 96-well microtitre plate, 210 

which contained the test compounds dispersed in 200 µl of agar (1% w/v) per well. The plates 211 

were placed in a tray wrapped with semi-opaque bag, exposed to 1600 lux (inside the bag) 212 

using Power-Glo (20 W) and Sun-Glo (20 W) tubes, and incubated for 72 h at 24 °C and the 213 

inhibition of germination determined visually. 214 

 215 

Results and Discussion 216 

Taxonomy of the producing organism 217 

MST-91080 was isolated from a sample collected from the topsoil in a public park located 218 

close to the Pacific Ocean coastline in the township of Yeppoon, Queensland, Australia in 219 

1996. Sequences were queried against the NCBI BLAST nucleotide collection to identify 220 

closely related strains. The 16S rRNA gene sequence indicated that the strain is closely related 221 

to Streptomyces albulus strains NBRC 13410 and IMC S-0802 (100% sequence similarity) 222 

[27], Streptomyces noursei NBRC 15452 (100% sequence similarity) [28] and Streptomyces 223 

palmae CMU-AB204 (100% sequence similarity) [29].  224 

 225 

Structural determination of isolated compounds 226 

HRESI(+)MS analysis of conglobatin B1 (2) indicated a molecular formula C27H36N2O6 ([M 227 

+ H]+ m/z 485.2490, mmu –0.3) containing one carbon and two hydrogen atoms fewer than 228 

1. Similarly to 1, the UV spectrum of 2 revealed a distinct maximum at 214 nm (Figure S52). 229 

The 13C NMR spectrum of 2 (Table 1, Figure S9) revealed 27 discrete signals (12 closely 230 

spaced pairs and 3 unpaired signals), suggesting a slight break in C2-symmetry compared to 1. 231 

The 1H NMR spectrum of 2 (Table 1, Figure S8) also showed an analogous pairing of similar 232 

resonances. Three secondary methyl groups were observed, evidenced by three resonances at 233 

δH 0.93 (d, J = 6.9 Hz; 6ʹ-Me), δH 0.97 (d, J = 6.9 Hz; 6-Me) and δH 1.04 (d, J = 6.6 Hz; 4-Me), 234 

and two olefinic methyl groups at δH 1.65 (d, J = 1.3 Hz; 2ʹ-Me) and δH 1.66 (d, J = 1.3 Hz; 2-235 

Me), were observed in the 1H NMR spectrum of 2. The absence of a fourth secondary methyl 236 

group and its corresponding methine, and the presence of an additional methylene resonance 237 

H2-4ʹ (δH 2.25, m), were consistent with 2 being a desmethyl analogue of 1 (Figure 1). 238 

Inspection of the 1H – 1H COSY led to the identification of two near identical spin systems 239 

(Figure 2). Spin system A extended from H-3 to H2-8, incorporating 4-Me and 6-Me, while 240 

spin system B extended from H-3ʹ to H2-8ʹ, incorporating 6ʹ-Me and the methylene H2-4ʹ. 241 



Identically to 1, each spin system was found to be terminated by an α,β-unsaturated ester at one 242 

end and an oxazole motif at the other end. The ester was identified through the characteristic 243 
13C NMR chemical shifts of carbonyl carbon atoms at δC 165.8 (spin system A) and 165.6 (spin 244 

system B), the non-protonated olefinic carbons at δC 126.6 (A) and 128.0 (B) and olefinic 245 

carbons at δC 147.0 (A) and 142.2 (B). Diagnostic 1H – 13C HMBC correlations (Figure S11) 246 

from 2-Me to C-1, C-2, C-3, and from 2ʹ -Me to C-1ʹ, C-2ʹ and C-3ʹ, confirmed the position of 247 

the two α,β-unsaturated esters in 2.  248 

The oxazole motifs in 2 were characterised by the 13C NMR shifts of a non-protonated carbon 249 

at δC 149.1 (A) and 149.2 (B), two olefinic carbons at δC 122.5 (A) and 122.6 (B), and a second 250 

pair of olefinic carbons at δC 151.2 (A) and 151.1 (B). The 1H – 13C HMBC correlations from 251 

H-10 to C-8, C-9 and C-11 were used to confirm the presence of oxazole motifs (Figure 2, 252 

Table S2), while the correlations from H2-8 to C-9 and C-10, and from H2-8ʹ to C-9ʹ and C-10ʹ 253 

were used to identify the location of the oxazole on the macrodiolide core. Taken together, 254 

these spectroscopic data confirmed structure 2 to be 4ʹ-desmethylconglobatin (Figure 1). The 255 

absolute configuration of 2 was tentatively assigned to be 4R,6S,7S,6'S,7'S based on its close 256 

biosynthetic relationship to 1 and similar specific optical rotations (–45 for 2 vs. –58 for 1). 257 

Interestingly, the initial structural characterisation of conglobatin was determined to be 258 

5S,7R,8R,13S,15R,16R (equivalent to 4S,6R,7R,4'S,6'R,7'R) based on the structural similarity 259 

with vermiculin and pyrenophorin [13]. However, later synthetic studies indicated that the 260 

absolute configuration of conglobatin was in fact the opposite [30], a postulation that has been 261 

supported by recent biosynthetic studies [17].  262 

 263 

[Figure 1] 264 

 265 

HRESI(+)MS analysis of conglobatin C1 (3) indicated a molecular formula of C26H34N2O6 266 

based on the protonated molecule ([M + H]+ m/z 471.2490). An inspection of the 13C spectrum 267 

of 3 revealed thirteen peaks, suggesting a symmetrical molecule. The NMR data for 3 (Table 268 

1) were similar to those for 1, differing only in the absence of signals for 4-Me and the 269 

substitution of the C-4 methine signals (δH 2.57, m; δC 30.7) with signals for a methylene group 270 

(δH 2.25, m; δC 24.7). Only one spin system was identified in the COSY NMR spectrum of 3 271 

(Table S3, Figure S8), extending from H-3 to H2-8 and incorporating 6-Me. The key 1H – 13C 272 

HMBC NMR correlations for 3 (Figure 3, Table S3) were the same as for 1, confirming the 273 

presence and placement of the ester and oxazole motifs in the molecule. Based on the 274 

spectroscopic evidence, 3 was determined to be 4,4ʹ-didesmethylconglobatin (Figure 1). 275 

 276 

[Figure 2] 277 

 278 

Analysis of conglobatin C2 (4) by HRESI(+)MS indicated the same molecular formula as 3 279 

(C26H34N2O6) based on the protonated molecule ([M + H]+ m/z 471.2482). An inspection of the 280 
13C NMR spectrum of 4 (Table 1, Figure S21) revealed twenty-six unique peaks (12 closely 281 

spaced pairs and 2 unpaired signals), indicating an asymmetric molecule. The presence of two 282 

distinct secondary methyl resonances suggested a different configuration of methyl groups on 283 



the core. Two near-identical spin systems were identified in the 1H – 1H COSY spectrum of 4 284 

(Figure 3). Spin system A was found to be identical to the single spin system in 3, while spin 285 

system B was consistent with a secondary methyl group on C-4ʹ instead of C-6ʹ. The position 286 

of 4-Me was confirmed by analysis of the 1H – 13C HMBC NMR data, which revealed 287 

diagnostic correlations from H3-4 to C-3ʹ, C-4ʹ and C-5ʹ (Figure 3, Table S4). The remaining 288 

NMR data for 4 were consistent with the presence of two α,β-unsaturated esters and two 289 

oxazoles, as observed in 1 – 3. Therefore, 4 was identified as the 4,6ʹ-didesmethylconglobatin 290 

(Figure 1). 291 

[Table 1] 292 

 293 

HRESI(+)MS analysis of conglobatin D1 (5) indicated a molecular formula C25H34N2O6 ([M 294 

+ H]+ m/z 457.2327) containing one carbon and two hydrogen atoms fewer than 3 and 4. The 295 
13C NMR spectrum of 5 (Table 2, Figure S27) contained twenty-five unique signals (12 closely 296 

spaced pairs and 1 unpaired signal), indicating an asymmetrical molecule. The 1H and 13C 297 

NMR data for 5 were very similar to those for 3, with the only differences being the absence 298 

of one of the secondary methyl groups and its corresponding methine, and the presence of an 299 

additional methylene group (δH 1.61, 1.21; δC 30.0; C-6ʹ). Two discrete spin systems were 300 

identified in the 1H – 1H COSY spectrum of 5 (Figure 4, Figure S30). Spin system A was 301 

identical to the corresponding spin system in 3, while spin system B confirmed the absence of 302 

the 6ʹ-Me group. The 1H – 13C HMBC NMR data for 5 (Table S5, Figure S29) were consistent 303 

with the presence of two α,β-unsaturated esters and two oxazoles in the same arrangement as 304 

1 – 4. From the spectroscopic data, it was concluded that 5 was 4,4ʹ,6ʹ-tridesmethylconglobatin 305 

(Figure 1). 306 

 307 

[Figure 3] 308 

 309 

Analysis of conglobatin D2 (6) by HRESI(+)MS indicated a molecular formula of C25H34N2O6 310 

based on the protonated molecule ([M + H]+ m/z 457.2322), which is isomeric with 5. The 13C 311 

NMR spectrum of 5 (Figure S33) contained twenty-five unique peaks (12 closely spaced pairs 312 

and 1 unpaired signal), suggesting a lack of symmetry. Significantly, only one resonance 313 

characteristic of an olefinic methyl group was observed. The absence of 2ʹ-Me was suggested 314 

by the upfield shift of C-2ʹ from δC 166.0 to 164.1 in the 13C NMR spectrum of 6 and the 315 

presence of an additional resonance at δH 5.68 (dd, J = 15.8, 1.1 Hz; H-2) in the 1H NMR 316 

spectrum (Table 2). Consistent with the hypothesis of a closely related yet asymmetric 317 

molecule, multiple spin systems were identified in the 1H – 1H COSY spectrum of 6 (Figure 318 

S36). Spin system A was found to be identical to the corresponding spin systems in 3 – 5, while 319 

spin system B showed coupling between H-2ʹ/H-3ʹ and H2-4ʹ, consistent with the absence of a 320 

methyl group at C-2ʹ (Figure 4, Table S6), 1H – 1H coupling was also identified between H-6ʹ 321 

and 6ʹ-Me. The lack of contiguity was likely due to the limited amount of material available 322 

for NMR analysis. In the 1H – 13C HMBC NMR data, correlations confirmed the presence and 323 

position of two α,β-unsaturated esters and two oxazoles, while correlations from 6ʹ-Me to C-324 

5ʹ, C-6ʹ and C-7ʹ confirmed the presence of a methyl group at C-6ʹ on the macrodiolide core 325 



(Table S6, Figure S35). Based on the spectroscopic evidence, it was concluded that 6 was the 326 

2ʹ,4,4ʹ-tridesmethyl analogue of 1 (Figure 1). 327 

 328 

[Figure 4] 329 

 330 

Analysis of conglobatin E (7) by HRESI(+)MS indicated a molecular formula of C24H30N2O6 331 

based on the protonated molecule ([M + H]+ m/z 443.2172), which is one carbon and two 332 

hydrogens less than 5 and 6. An inspection of the 13C NMR spectrum of 7 (Table 2) revealed 333 

12 resonances, indicating the presence of symmetry. The 1H and 13C NMR data for 7 were very 334 

similar to those for 3, except for the absence of signals for secondary methyl group 6-Me and 335 

its corresponding methine, and the presence of an additional methylene signal (δH 1.55, m; δC 336 

30.9; C-6). The 1H – 1H COSY NMR spectrum of 7 (Table S7, Figure S42) revealed only one 337 

spin system extending from H-3 to H2-8, consistent with a symmetrical conglobatin analogue. 338 

Key 1H – 13C HMBC NMR correlations (Figure 5) confirmed the presence of the α,β-339 

unsaturated ester and oxazole moieties, as present in 1 – 6. Therefore, 7 was concluded to be 340 

4,4ʹ,6,6ʹ-tetradesmethylconglobatin (Figure 1).  341 

[Figure 5] 342 

 343 

 344 

[Table 2] 345 

 346 

Biological activities 347 

Compound 1 is known to inhibit the proliferation of cancer cell lines, causing G2/M cell-cycle 348 

arrest, induces apoptosis and down-regulates client oncoproteins of heat shock protein Hsp90 349 

[15, 31]. In addition to cytotoxicity, 1 exhibits in vitro antitrypanosomal activity against 350 

Trypanosoma brucei brucei GUTat 3.1 [32]. The oxazole containing diolides samroiyotmycins 351 

and elaiophylin showed antimalarial activity against Plasmodium falciparum [16, 33]. These 352 

studies suggest dioxazole substituted dilactone macrocycles such as conglobatin, may have 353 

further antiprotozoal and cytotoxicity activity that warrants further investigation. 354 

 355 

[Table 3] 356 

 357 

To explore the bioassay profile of the conglobatin family of metabolites, conglobatins 1–7 were 358 

evaluated for in vitro activity in antibacterial, antifungal, antiprotozoal and antitumour 359 

bioassays (Table 3). All conglobatins showed a degree of mammalian cell toxicity on the NS-360 

1 cell line. Notably, 2 showed a 16-fold increase and 4 displayed a 3-fold increase in cytotoxic 361 

activity against the NS-1 cell line when compared to 1. Interestingly, the conglobatins showed 362 

a high degree of selectivity between tumour cell line (ATCC TIB-18) over the non-tumour cell 363 

line (ATCC PCS-201). As structurally related diolides and 1 have shown antiprotozoal activity, 364 



1–7 were tested for antiprotozoal activity against T. foetus and G. duodenalis. However neither 365 

the parent compound nor analogues showed any activity, suggesting that 1 is selectively active 366 

against T. brucei brucei GUTat 3.1 [32]. Only 4 showed antibacterial activity against B. 367 

subtilis. None of the compounds tested had any activity up to 100 µg ml-1 against Gram-368 

negative bacterium E. coli (ATCC 25922), the fungus Candida. albicans (ATCC 10231) or the 369 

monocotyledonous plant E. tef (teff). 370 

 371 

Discussion 372 

Forty-two years after the original discovery of 1, six new analogues (2 – 7) have been isolated 373 

from a species of Streptomyces taxonomically distinct from the original conglobatin producer 374 

Streptomyces conglobatus. The six novel conglobatin analogues retain the same gross 375 

structural features as those described by Zhou et al. in 2015 [17], consisting of head-to-tail 376 

dimerised oxazole-containing pentaketides. Therefore, it may be hypothesised that variation in 377 

the methylation pattern is dictated by the incorporation of malonyl-CoA or methylmalonyl-378 

CoA extender units by the AT domain of the cong PKS. In the biosynthesis of 1, the AT-379 

domain of module 3 is non-functional, leading to iteration of the previous module resulting in 380 

the 2,4,6-trimethyl product [17]. 381 

 382 

[Figure 6] 383 

 384 

Intriguingly, 3 appears to represent the expected ‘collinear’ 2,6-dimethyl product. This 385 

indicates that the cong PKS from Streptomyces sp. MST-91080 contains a functioning AT 386 

domain in module 3. Compound 2 constitutes a dimer of both a 2,6-dimethyl and 2,4,6-387 

trimethyl pentaketide demonstrating that the TE domain of the PKS is capable of dimerising 388 

different polyketide variants – this phenomenon is also required for the biosynthesis of 4, 5 and 389 

6. The biosynthetic origin of the other congeners is more obscure, potentially requiring multiple 390 

skips and iterations and as such warrants further investigation. Nevertheless, the flexibility of 391 

the conglobatin synthase is remarkable and the conglobatins represent a unique example of 392 

assembly-line-generated diversity. 393 

 394 
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 530 

Figure 1. Structures of conglobatins 1–7 isolated from Streptomyces sp. MST-91080. 531 

 532 

 533 

Figure 2. Selected 2D NMR correlations for conglobatin B1 (2). 534 



 535 

Figure 3. Selected 2D NMR correlations for conglobatin C1 (3) and conglobatin C2 (4). 536 

 537 

 538 

Figure 4. Selected 2D NMR correlations for conglobatin D1 (5) and conglobatin D2 (6). 539 

 540 

 541 

Figure 5. Selected 2D NMR correlations for conglobatin E (7). 542 



 543 

 544 

 545 

Figure 6. The putative conglobatin biosynthetic pathway adapted from [17].  Formylation (F), adenylation 546 

(A), peptidyl carrier protein-(PCP), acyltransferase (AT), acyl carrier protein (ACP), ketosynthase (KS), 547 

dehydratase (DH), enoylreductase (ER) and thioesterase (TE) domains are labelled. The inactive AT domain 548 

of module 3 is highlighted in red. 549 

  550 



Table 1: NMR data for conglobatin (1), conglobatin B1 (2), conglobatin C1 (3) and conglobatin C2 (4) in 551 
DMSO-d6. 552 

 Conglobatin (1) Conglobatin B1 (2) Conglobatin C1 (3) Conglobatin C2 (4) 

Pos. δC δH, mult. (J in 

Hz) 

δC δH, mult. (J in Hz) δC δH, mult. (J in Hz) δC δH, mult. (J in Hz) 

1 166.0  165.8 
 

165.6 
 

166.1 
 

2 126.7  126.6 
 

128.0 
 

128.3 
 

2-Me 12.6 1.65a, d (1.3) 12.3 1.66a, d (1.3) 12.1 1.65, d (1.3) 12.3 1.69a, br m 

3 147.3 6.32, dd (10.4, 

1.3) 

147.0 6.32, dq (10.4, 1.3) 142.0 6.56, ddq (9.7, 5.8, 

1.3) 

142.8 6.54, dq (10.0, 1.4) 

4 30.7 2.57, m 30.4 2.57, m 24.7 2.25, m 25.0 2.25, m 

4-Me 21.0 1.05, d (6.5) 20.8 1.04, d (6.6) 
  

  

5 37.4 1.66a, m 37.2 1.67a, m 28.1 1.78, ddd (12.8, 12.0, 

3.6) 

28.4 1.82, dt (12.5, 3.4) 

 
 1.25b, m 

 
1.25b, m 

 
1.39, m  1.41b, m 

6 35.0 1.26b, m 34.6 1.26b, m 34.4 1.32, m 35.0 1.29, m 

6-Me 16.1 0.94, d (6.3) 15.7 0.97, d (6.9) 15.3 0.94, d (6.9) 15.6 0.93, d (7.0) 

7 74.4 5.00, ddd (10.0, 

3.0, 2.5) 

74.2 4.98, ddd (10.2, 3.6, 

3.0) 

74.4 4.99, dd (10.3, 3.6, 

3.0) 

74.5 5.04, ddd (10.0, 

3.6, 3.0) 

8 23.9 2.97, dd (15.9, 

3.0) 

23.7 2.97, dd (15.9, 3.0) 23.5 2.98, dd (15.9, 3.0) 23.9 2.99, dd (15.9, 3.1) 

 
 2.79, dd (15.9, 

10.0) 

 
2.78, dd (15.9, 10.2) 

 
2.80, dd (15.9, 10.3)  2.82, dd (15.9, 

10.0) 

9 149.3  149.1 
 

149.1 
 

149.4  

10 122.8 6.82, s 122.5 6.82, s 122.6 6.83, s 122.8 6.82, s 

11 151.3 8.19, s 151.2 8.18, s 151.1 8.19, s 151.3 8.19, s 

1'   165.6 
   

166.0  

2'   128.0 
   

126.8  

2'-Me   12.2 1.65, d (1.3) 
  

12.6 1.64c, d (1.3) 

3'   142.2 6.56, ddq (9.7, 5.8, 

1.3) 

  
147.2 6.36, dq (10.4 1.3) 

4'   24.8 2.25, m 
  

32.7 2.38, m 

4'-Me       20.8 1.04, d (6.6) 

5'   28.0 1.79, ddd (12.8, 12.0, 

3.6) 

  
29.4 1.68a, m 

 
  

 
1.39, m 

  
 1.44b, m 

6'   34.5 1.25b, m 
  

29.7 1.64c, m 

        1.11, m 

6'-Me   15.4 0.93, d (6.9) 
  

  

7'   74.3 5.03, ddd (10.1, 3.6, 

3.0) 

  
70.0 5.14, m 

8'   23.6 2.98, dd (15.9, 3.0) 
  

27.1 2.93d, m 
 

  
 

2.80, dd (15.9, 10.1) 
  

 2.90d, m 

9'   149.2 
   

148.7  

10'   122.6 6.83, s 
  

123.1 6.92, s 

11'   151.1 8.19, s     151.4 8.22, s 

a-d Overlapping resonances  553 



 554 

Table 2: NMR data for conglobatin D1 (5), conglobatin D2 (6) and conglobatin E (7) in DMSO-d6. 555 

 Conglobatin D1 (5) Conglobatin D2 (6) Conglobatin E (7) 

Pos. δC δH, mult. (J in Hz) δC δH, mult. (J in Hz) δC δH, mult. (J in Hz) 

1 166.1 
 

166.0 
 

166.3 
 

2 128.3 
 

128.3 
 

127.7 
 

2-Me 12.3 1.69, s 12.4 1.67, s 12.3 1.69, s 

3 142.5 6.55, dq (8.8, 1.4) 142.1 6.54, dq (9.2, 1.3) 142.1 6.66, dq (9.2, 1.3) 

4 24.9 2.25a, m 24.9 2.25, m 26.5 2.17, m 

      2.12, m 

5 28.5 1.79b, m 28.3g 1.77, m 22.0 1.64, m 
 

 1.41c, m  1.38a, m 
 

1.42, m 

6 34.7 1.38c, m 34.5 1.39a, m 30.9 1.55, m 

6-Me 15.6 0.94, d (6.6) 15.8 0.95, d (6.4)   

7 74.7 4.99, ddd (10.2, 3.0, 2.7) 74.4 4.98b, dm (10.3) 71.0 4.99, dddd (6.9, 6.5, 6.5, 3.2) 

8 23.9 2.98, dd (15.8, 3.0) 23.6 2.97c, dm (15.8) 28.8 2.97, d (6.5) 
 

 2.81, dd (15.8, 10.2)  2.81d, dt (15.8, 10.3) 148.6  

9 149.3  149.4  123.3 6.91, s 

10 122.9 6.83, s 122.8 6.84e, s 151.5 8.23, s 

11 151.2 8.19, s 151.3 8.19f, s 
  

1' 166.0  164.1  
  

2' 128.2  122.6 5.68, dd (15.8, 1.1) 
  

2'-Me 12.3 1.64d, s   
  

3' 142.3 6.58, dq (10.5, 1.4) 149.5 6.74, ddd (15.8, 9.7, 5.2) 
  

4' 26.8 2.26a, m 28.2 2.37, m 
  

  2.09, m  2.07, m   

5' 20.6 1.81b, m 28.0 1.74, m 
  

 
 1.56, m  1.38a, m 

  

6' 30.0 1.61d, m 33.5 1.49, m 
  

  1.21, m     

6'-Me   15.8 0.94, d (7.0) 
  

7' 70.3 5.13, m 74.9 4.98b, dm (10.3) 
  

8' 27.3 2.95, br d (3.5) 23.8 2.98c, dm (15.8) 
  

 
 2.94, br d (2.7)  2.81d, td (15.8, 10.3) 

  

9' 148.7  149.4  
  

10' 123.1 6.91, s 122.9 6.84e, s 
  

11' 151.4 8.22, s 151.3 8.19f, s 
  

a-f Overlapping resonances 556 

  557 



 558 

Table 3. In vitro bioassay data for 1 – 7. 559 

Compound 
 IC50 (µg ml-1) 

NS-1c Nffd Bse 

1a 1.39 ± 0.09 >100 >100 

2 a 0.084 ± 0.009 >100 >100 

3 a 1.05 ± 0.04 >100 >100 

4 a 0.45 ± 0.04 >100 73.3 ± 1.4 

5 a 17.8 ± 1.2 >100 >100 

6b 12.5 50.0 >100 

7 b 25.0 100.0 >100 

Control 0.02f 0.2f 0.2g 
a Experiments were conducted in triplicate. IC50 values are mean ± standard error; b Only one experiment was 560 
conducted c Mouse myeloma NS-1 cell line (ATCC TIB-18); d Human fibroblast NFF cell line (ATCC PCS-201); 561 
e Bacillus subtilis (ATCC 6633); f doxorubicin; g Amoxicillin. 562 
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