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Thiostrepton is a potent archetypal thiopeptide antibiotic. According to its mechanism 

known to target bacterial ribosome, we show rational design upon modeling of this 

molecule into the ribosome complex and effective biosynthesis of new thiopeptide 

antibiotics through regioselective modifications. The resulting derivatives exhibited a 

series of anticipated and unanticipated pharmaceutical advantages, including the 

improvement in activity against a number of drug-resistant pathogens and in water 

solubility that has largely affected the clinical use of thiostrepton. 

Thiopeptide antibiotics,1 a class of sulfur-rich, highly modified 

peptides, share the macrocyclic loop1 and the extended tail, 

both of which constitute a family-specific core system featuring 

a nitrogen-containing domain central to multiple azoles and 

dehydroamino acids (Fig. 1A). In this natural product family, 

thiostrepton (TSR) is often referred as to the parent compound 

among the nearly 100 members for which structures are known. 

TSR is bi-cyclic and possesses loop2, the side ring system 

containing a quinaldic acid (QA) moiety, appended onto the 

characteristic core system (Fig. 1A). This molecule exhibits the 

potent activity against Gram-positive bacteria and particularly 

serves as an active drug component approved by the Pure Food 

and Drug Administration (FDA) for animal use. TSR has not 

been developed for human therapy, largely due to its poor 

aqueous solubility.1a The development of new analogs has 

extensively been carried out to overcome this physical 

drawback;2 however, the complex architecture of TSR poses a 

tremendous challenge to chemical synthesis and modification. 

In the past several years, we and others have uncovered a 

common paradigm for thiopeptide biosynthesis that involves 

conserved posttranslational modifications of a ribosomally 

synthesized precursor peptide to construct the core system.3 

Various approaches of genetic engineering have thus been 

developed upon sequence permutation of the precursor 

peptides,4 largely complementing the synthetic efforts in 

diverse modification of the peptidyl skeletons of thiopeptides. 

Consequently, structural modifications of the core system often 

lead to a significant decrease in antibacterial activity, which, in 

contrast, is essentially retained when changes occur on loop2 of 

the bi-cyclic members such as TSR. Unlike other 

chemotherapeutics targeting the bacterial ribosome,5 many 

thiopeptides are known to bind within a cleft located between 

the L11 protein and the 23S rRNA of the 50S large ribosomal 

subunit (Fig. 1B), thereby perturbing translation factor binding 

and subsequent protein synthesis. Specifically, totals of 60% 

and 26% of the surface buried by TSR on the ribosome are 

attributed to loop1 and the tail, respectively, and the remaining 

14% is from loop2.6 Thus, modifications of the biologically 

more important core system (particularly loop1) are apparently 

liable to cause a decrease in binding affinity, and change of the 

biologically relevant but less dependent loop2 of bi-cyclic 

members could be an ideal strategy to modulate pharmaceutical 

properties of thiopeptides. 

The X-ray crystal structure of the 50S ribosomal subunit in 

complex with TSR showed that most loop2 moieties are solvent 

exposed, with the exception of the QA group.6 QA approaches 

A1067 of the 23S rRNA, one of the key nucleobases 

contributing to mutation-induced bacterial resistance as well as 

interactions with most thiopeptides.7 We have previously 

biosynthesized 6’-fluoro-TSR (Fig. 1A), a TSR derivative 

generated by fluorinating QA at C6’ (the carbon atom closest to 

A1067), and shown that this functionalization has a positive 

effect on antibacterial activity.8 Quantum Mechanics (QM)-

Molecular Mechanics (MM) modeling (Fig. S1 and S2) 

suggests that there is a changed action on A1067, as 

exemplified by the distance between the fluorinated C6’ of QA 

and A1067, which is accordingly shifted from 3.43 Å to 3.57 Å 

(Fig. 1B).     
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Figure 1 TSR, 6’-fluoro-TSR and newly designed derivatives and their interaction with the bacterial ribosome. (A) Chemical 

structures and the biosynthetic pathway for QA incorporation. The difference in QA modification is shown by color, with green  

representing the unmodified QA of TSR, purple representing the 6-fluoro-QA of 6’-fluoro-TSR, blue representing the 5-fluoro-QA 

of 5’-fluoro-TSR, and yellow representing the 12-methyl-QA of 12’-methyl-TSR. (B) 50S ribosomal subunit in complex with TSR 

or the derivative. The 23S rRNA (orange) and L11 protein (pink) are shown as cartoon models, and the TSR or its derivative is 

shown as a stick model. The dashed red line indicates the distance between QA and A1067 of the 23S rRNA. 

 

Focusing on the biologically relevant but tunable QA moiety, in 

this study, we considered to introduce the pharmaceutically 

important fluorine and methyl groups onto TSR by taking into 

account the electronic and steric effects pertinent to drug 

design.9 This effort aims to improve the antibacterial potency 

by elaborately modulating the interaction between QA and 

A1067, on the premise that the overall binding nature of 

molecules to the bacterial ribosome is maintainable. Besides, 

according to the molecular modeling in silico (Table S4) and 

previously reported results,2c large group modified QA moieties 

might crash into A1067 and destroyed the binding affinity 

between TSR and the 50S ribosome. As a result, regioselective 

modifications of the QA group on such a complex molecule 

was achieved via biosynthesis by employing the QA-forming 

biochemistry and indeed produced a series of anticipated and 

unanticipated advantages of developing TSR-type thiopeptide 

antibiotics. 

The first designed TSR derivative is 5’-fluoro-TSR (Fig. 1A). 

Modeling of this molecule to the 50S large ribosomal subunit 

indicates that the distance between QA and A1067 is shortened 

to 3.31 Å (Fig. 1B), as a consequence of the potent electron-

withdrawing effect arising from the adjacent fluoro-substitution. 

In contrast, C12’-methylation of QA, generating the second 

designed derivative 12’-methyl-TSR (Fig. 1A), results in a 

steric or hydrophobic effect, pushing the QA moiety toward  
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Scheme 1 Chemical synthesis of the analogs of the quinolone 

ketone intermediate. 

 

A1067 with a distance of 3.34 Å (Fig. 1B). Because these two 

naturally unavailable TSR antibiotics are structurally complex 

and difficult to be prepared by using current chemical synthesis 

approaches,10 we produced them in a biosynthetic method.8 

The formation of the QA moiety of loop2 in the TSR 

biosynthetic pathway involves methyl transfer onto and 

rearrangement of the indole of L-tryptophan (Fig. 1A and S3), 

which is independent of the precursor peptide, to produce a 

quinoline ketone as the key intermediate.8 For QA modification, 

we synthesized the 5-fluorinated and 12-methylated ester 

analogs of this intermediate (Scheme 1 and Supplementary 

Result). The exogenous feeding of the analogs into a non-TSR-

producing strain,8 which lacks the methyl transfer step for 

endogenous quinoline ketone generation, resulted in the robust 

biosynthesis of 5’-fluoro-TSR (12-15 mg/L) and 12’-methyl-

TSR (20-25 mg/L), respectively, with yields 11-31% of that 

achieved for TSR (80~110 mg/L) production in the wild-type 

strain (Fig. 2A).  

Consequently, both of the new compounds were purified and 

structurally compared with the parent compound, TSR. 

Extensive spectral analysis (Fig. 2B, S4, S5 and S6 and 

Supplementary Result) revealed that they are extremely similar 

to TSR and that the only difference was observed in 

substitution of the QA moiety. For 5’-fluoro-TSR, there was a 
19F NMR signal (δF -72.97), corresponding to the disappearance 

of the 1H NMR signal of H-5’ (δH 6.73) found for TSR, and the 
13C NMR signals of C-5’, C-6’ and C-10’ of the QA moiety 

were accordingly shifted. For 12’-methyl-TSR, the 13C NMR 

signal of C-13’ (δc 11.0) and the 1H NMR signal of H3-13’ (δH 

1.10) appeared; and the relevant COSY correlation between C-

13’ and C-12’ and the HMBC correlations of H3-13’ to C-12’ 

and C-11’ , H2-12’  to C-13’ and H-11’  to C-13’ further 

supported that this molecule has a methyl substitution at C-12’, 

in comparison with TSR. 

The newly obtained TSR derivatives, 5’-fluoro-TSR and 12’-

methyl-TSR, were subjected to a wide variety of in vitro 

quantitative bioassays for comparative analysis with TSR and 

the previously obtained 6’-fluoro-TSR (Table 1). Consistent 

with previous findings,1a TSR and all of the derivatives 

exhibited substantially more potency than the chemotherapeutic 

control drugs. The sensitive strains include a number of Gram-

positive clinical pathogens, such as methicillin-resistant  

 
 

Figure 2 Production of new TSR derivatives and their 

structural elucidation. (A) HPLC analysis of the fermentation 

cultures of the wild type TSR-producing Streptomyces laurentii 

strain (I) and the mutant TSR non-producing strain,8 in which 

generation of the endogenous quinoline ketone intermediate 

was blocked, in the absence (II) or the presence of the 

exogenous C5-fluorinated (III) and C12-methylated (IV) 

intermediate analogs, respectively. (B) Selected HMBC and 

COSY correlations for the QA moieties of 5’-fluoro-TSR and 

12’-methyl-TSR. 

 

 

Staphylococcus aureus (MRSA), penicillin-resistant 

Streptococcus pneumoniae (PRSP), and vancomycin-resistant 

Enterococcus faecium (VRE), as well as several Gram-negative 

colistin-resistant isolates, which previous studies have not 

reported.  

Remarkably, all three derivatives displayed increased activity 

compared with TSR, in the following potency rank order: 5’-

fluoro-TSR (2- to 8-fold) > 6’-fluoro-TSR (2- to 4-fold) > 12’-

methyl-TSR (1- to 2-fold) ≥ TSR, thus confirming the rationale 

for QA modification to develop TSR-based antibiotics. In 

addition, measurement of the water solubility of these 

compounds revealed the following order: 12’-methyl-TSR 

(5.91.2 μg/mL) > 6’-fluoro-TSR (3.5μg/mL) > 5’-

fluoro-TSR (2.5  μg/mL) ≈ TSR (2.4μg/mL), 

indicating an unanticipated advantage of QA modification, i.e., 

improvement of the solubility compared to TSR. 

In conclusion, according to the known mechanism by acting on 

bacterial ribosome, we designed two TSR derivatives, 5’-

fluoro-TSR and 12’-methyl-TSR, and provided a biosynthetic 

approach to efficiently accomplish their preparation that 

challenges the current ways of chemical synthesis. As 

anticipated, these newly obtained TSRs along with previously  
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Table 1 Minimum inhibitory concentrations (MIC, μg/mL) of TSR and its analogs against various Gram-positive (a) and negative (b) 

bacterial strains. 

 TSR 6’-F-TSR 5’-F-TSR 12’-Me-TSR Vancomycin Colistin 

Bacillus subtilis SIPI-DJ100a 0.016 0.004 0.002 0.008 0.125 — 

Staphylococcus aureus SIPI-DJ1002a 0.032 0.008 0.004 0.016 1.0 — 

Staphylococcus aureus ATCC25923a 0.064 0.016 0.008 0.064 1.0 — 

Streptococcus pneumoniae PRSP1063a 0.001 ＜0.000125 ＜0.000125 ＜0.000125 0.25 — 

Streptococcus pneumoniae PRSP2831a 0.001 ＜0.000125 ＜0.000125 0.001 0.25 — 

Streptococcus pneumoniae PRSP224588a 0.008 0.002 0.001 0.004 0.25 — 

Staphylococcus aureus MRSA-s1a 0.032 0.008 0.004 0.032 0.5 — 

Staphylococcus aureus MRSA-SAU3a 0.064 0.008 0.008 0.032 0.5 — 

Staphylococcus aureus MRSA-SAU5a 0.064 0.008 0.008 0.032 1.0 — 

Enterococcus faecium VRE3a 0.032 0.008 0.004 0.032 ＞256 — 

Enterococcus faecium VRE73a 0.064 0.016 0.008 0.064 ＞256 — 

Enterococcus faecium VRE83a 0.064 0.016 0.008 0.064 ＞256 — 

Acinetobacter baumannii Azj06-200b 0.008 0.004 0.002 0.004 — ＞256 

Acinetobacter junii A1322b 4.0 2.0 1.0 4.0 — 12 

Chryseobacterium meningosepticum  

A2757b 

4.0 2.0 2.0 4.0 — 12 

 

obtained 6’-fluoro-TSR displayed increased antibacterial 

activity, demonstrating the rationality for drug design by 

regioselective modification of the biologically tunable QA 

moiety. Excitingly, the derivative 12’-methyl-TSR had an 

unanticipated advantage, showing approximately 1.5-fold 

improvement of water solubility in comparison with the parent 

compound. These findings are significant and indicate the 

possibility to lower the therapeutic dose of TSRs and mitigate 

the major physical disadvantage affecting their clinical use. 

Given the finding that their activity against a wide range of 

bacterial pathogens was much higher than those of the 

clinically used control chemotherapeutics, including 

vancomycin, and the fact that TSR has proven to be safe in 

animal therapy, these TSR derivatives may serve as the 

promising leads to develop new potent and low cytotoxic 

antibiotics.  
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