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Abstract

Platensimycin (PTM) is an excellent natural product drug lead against various gram-positive 

pathogens, including methicillin-resistant Staphylococcus aureus and vancomycin-resistant 

enterococci. In this study, twenty PTM derivatives with varying aminobenzoic acids were 

semisynthesized. In contrast to all the previous reported inactive aminobenzaote analogues, a few 

of them showed moderate antibacterial activities against S. aureus. Our study suggested that 

modification of the conserved aminobenzoic acid remains a viable approach to diversify the PTM 

scaffold.
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We have semisynthesized twenty PTM analogues with varying aminobenzoic acids and a few of 

them showed moderate antibacterial activities against S. aureus. Our results suggested that both 

electronegative properties and the steric hindrance of the substituents in the 5’ position of the 

ADHBA moiety in these molecules would affect their binding to the target enzyme, while the 

former would probably play a major role; And the 4’-OH substituent in the ADHBA moiety of 

PTM is more important than the 2’-OH substituent. Our study suggested that modification of the 

conserved aminobenzoic acid remains a viable approach to diversify the PTM scaffold.
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Platensimycin (PTM, 1), a potent inhibitor of both bacterial and mammalian fatty acid 

synthases, was initially discovered from the soil-dwelling bacteria Streptomyces platensis 
MA7327 from South Africa by Merck scientists using a RNAi-based whole cell screening 

strategy, and it was later re-isolated from similar strains in China (Figure 1A).[1] It showed 

potent antibacterial activity against multi-drug resistant gram-positive pathogens, such as 

methicillin-resistant Staphylococcus aureus (MRSA) in a mouse peritonitis model through 

continuously infusion, as well as antidiabetic effects in both diabetic mice and monkeys 

through oral administration.[1] PTM consists of a 2, 4-dihydroxyaminobenzoate (ADHBA) 

moiety and a unique tetracyclic terpene cage, connected though a propionylamide linker. 

The promising biological activities and novel structure of PTM have sparked interest to 

generate analogues to study the structure activity relationships, to improve its poor 

pharmacokinetic properties.[2]

The co-crystal structure of PTM with Escherichia coli β-ketoacyl-[acyl carrier protein] 

synthase II (FabF) (C163Q) revealed that the interaction between the active site residues of 

FabF and the ADHBA moiety is critical: the two His residues H340 and H303 form salt 

bridge with the carboxylate, while the C-4’ phenol hydroxyl group is engaged with a 

hydrogen bond with D265 through H2O (Figure 1B).[1a] The fine-tuned interaction in the 
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binding of ADHBA with the FabF active sites, makes generating ADHBA-modified active 

PTM analogues extremely difficult. Even minor perturbation of ADHBA leads to the 

abolishment of the antibacterial activities, despite dozens of aminobenzoate analogues have 

been obtained from fermentation or synthesis (Figure S1 and Table S1).[3] For example, 

compounds 2a-2c synthesized by Nicolaou and co-workers displayed minimum inhibitory 

concentrations (MICs) above 82 μg mL−1 against MRSA, while other aminobenzoate 

analogues 2d-2h from semisynthetic approaches also showed no antibacterial activities 

against MRSA. In contrast, the terpene cage was solvent-exposed and several terpene cage 

modified analogues were reported to have improved or comparable activities with PTM, 

such as the carbaplatensimycin, adamantaplatensimycin, the 7-phenyl- and 11-methyl-7-

phenylplatensimycin, as well as the recent semisynthesized PTM sulfur analogues.[4] Since 

most of the previously obtained PTM aminobenzoate analogues suffered reduced structure 

complexity, such as compounds 2a-2h, it appeared to us that the FabF active site could still 

accommodate more substitutions on the ADHBA moiety of PTM, which might lead to 

additional interactions with amino acid residues within the active site. Therefore our 

semisynthetic platform may enable the facile preparation of additional and complicated 

ADHBA analogues of PTM for biological evaluation, by taking advantage of its decagram-

scale production from microbial fermentation using a high-yield mutant, and the gram-scale 

preparation of the key synthetic substrate platensic acid (PTMA, 3) from PTM (Figure 1C).
[3f, 4c, 5]

The synthesis of the 5’-F-substituted aniline derivative 6 started from the commercially 

available 2, 4, 5- trifluorobenzonitrile 4 (Scheme 1). Substitution of the 2-F and 4- F of 4 by 

benzyl alcohol, followed by high yield hydrolysis to convert nitrile to carboxylic acid and 

then methylation, afforded intermediate 5.[6] Catalytic hydrogenation of 5 [H2 (1.1 atm.), 

10% Pd/C], followed by nitration with 65% HNO3 and then catalytic hydrogenation again, 

delivered compound 6.[7] HATU-mediated amide coupling of platensic acid 3 with aniline 6 
yielded amide 7a, which could be smoothly hydrolyzed with aqueous KOH in MeOH to 

furnish 5’-F-platensimycin 7b in 23% overall yield in eight steps. No hydrolyzed product of 

amide 7a was observed using aqueous LiOH in THF, which was used in the previous basic 

hydrolysis of the methyl esters of PTM analogues, such as carbaplatensimycin.[3c, 3g] The 

5’-F-substituted aniline TMS ester of PTM could also be prepared, but it suffered low yield 

when coupled to 3 (Scheme S1).

Four additional aminobenzoate analogues of PTM 8–10 were smoothly synthesized from 

PTM in a one-step reaction (Scheme 2). Electrophilic iodination of PTM (I2, DMAP, 

pyridine, CCl4) afforded the 5’-I-platensimycin 8 in a good yield of 88%.[8] Treatment of 

PTM by 65% HNO3 in 5 min furnished the 5’-nitro substituted PTM analogue 9 in 84% 

yield. Treatment of PTM by formaldehyde under basic conditions (HCHO, KOH, MeOH, 

CaCl2), followed by quenching the reaction with NH4OH led to the methoxylmethyl 

derivative of PTM 10a with an excellent yield of 90%, while efficient synthesis of the 

similar hydroxymethyl PTM 10b could be achieved in a similar procedure without NH4OH 

treatment.[9]

Nine new aminobenozoic acid derivatives were synthesized from the known methyl esters 

11, 14, 16, 20 and 22 (Scheme 3). Basic hydrolysis of the methyl ester 11 (aq. LiOH, THF, 
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45 °C), followed by esterification with TMSE-OH (TMSE-OH, EDCI, Et3N, DCM, 25°C) 

and catalytic hydrogenation, led to aniline 13 (Scheme 3A).[6c, 9] Aniline 15b was prepared 

similarly by LiOH-mediated hydrolysis, followed by catalytic hydrogenation (Scheme 3B). 

Direct catalytic hydrogenation of methyl esters 14, 16 and 20, afforded the corresponding 

aniline methyl ester 15a, 17a and 21a[7] in 95, 89 and 89% yield, respectively (Scheme 3B–

3D). Starting from 16 and 20, ester exchange under basic conditions (TMSE-OH, Bu2SnO, 

toluene, 150°C), followed by catalytic hydrogenation, furnished anilines 17b and 21b.[10] 

Unfortunately, 14 and 23 could only be converted to the corresponding TMS esters in very 

low yields, when the above ester exchange conditions were used. The aniline derivative 19 
was swiftly converted from the methyl ester 16, by basic hydrolysis, demethylation mediated 

by AlCl3 (AlCl3, 1, 2-DCE, 90 °C), and catalytic hydrogenation.[7] Finally, selective 

benzylation of 22 (BnBr, K2CO3, acetone), followed by mild nitration (Bi(NO3)3·5H2O, 

MMT K10, DCM, 25 °C), provided the aniline 24 (Scheme 3E).[9]

With the nine aromatic fragments in hand, coupling to platensic acid via amidation would 

afford the corresponding PTM analogues. Analogues 25a, 26a, 27a, 29a, 29b and 30 were 

efficiently prepared from their corresponding aniline derivatives 12, 14, 16, 20 and 23, with 

platensic acid 3 through HATU-mediated amide coupling (HATU, Et3N, DMF) (Scheme 4). 

Deprotection of the resulting PTM TMS esters 25a, 27b and 29b using fluoride (TBAF, 

DCM) furnished compounds 25b, 27c and 29c.[10b] Alternatively, compounds 27c and 29c 
could be obtained by the hydrolysis of 27a and 29a using aqueous KOH in MeOH, in 74 and 

34% yield, respectively. Inspired by the direct coupling of unprotected ADHBA with 

platencin core using DCC (DCC, DMAP, Et3N, MeCN/DMF, rt), compounds 26b and 28 
were conveniently obtained by coupling of the respective aminobenzoic acids 15b or 19 with 

3 (PyBOP, Et3N, DCM, rt, 30 min), in 80 and 75% yield, respectively.[7, 11]

The eighteen synthesized PTM analogues 8–10 and 25–30 were first tested against the gram-

positive S. aureus ATCC 29213 and the gram-negative Klebsiella pneumoniae using the 

paper disc method, with 5 μg or 25 μg per disc, and PTM and linezolid (5 μg/disc) were used 

as controls (Figure S2). The 5’-Br-platensimycin and 5’-Cl-platensimycin were previously 

synthesized,[3b] but their antibacterial activities have not been reported (Figure S1). We also 

synthesized these two analogues according to the previous reported procedure and included 

them in our assay.

All of the twenty tested PTM analogues showed no antibacterial activities against the gram-

negative pathogen K. pneumoniae, suggesting that these PTM ADHBA modified derivatives 

might share certain drug-efflux mechanisms with PTM against gram-negative pathogens, 

such as Escherichia coli (Figure S2).[1a] Interestingly, five ADHBA-modified analogues, 

including 5’-F-platensimycin 7b, 5’-I-platensimycin 8, 5’-methoxymethyl-platensimycin 

10a, 5’-hydroxymethylplatensimycin 10b and 4’, 6’- dihydroxyplatensimycin 29c showed 

clean zone of inhibition, while 5’-Cl-platensimycin only showed a faint inhibition zone 

when applied against S. aureus ATCC 29213. The other tested PTM derivatives showed no 

antibacterial activities against the tested S. aureus strains.

The MICs of those active PTM derivatives 7b, 8, 10a, 10b and 29c, were determined against 

S. aureus ATCC 29213 and the clinical isolated methicillin-sensitive S. aureus (MSSA) and 
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MRSA, using PTM and linezolid as controls (Table 1).[12] Among them, the 5’-I-

platensimycin 8 showed a MIC of 4 μg mL−1, only 4–8 fold less potent than PTM, while 5’-

F-platensimycin 7b had a MIC of 64 μg mL−1 against the tested S. aureus strains. However, 

about 10% of 5’-I-platensimycin deiodinated to PTM due to the instability of C-I bond 

under the assay condition, suggesting that the observed antibacterial activities might be 

partly due to its parent compound PTM and an interesting pro-drug strategy to deliver PTM 

in vivo to improve its poor bioavailability (Figure. S3).[13] Both 10a and 10b, bearing 

slightly larger substituents in ADHBA moiety than 5’-I-PTM, have attenuated antibacterial 

activities with MICs ranging from 8–32 μg mL−1. In contrast, 5’-Br-platensimycin, 5’-Cl-

platensimycin and 5’-nitroplatensimycin did not show any antibacterial activities against S. 
aureus, while it is surprising that the 5’-F-platensimycin, with potentially enhanced 

bioavailability, still have weak antibacterial activity.[14] It was consistent with the complete 

loss of the antibacterial activities of 5’-Cl-platencin and 5’-Cl-iso-platencin, analogues of 

another potent fatty acid synthase inhibitor platencin, which shares the same ADHBA 

moiety with PTM.[3b, 15] Taken together, these results suggested that both electronegative 

properties and the steric hindrance of the substituents in the 5’ position of the ADHBA 

moiety in these molecules would affect their binding to the target enzyme, while the former 

would probably play a major role.

The 4’, 6’-dihydroxyplatensimycin 29c had a MIC of 8 μg mL−1, while 2’, 6’-

dihydroxyplatensimycin 26b had no antibacterial activity under the tested conditions, 

suggesting that the 4’-OH substituent in the ADHBA moiety of PTM is more important than 

the 2’-OH substituent. It is consistent with the reported co-crystal structure of PTM and 

ecFabF (C163Q), in which the 4’-OH mediated a hydrogen bond with D265.[1a] It seemed 

that the 2’-OH in PTM and 6’-OH in 29c, both ortho to the carboxylate of PTM or 29c, are 

also needed for their respective antibacterial activities, because both the previous reported 

4’-hydroxyplatensimycin by Nicolaou group and 4’, 5’-dihydroxyplatensimycin 28 showed 

no antibacterial activity.[3c] Since the ortho phenolic hydroxy group in either PTM or 29c 
could form a hydrogen bond with the carboxylate, as observed in their proton NMR 

spectroscopy, it remained to be determined what the role of the intramolecular hydrogen 

bond plays in the binding of PTM or 29c to FabF.

In summary, we have semisynthesized twenty PTM analogues with varying aminobenzoic 

acids and a few of them showed moderate antibacterial activities against S. aureus. In 

contrast to all the previous reported PTM ADHBA analogues, including compounds 2a-2h, 

as well as other analogues from PTM wild-type producer or the mutant strain through 

precursor-directed biosynthesis approaches (Figure S1), our study has resulted five active 

PTM ADHBA derivatives 7b, 8, 10a, 10b and 29c, with diverse functionality. However, they 

might still suffer the similar metabolic fate of rapid clearance or amide hydrolysis as PTM, 

challenges that have prevent PTM drug development to date. Our facile preparation of these 

active analogues would allow the study of their pharmacokinetics and pharmacodynamics in 

the future. Since PTM analogues could be prepared by convergent synthesis or biosynthetic 

routes, our discovery of several active ADHBA-modified PTM analogues would suggest the 

design of next generation of PTM analogues, by varying both ADHBA moiety and its 

terpene cage. It is further supported by our recent discovery of the active thioplatensimycin, 
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the natural congener of PTM.20 The similar design principle might also be applicable to 

platencin. Since there are only a few effective inhibitors against type II PKSs, our generation 

of these active analogues may inspire the discovery of potent antibiotics targeting this 

essential pathway in major pathogens.
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Figure 1. 
The design of the aminobenzoate analogues of platensimycin. (A) The structures of 

platensimycin and selected platensimycin aminobenzoate analogues. (B) The co-crystal 

structure of PTM with E. coli FabF (C163Q). (C) The retrosynthetic analysis for the 

semisynthesis of most platensimycin analogues in this study.
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Scheme1. Synthesis of 5’-F-platensimycin 7b.
Reagents and conditions: (a) K2CO3 (5 equiv.), BnOH (2.5 equiv.), DMF, 105 °C, 16 h, 

85%; (b) 6 N KOH, EtOH, 140 °C, 1.5 h, 95%; (c) MeOH, DMAP (0.1 equiv.), EDCI (1.2 

equiv.), NEt3 (2.5 equiv.), 10 h, 65%; (d) H2 (1.1 atm.), 10% Pd/C (0.2 equiv.), MeOH, 25 

°C, 3 h, 90%; (e) 65% HNO3, CHCl3, 5 min, 72%; (f) 3 (1.0 equiv.), HATU (2.0 equiv.), 

NEt3 (3.0 equiv.), DCM, 25 °C, 12 h, 83%; (g) aq. KOH, MeOH, 45 °C, 4 h, 89%. 

Abbreviations: Bn = benzyl, DMF = N,N-dimethylformamide, DMAP = 

dimethylaminopyridine, EDCI = 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride, HATU = 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxid hexafluorophosphate, DCM = dichloromethane.
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Scheme 2. Synthesis of platensimycin analogues 8–10.
Reagents and conditions: (a) CCl4:pyridine (4:1), I2 (3 equiv.), DMAP (0.2 equiv.), 110 °C, 

4 h, 88%; (b) 65% HNO3, CHCl3, r.t. 5 min, 84%; (c) HCHO (3.0 equiv.), KOH (3.0 equiv.), 

CaCl2 (3.0 equiv.), MeOH (2 ml), NH4OH (10.0 equiv.), r.t. 4 h, 90%; (d) HCHO (3.0 

equiv.), KOH (3.0 equiv.), CaCl2 (3.0 equiv.), MeOH (2 ml), r.t. 4 h, 92%.
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Scheme 3. Construction of aromatic fragments.
Reagents and conditions: (a) aq. LiOH, THF, 45 °C, 91–95%; (b) TMSEOH (1.2 equiv.), 

EDCI (1.0 equiv.), NEt3 (2.0 equiv.), DCM, 25 °C, 12 h, 89%; (c) H2 (1.1 atm.), 10% Pd/C 

(0.2 equiv.), MeOH, 25 °C, 3 h, 95% (for 13), 91% (for 15a), 89% (for 15b), 93% (for 17a), 

82% (for 17b), 89% (for 19), 84% (for 21a), 92% (for 21b), 87% (for 24); (d) TMSEOH 

(1.5 equiv.), toluene, Bu2SnO (1.0 equiv.), 150 °C, 85–95%; (e) AlCl3 (3.0 equiv.), 1,2-DCE, 

90 °C, 85%; (f) BnBr, K2CO3, acetone, 3 h, 87%; (g) Bi(NO3)3.5H2O (1.0 equiv.), MMT 

K10 (1.0 equiv.), DCM, 25 °C, 2 h, 81%. Abbreviations: THF = tetrahydrofuran, TMSE = 2-

(trimethylsilyl)ethyl, Bu = butyl, MMT K10 = bentonite clay K-10.

Tian et al. Page 11

ChemistrySelect. Author manuscript; available in PMC 2020 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 4. Synthesis of platensimycin analogues 25–30.
Reagents and conditions: (a) HATU (2.0 equiv.), NEt3 (3.0 equiv.), DMF, r.t, 8 h, 86% (for 

25a), 74% (for 26a), 70% (for 27a), 80% (for 27b), 63% (for 29a), 82% (for 29b), 59% (for 

30); (b) PyBOP (0.9 equiv.), NEt3 (2.0 equiv.), DCM, r.t, 30 min, 80% (for 26b), 75% (for 

28); (c) TBAF, DCM, 12 h, 92% (for 25b), 76% (for 27c), 85% (for 29c). Abbreviations: 

PyBOP =benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate, TBAF = 

tetrabutylammonium fluoride.
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Table 1.

The minimum inhibitory concentrations (MIC μg mL−1) of platensimycin analogues against S. aureus ATCC 

29213, and clinical MSSA and MRSA strains

Compounds S. aureus
ATCC 29213 MRSA MSSA

PTM 1 0.5 1

Linezolid 1 1 1

7b 64 64 32

8 4 4 4

10a 32 16 16

10b 16 16 8

29c 8 8 8
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