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Abstract 

Despite the advance of biomedical science, infectious diseases remain one of 

the number one killers in the world. They claim the lives of millions of people 

annually, particularly in underdeveloped and developing countries. In fact, 

more than 32% of the health burden in Africa is caused by infectious 

diseases, e.g., tuberculosis, malaria, and HIV/AIDS, as well as other 

neglected tropical diseases.  

 

Tuberculosis (TB), one of the most devastating infectious diseases, is caused 

by Mycobacterium tuberculosis. In 2014, 9.6 million people were diagnosed 

with active TB, 1.5 million of whom died from the disease (WHO). Most of 

these deaths occur in HIV patients who are more vulnerable to the infection 

due to a weakened immune system. Moreover, the emergence of multi-drug 

resistant strains of M. tuberculosis in recent years has rendered some of the 



first-line anti-TB drugs, such as isoniazid (INH) and rifampin, less effective. 

Consequently, TB is becoming a bigger problem worldwide.  

 

Similar to TB, malaria also causes a significant health burden in tropical 

countries. It is a parasitic disease transmitted by Anopheles mosquitoes. The 

main malarial parasites that infect humans are Plasmodium falciparum and P. 

vivax.  In 2015, there were an estimated 214 million new cases of malaria and 

438,000 deaths (WHO). Furthermore, the development of resistant strains of 

P. falciparum to chloroquine and artemisinin has raised a public concern. 

Therefore, the development of new anti-malarial agents is urgently needed. 

 

Our research focuses on the discovery of new drug candidates that can be 

developed as new anti-tubercular and anti-malarial drugs. Using a 

combination of contemporary biosynthetic approaches and semisynthetic 

modifications, we have produced analogs of rifampin, a clinically used first-

line anti-tubercular drug. Rifampin is derived from rifamycin B, a complex 

natural polyketide compound produced by the soil bacterium Amycolatopsis 

mediterranei S699. This polyketide natural product is biosynthesized by a 

type I modular polyketide synthase (PKS) system. While simple modifications 

of the functional groups of rifamycin can be done chemically, alterations of its 

polyketide backbone are difficult to achieve, thus requiring alternative 

approaches, e.g., biosynthetic engineering. In collaboration with the group of 

Professor Rup Lal at the University of Delhi, we designed a strategy to 



construct mutant strains of A. mediterranei S699, in which the acyltransferase 

(AT) domain of module 6 of the rif-PKS (recognizes methylmalonyl-CoA as 

substrate) was replaced with the AT domain of module 2 of the rapamycin 

PKS (recognizes malonyl-CoA). The mutant strain was able to produce a 

novel rifamycin analog, 24-desmethylrifamycin B, which was confirmed by 

mass spectroscopy, NMR and X-ray crystallography. The product was 

subsequently modified semi-synthetically to 24-desmethylrifampin. The latter 

compound was then tested against a panel of Gram-positive and Gram-

negative bacteria such as Staphylococcus aureus, Pseudomonas aeruginosa, 

and Mycobacterium smegmatis, and the results showed that 24-

desmethylrifampin has antibacterial activity comparable to the commercially 

used antibiotic rifampin. More interestingly, 24-desmethylrifampin showed 

excellent activity against both rifampin-sensitive and rifampin-resistant strains 

of M. tuberculosis.  

 

As a part of our efforts to discover potential candidates for anti-TB drugs, we 

also investigated a prenylated isoflavanone, perbergin, which was isolated 

from the Madagascar plant Dalbergia pervillei. Perbergin was found to have a 

virulence factor quenching activity in the plant pathogen Rhodococcus 

fascians. R. fascians to some extent is similar to M. tuberculosis in that their 

cell walls are rich in mycolic acids. Also, structurally, perbergin is somewhat 

similar to trehalose monomycolate (TMM), which is involved in the M. 

tuberculosis cell wall biosynthesis and virulence. Thus, it is intriguing to 



investigate the use of perbergin as a trehalose monomycolate mimetic, which 

may disrupt the cell wall structures or act as an inhibitor of enzymes involved 

in the biosynthesis of acyltrehaloses. To this end, we synthesized the 

reported perbergin in nine steps with an overall yield of 13.5%. However, the 

NMR data for the synthetic products are inconsistent with those published for 

perbergin. Analysis of the raw data for perbergin, which was kindly provided 

by Prof. Mondher Eljaziri at Université Libre De Bruxelles, revealed that the 

natural perbergin contains a geranyl moiety at C-6 instead of C-8, and the 

geranyl moiety has an E configuration instead of a Z configuration. Moreover, 

the synthetic products (±)-(Z)- and (E)-isoperbergins showed good 

antibacterial activity against the Gram-positive bacteria S. aureus and M. 

smegmatis, but not the Gram-negative bacteria Escherichia coli and P. 

aeruginosa. Furthermore, we tested the activity of the synthetic compounds 

against both rifampin-sensitive and rifampin-resistant strains of M. 

tuberculosis; however, they were not active at a concentration lower than 10 

µg/mL. 

 

The fourth part of this dissertation is to develop novel agents to combat 

malaria. Previously, our research group has generated a number of novel 

pactamycin analogs through manipulations of the pactamycin biosynthetic 

pathway. Pactamycin, a bacterial-derived natural product discovered by the 

Upjohn Company in the early 1960s, has broad-spectrum growth inhibitory 

activity against mammalian cells, viruses, bacteria and protozoa. However, it 



is also highly toxic. Inactivation of the ptmH gene, which encodes a radical 

SAM-dependent protein, in the pactamycin producing strain of Streptomyces 

pactum resulted in a mutant that produced pactamycin analogs, TM-025 and 

TM-026. Both of these compounds showed excellent anti-malarial activity and 

were 10-30 fold less toxic than pactamycin.  

 

To improve the biological and pharmaceutical properties of TM-025 and TM-

026, we employed a mutasynthetic strategy to generate their fluorinated 

analogs. We created a double knockout mutant, S. pactum ΔptmTH, which 

lacks the ptmH gene and also lacks the ability to produce 3-aminobenzoic 

acid (a precursor of pactamycin). The mutant was then fed with synthetically 

prepared 2-fluoro-5-aminobenzoic acid to give two fluorinated analogs, TM-

025F and TM-026F. The compounds were tested against chloroquine-

sensitive and chloroquine-resistant strains of P. falciparum, and the results 

showed that TM-025F and TM-026F have excellent activity against all 

plasmodial strains tested. 

 

In conclusion, we have applied genetic, mutasynthetic, and synthetic 

approaches to produce new analogs of complex natural products with 

promising activity against tuberculosis and malaria. The study also provided 

insights into the biosynthetic machinery and the modes of formation of those 

compounds in nature. Furthermore, using a total synthesis approach, we 

generated geranylated isoflavanones that showed good activity and selectivity 



toward Gram-positive bacteria, including M. smegmatis. However, they lack 

activity against M. tuberculosis at concentrations lower than 10 µg/mL. It is 

noteworthy that this synthetic study led to the revision of the published 

chemical structure of perbergin. 
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General Introduction 

 

 

 

Khaled H. Almabruk 

 

 

 

  



 

 

2 

Introduction 
 
Infectious diseases remain one of the major causes of morbidity and mortality 

worldwide. They affect children and adults of all ages. In fact, a large number 

of annual deaths around the world are due to infectious diseases, among 

which are HIV/AIDS, tuberculosis (TB), and malaria. However, since the 

introduction of the Millennial Development Goals (MDGs) in year 2000, which 

primarily focused on combating HIV/AIDS, TB, and malaria, the mortality 

rates caused by these diseases have been steadily declining. Yet, in many 

low- and middle-income countries, they are still responsible for significant 

health burdens and deaths.  Additionally, the encouraging progress by MDGs 

is clouded by the increased number of cases of multidrug-resistant (MDR)-TB 

and malaria, which have rendered many currently available treatments 

ineffective. Therefore, new drugs to treat MDR-TB and malaria are acutely 

needed.   

 

1.1Tuberculosis 
 
Tuberculosis (TB) is an infectious disease caused by the pathogenic 

bacterium Mycobacterium tuberculosis. More than 95% of TB patients were 

reported in third world countries, particularly in countries where HIV infection 

is prevalent, because HIV patients are more susceptible to the disease. In 

fact, as of 2015, 1 in 3 HIV deaths were due to TB (WHO). Although TB is a 

treatable and preventable disease, when not detected and/or treated properly 

due to improper diagnosis or patient non-compliance with the drug regimen, it 
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may develop into a serious public health problem. In addition, the 

development of multidrug-resistant (MDR) and extensively drug-resistant 

(XDR)-TB has caused most of the currently available first-line drugs to no 

longer be effective.  

 

1.1.2 TB History 

Tuberculosis is an old disease. It has been postulated that the genus 

Mycobacterium originated in East Africa over 150 million years ago (Hayman 

1984). The ancestors of the current mycobacteria were present 3 million 

years ago (Gutierrez et al. 2005). Also, M. tuberculosis has been found in 

ancient Egyptian mummies, as shown by molecular genetic evidence 

(Zimmerman 1979, Nerlich et al. 1997). TB, before the late nineteenth 

century, was called the White Death, because it caused much suffering and 

many deaths since there was no cure. 

The first discovery of the transmissibility of M. tuberculosis infection was 

made by a French physician Jean-Antoine Villemin in 1865. In 1885, Robert 

Koch perfected a staining technique that enabled him to see the microbe that 

caused TB. Also, X-rays, which were discovered in 1895, enabled the 

accurate diagnosis of the disease. In the early twentieth century, Albert 

Calmette and his colleague Camille Guérin introduced the BCG (Bacillus 

Calmette-Guérin) vaccine. In 1921, the vaccine was first used in France on an 

infant whose mother had pulmonary tuberculosis. Indeed, the infant did not 

develop TB. The BCG vaccine has dramatically reduced TB infections and 
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the resulting deaths. Many years later, the development of antibiotics created 

a belief that TB could be controlled and perhaps even eradicated. 

 

1.1.3 Transmission and Stages of TB  

TB is an airborne disease which can be transmitted from person to person 

upon the exposure to air droplets carrying the microbes from the infected 

person. M. tuberculosis can remain inactive (dormant) for years without 

causing any obvious symptoms. The most common symptoms associated 

with a TB infection are general fatigue, cough, chest pain, and night sweats. If 

left untreated, this could lead to high fever, bloody coughing, and eventually 

death. Multiple stage processes are involved in a TB infection. When a 

person inhales the droplets containing the microbe, M. tuberculosis is 

localized in the alveoli. After 7-21 days, the bacteria multiply within the 

inactivated pulmonary macrophage, which then bursts and triggers the 

accumulation of more macrophages. During this stage, the patient becomes 

tuberculin positive. Also, T-cells are activated, causing the release of γ-

interferon (IFN). A tubercle center starts to grow because of the release of 

cytokines and IFN. While the macrophages present around the tubercle are in 

an active form, those inside the tubercle itself are inactive and become the 

host for M. tuberculosis. The final stage in a TB infection is the bursting of 

lesion sacs, which release mycobacterial cells that can easily transmit and 

infect neighboring tissues of the lungs. 
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1.1.4 Mycobacterium tuberculosis  

Mycobacterium belongs to the class of Actinobacteria, which has many 

subclasses, some of which can cause serious illness to humans and animals. 

M. tuberculosis, M. leprae and M. bovis are different Mycobacterium species 

that cause human diseases. M. tuberculosis is of particular concern, because 

it can lead to a serious threat to global public health. Morphologically, M. 

tuberculosis is a non-motile, non-spore forming, rod shaped bacterium. M. 

tuberculosis grows slowly with a doubling-time of 20-51 hours. Despite the 

fact that the crystal violet stain does not remain on its cell wall, because of its 

high lipid content, M. tuberculosis is classified as a Gram-positive bacterium 

with a high GC content. 

With the recent developments in gene technology and the corresponding 

analytical tools, more information is now available on the structure of and the 

metabolic pathways in M. tuberculosis, that are necessary for its survival. The 

cell envelope of M. tuberculosis is composed of a complex structure made of 

peptidoglycan, arabinogalactan, and mycolic acids, which are surrounded by 

a mixture of non-covalently bonded lipids, glycans and proteins. The M. 

tuberculosis cell wall is characterized by its thickness, which confers 

impermeability and resistance to some therapeutic agents. The cell wall core 

contains large amounts of short (up to C20) and long (up to C60-C90) chains of 

mycolic and fatty acids, which have cross-linked with arabinogalactan that is 

attached to peptidoglycan. Across the cell wall, there are cell-wall proteins, 

phthiocerol dimycocerosate, cord factors (trehalose mono- and dimycolates), 
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sulfolipids, phosphatidylinositol mannosides (PIMs), and lipoarabinomannan 

(LAM). The soluble portion of extractable lipids, sugars, and proteins are 

thought to be involved in M. tuberculosis signaling and pathogenesis. 

Furthermore, the high lipid content in the cell wall provides M. tuberculosis 

with a natural resistance that protects it from any external pressure. Also, 

across the cell membrane are porins, which allow the hydrophilic nutrients to 

enter the cell (Figure 1.1.1). 

 
 
Figure 1.1.1. Schematic of cell wall envelope of Mycobacterium tuberculosis  

(Riley 2006). 
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1.1.5 Diagnosis and Current Treatment  

1.1.5.1 Diagnosis 

Microbiological testing of sputum for acid bacilli remains one of the major 

tests in the diagnosis of TB. Also, the tuberculin skin test (TST) and X-rays 

are still used in the diagnosis of TB; however, if the patient is TB positive, 

TST cannot distinguish between a latent and an active TB infection. TST is a 

cutaneous delayed-type hypersensitivity response to the purified protein 

derivative (PPD) from a mixture of about 200 M. tuberculosis proteins. This 

assay could cross react with BCG and give false positive results. However, a 

more recently developed test, the so-called interferon gamma release assay 

(IGRA), has helped in the accurate diagnosis of patients with a TB infection 

(LTBI or active TB) and does not cross react with BCG. This test uses 2 to 3 

specific TB antigens (Blumberg et al. 2014).  

 

1.1.5.2 Current Treatment 

For decades, treatment of tuberculosis has been challenging and hundreds of 

anti-TB drugs have been synthesized; yet, only a few of them have been used 

successfully in clinics to treat TB patients. Some of these drugs target M. 

tuberculosis cell wall biosynthesis, while others target different sites in the cell 

(Figure 1.1.2). A six-month regimen has been used as a standard treatment 

protocol for drug-susceptible M. tuberculosis. 
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Figure 1.1.2. Sites and Mechanisms of Action of Antimycobacterial Agents  
(Horsburgh et al. 2015).� 

 

In the United States, four-dose regimens are used in the treatment of drug-

susceptible M. tuberculosis, depending on the nature of the infecting strain 

whether it is drug-sensitive or -resistant M. tuberculosis and the pathological 

conditions of the patient. The combination of the drugs and the timing of the 

treatment may also be different. Each regimen has an initial phase of 2 

months, followed by another phase that varies between 4-7 months 

(Blumberg et al. 2003). 
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Table 1.1.1. Drugs currently in use to treat TB. 

First-line drugs Second-line drugs 

Isoniazid Streptomycin 
Rifampin Amikacin 
Rifabutin Capreomycin 

Rifapentine Levofloxacin 
Ethambutol Cycloserine 

Pyrazinamide p-Aminosalicylic acid 

 Ethionamide 

 Linezolid 

 

Drugs currently available for the treatment of TB are divided into two groups, 

the first-line and the second-line drugs (Table 1.1.1). The second-line drugs 

are usually used when the first-line drugs fail to treat the disease. However, 

the cytotoxicity of some of the second-line drugs limits their use. A patient 

with latent TB infection is usually treated with isoniazid to prevent TB from 

developing into the active state. MDR TB, on the other hand, is treated based 

on its susceptibility to the drug sensitivity test. Isoniazid-resistant TB is usually 

treated with rifamycin, ethambutol, and pyrazinamide, with or without 

fluoroquinolones, for 6 to 12 months; while in the case of rifampin resistance 

(with the absence of isoniazid resistance), a combination of isoniazid, 

pyrazinamide, and streptomycin has been shown to be effective. 
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Figure 1.1.3. Chemical structures of first-line drugs for TB treatment 

 
1.1.6 Mycobacterium tuberculosis Resistance 

In the 1980s, only a few cases of MDR-TB were reported in Europe and in the 

United States. However, in 1997, WHO declared the spread of MDR-TB, as 

thousands of cases were no longer responding to rifampin and/or isoniazid. 

Isoniazid is a pro-drug which has to be activated inside the bacterium to 

reactive species that form adducts with NADP+ in the enoyl-acyl carrier 

protein reductase (InhA), thus inhibiting mycolic acid biosynthesis. Mutations 

of the catalase-perioxidase (katG) gene, which is involved in the activation of 

isoniazid in susceptible M. tuberculosis, were found to confer the bacterium 

resistance to isoniazid. More than 40% of isoniazid-resistant strains of M. 

tuberculosis were found to have a mutation(s) in this gene (Zhang et al. 

1992). 

Strains of Mycobacterium that are resistant to rifampin gained their resistance 
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through mutations in the β-subunit of RNA polymerase, the molecular target 

of rifampin. Some of the major mutations are D516V, H526Y, and S531L with 

frequencies of occurrence at 6.8%, 8.5% and 57.6%, respectively (Sougakoff 

et al. 2004). 

Pyrazinamide is another first-line drug used to treat M. tuberculosis infections. 

It is also a pro-drug; upon administration, it is converted to the active form 

pyrazinoic acid (POA) by the action of the pyrazinamidase enzyme found in 

M. tuberculosis. A mutation in the pncA gene, a gene that encodes 

pyrazinamidase, confers M. tuberculosis resistance to pyrazinamide 

(Raynaud et al. 1999). It was proposed that pyrazinamide inhibits the fatty 

acid synthesis in M. tuberculosis by acting on fatty acid synthase-I (FAS-I), 

thus affecting their growth (Zimhony et al. 2000). However, there were no 

mutations found in FAS-I from isolates resistant to pyrazinamide.  Another 

study showed that the activity of pyrazinamide is pH dependent (Zhang et al. 

1999). More recently, Zhang and co-workers showed that POA binds to 

RpsA, a ribosomal protein S1 involved in protein translation and trans-

translation. The trans-translation is an important process for degradation of 

toxic proteins in non-replicating bacteria, thus pyrazinamide can kill non-

replicating M. tuberculosis (Shi et al. 2011). 

 

1.1.7 Development of Novel Anti-tubercular Agents and Newly Approved 

Anti-TB Agents 

The completion of the M. tuberculosis genome sequence in the late 1990s 
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and the availability of new genetic, analytical, and medicinal chemistry tools in 

recent years have opened a new era in anti-TB drug development (Woong 

Park et al. 2011, Tahlan et al. 2012, Ioerger et al. 2013). Using more accurate 

information on the biology of M. tuberculosis, many drug candidates with 

good anti-TB activity have been developed, some of which have found their 

way into clinical trials. In addition, the re-development of old antibiotics that 

are only weakly active against M. tuberculosis into antibiotics with good anti-

TB activity has been explored. One example of the successful outcomes of 

this approach is spectinomycin, which is an aminoglycoside antibiotic 

produced by Streptomyces spectabilis. It inhibits ribosomal translocation, thus 

inhibiting protein synthesis.  While the natural product shows weak anti-TB 

activity (MIC = ~50 µg/mL), the chemically modified analogs (the 

spectinamides) have significantly improved anti-TB activity (MIC = 0.8 µg/mL) 

(Lee et al. 2014).  

Other potential candidates for drug targets are proteins that are involved in 

cell wall biosynthesis such as Mmpl3 and InhA. MmpL proteins are a group of 

mycobacterial membrane proteins involved in a cell’s survival. Among them is 

Mmpl3, which plays an important role in exporting mycolic acid in the form of 

trehalose monomycolate. Drugs under development that can inhibit this 

protein include SQ109, an ethylenediamine derivative containing 1-

adamantanamine and geranyl moieties. This drug is active against drug-

suceptible and -resistant M. tuberculosis (Protopopova et al. 2005, Tahlan et 

al. 2012).  On the other hand, InhA is a mycobacterial enoyl reductase, which 
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is involved in the synthesis of mycolic acid. InhA inhibitors that are still in 

preclinical evaluations include NITD-916, a member of the 4-hydroxy-2-

pyridones family that showed good bactericidal activity against isoniazide-

resistant TB (Ng et al. 2015).  

Due to their safe pharmacological profile, β-lactam antibiotics have also been 

investigated for their potential use as anti-TB drugs, e.g., meropenem–

clavulanate in the treatment of XDR-TB (Hugonnet et al. 2009). However, the 

long-term use of β-lactam antibiotics may disturb the microbiome of the 

intestine and cause gastrointestinal upsets, which may lead to loss of 

compliance.  

The first new anti-TB drug approved by the FDA in more than 40 years is 

bedaquiline, an anti-TB agent belonging to the diarylquinolones family. It acts 

by targeting F0F1 ATP synthase. It works on both mutated and dormant M. 

tuberculosis but not on other prokaryotic and eukaryotic cells. However, 

bedaquiline has drug-drug interaction with rifampicin, as the latter induces 

CYP3A4 enzyme, which is involved in bedaquiline metabolism, leading to 

50% reduction of the plasma concentration of the drug (Lounis et al. 2008).  

Another drug that has been approved in Europe for the treatment of MDR-TB 

is delaminid, which was discovered by Otsuka Pharmaceutical Co. 

(Matsumoto et al. 2006). It inhibits mycolic acid synthesis in M. tuberculosis, 

thus interfering with cell wall biosynthesis.  

Despite the extensive work on anti-TB drug discovery, MDR- and XDR-TB 

remain a serious threat to global public health. Therefore, continued efforts 
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are needed to discover novel drugs that have either novel mechanisms of 

action or the same old molecular targets with higher selectivity and sensitivity 

toward both sensitive and MDR strains of M. tuberculosis. 
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Table1.1.2. Recently approved anti-TB drugs and other potential candidates 
for TB treatment. 

Drug Class Status Proposed Mode 
of Action 

Bedaquiline 

Diarylquinoline Approved 
in 2012 

Affects the proton 
pump for ATP 
synthase. 

Delamanid 

Nitroimidazole Approved 
in EU 

Inhibition of 
mycolic acid 
biosynthesis. 

 

Sutezolid 

Oxazolidione Phase 

II 

Inhibition of 
protein synthesis 
(Barbachyn et al. 
1996) 

 

SQ109 

Ethylenediamine Phase 

II 

Inhibition of 
MmpL3 
(Protopopova et 
al. 2005). 

 

Pretomanid 

Nitroimidazole 
Phase 

II 

Cell wall inhibitors; 
Nitric oxide 
stimulants; Protein 
synthesis 
inhibitors (Stover 
et al. 2000). 
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1.2 Malaria 
 
Malaria is a parasitic infection transmitted by Anopheles mosquitoes. Most 

human malarial infections are caused by Plasmodium falciparum, P. vivax, P. 

ovale or P. malariae. P. falciparium is considered the most dangerous species 

because if not treated properly, it could lead to death. Whereas P. vivax rarely 

causes sever disease and can be treated with chloroquine, recent multiple 

mortalities associated with P. vivax infections in some tropical areas have 

raised public concerns (Poespoprodjo et al. 2009, Price et al. 2009, Battle et 

al. 2012). In 2015, there were an estimated 214 million new cases of malaria 

and 438,000 deaths (WHO). Since the eradication of malaria in the 1950s in 

the USA, only a few cases were reported which either were imported by 

immigrants or from visiting abroad where malaria is epidemic. However, 

malaria is still a major problem in third world countries. Over 80% of the 

reported cases were from Africa and 10% were from South Asia. Malaria 

takes the lives of children, especially those who are younger than five. 

Furthermore, the development of malarial strains resistant to commonly used 

drugs like chloroquine and artemisinin and the evolution of mosquitoes 

resistant to insecticides have increased the number of deaths. Therefore, the 

development of new antimalarial drugs with novel mechanisms of action is 

needed. 

 
1.2.2 Malaria Life Cycle 

A female mosquito transmits malaria during blood feeding through minute 

sporozoites, which invade the hepatocytes. These sporozoites can replicate 
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in hepatocytes to produce 10,000 to 30,000 merozoites in 5-8 days; this cycle 

is referred to as the liver cycle. When the schizonts burst, merozoites invade 

the erythrocytes. In 48 hours, an asexual cycle takes place for both P. 

falciparum and P. vivax infections. The growing parasites start to consume 

red blood cells and convert a toxic heme product to non-toxic hemozoin 

through lipid-mediated crystallization. The sexual form develops within the 

host during the blood stage, producing male and female gametocytes, which 

can be taken up by Anopheles mosquitoes. The male and female 

gametocytes, each containing half of the chromosomes, fuse together in the 

midgut of Anopheles mosquitoes forming zygotes, which can develop further 

to form sporozoites, which are able to infect a new human host (Figure 1.2.1). 

 

Figure 1.2.1. Malarial parasite life cycle (White et al. 2014).  
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1.2.3 Malaria Symptoms 

Malaria is classified into two categories, which differ in the symptoms 

presented by the patient. Uncomplicated or classical malaria has three 

stages: a cold stage, a hot stage, and a sweating stage. A patient presents 

with fever, chills, nausea, vomiting, general weakness, mild jaundice and a 

headache. The complicated or severe malaria is more dangerous in that the 

patient is presented with very severe symptoms such as found in cerebral 

malaria. The patient with cerebral malaria can have abnormal behavior, 

impairment of consciousness, seizures, and/or a coma. Also, it is usually 

combined with one or more of the following: severe anemia because of 

hemolysis, acute respiratory distress syndrome (ARDS), hemoglobinuria, 

abnormalities in blood coagulation, low blood pressure, acute kidney failure, 

and metabolic acidosis. Complicated malaria is fatal if not treated properly.  

 

1.2.5 Malaria Treatment and Resistance 

Artemisinin-based combination therapies (ACTs) are recommended by WHO 

for the treatment of uncomplicated malaria caused by the P. falciparum 

parasite. Two drugs with different mechanisms of action should be given. The 

choice of the drug is controlled by a safety profile and the nature of the 

malarial strain. On the other hand, the treatment of severe malaria is given by 

intramuscular or intravenous injection of artesunate for at least 24 hours and 

followed by a complete three-day course of an ACT. Other common drugs 

used to treat the blood stage of malaria are chloroquine, quinine, quinidine, 
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atovaquone, mefloquine, and primaquine. Primaquine is also active against 

the dormant parasite hypnozoites.  

In the 1930s, the use of chloroquine (CQ) almost brought malarial infection to 

an end and helped save thousands of lives. However, 10 years of heavy use 

of CQ was enough for the malaria parasite to develop resistance to the drug. 

The first cases of resistant strains of P. falciparum were reported in Thailand 

and Colombia (Payne 1987). Shortly after, the resistant strain became 

common in areas where malaria is endemic such as Africa, South America 

and India. P. falciparum resistant strains were found to obtain their resistance 

by reducing the concentration of CQ in the digestive vacuole of the parasite. 

The mechanism by which this happens is still elusive. One important gene, 

pfcrt, was found to be responsible for P. falciparum resistance and the gene 

product, PfCRT, was predicted to be involved in drug efflux and/or pH 

regulation. A recent comparative study of the resistant and the wild-type 

forms of PfCRT found that the resistant form of PfCRT transports chloroquine 

while the wild type does not (Wellems et al. 1991, Martin et al. 2009, Chinappi 

et al. 2010).  

Artemisinin is one of the most powerful anti-malarial agents isolated from the 

Artemesia annua plant (qinghaosu). The extract of the plant was used by the 

Chinese as a medicine to treat fever and malaria. In 1977, Tu Youyou, a 

Chinese scientist, was able to isolate the active ingredient responsible for the 

anti-malarial activity. Since then, other semi-synthetic derivatives have been 

developed, e.g., artesunate and artemether, which are excellent anti-malarial 
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drugs. The drugs were effective for the treatment of chloroquine-resistant P. 

falciparum and MDR P. falciparum. An early mechanistic study has 

demonstrated that the endoperoxide bridge of artimisinin is crucial for its anti-

malarial activity (Brossi et al. 1988) Since peroxide is a rich source of free 

radicals, the anti-malarial activity may be due to an interaction between the 

endoperoxide bridge and the intraparasitic heme-iron complex (Meshnick 

1998). Additionally, it has been shown that artemisinins are potent inhibitors 

of P. falciparum phosphatidylinositol-3-kinase (PfPI3K) in a ring stage form, 

suggesting a new mechanism of action for this group of agents. PfPI3K is 

present in vesicular compartments at the parasite membrane and in the food 

vacuole. It is believed to play a role in hemoglobin endocytosis and trafficking 

(Vaid et al. 2010). In 2008, a case study from the Thailand-Combodian border 

has shown a decrease in the clearance rate of the parasite upon the initial 

dose of artesunate monotherapy (Noedl et al. 2008). The mechanism of 

artemisinin resistance was unknown, however, recently Kasturi Haldar and 

colleagues found that mutations in PfKelch13, a previously identified 

resistance marker, play a key role in the resistance to artemisinins (Winzeler 

et al. 2014, Mbengue et al. 2015).  

 
1.2.6 Natural Products and Anti-malarial Activity  

For decades, natural products have been the inspiration for the development 

of biologically active compounds against malaria (Kumari et al. 2009, Gupta 

et al. 2010).  For example, the Cinchona bark alkaloid quinine, which was 

historically used as an anti-malarial, has inspired scientists to develop 
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structurally similar compounds (e.g., chloroquine and mefloquine) with better 

pharmacological activity. Artemisinin, from the Artemesia annua plant, is 

another example whose excellent anti-malarial activity and unique structure 

have urged scientists to develop derivatives with improved activity and 

pharmacological properties. Some of those compounds, such as artesunate 

and artemether, are currently used as a component of the first-line therapy for 

the treatment of malaria. Other examples of natural products that are used to 

treat malaria include extracts of Argemone mexicana and Nauclea pobeguinii 

plants (Graz et al. 2010, Mesia et al. 2010). The A. mexicana plant extract is 

now in Phase II clinical trials, and it appears to be safe at a wide range of 

doses (Graz et al. 2010).  

 
1.2.7 Candidates in Pre-clinical and Clinical Trails  

As more methods for high-throughput anti-malarial screening became 

available, such as blood screen assays, liver stage screens, and transmission 

assay screens, more anti-malarial hits were discovered, some of which are 

still in pre-clinical evaluation, while others have reached clinical trials. 

NITD-609 (Rottmann et al. 2010) was discovered based on a screening of a 

blood-stage proliferating assay, in which 10,000 compounds were screened 

and identified as a first novel class of spiroindolones. A racemic 

spiroazepineindole was identified as a major lead of this family (Yeung et al. 

2010). NITD-609 was found to inhibit the outer membrane transporter, P-type 

ATPase, of the malarial parasite. NITD-609 is now in Phase II clinical trials. 
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Another class of anti-malarial agents was discovered based on a high-

throughput screening of a library of compounds having an 

imidazolopiperazine scaffold using a cell-based proliferation assay. GNF156 

was one of the most potent hits against the malarial parasite in this class of 

compounds, and it was found to be effective against the blood stage and the 

liver stage of the Plasmodium yoelii. GNF156 is in Phase I clinical trials (Wu 

et al. 2011, Nagle et al. 2012). 

 

Another class of newly discovered anti-malarial agents is 1,2,4-troxolanes, 

such as OZ277 (Dong et al. 2010) and OZ439 (Charman et al. 2011). OZ277 

is also known as arterolone, which is a synthetic ozonide believed to have the 

same mechanism of action as artemisinin where their activity is due to the 

reaction of the peroxide with the iron and heme to generate free radicals, 
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which leads to alkylating the parasite proteins, thus leading to parasite death.  

Due to the promising results obtained from OZ277, which is now in Phase II 

clinical trials, a second-generation ozonide, OZ439, has been synthesized, 

which acts by the same mechanism of action as OZ277. OZ439 was found to 

act fast with improved bioavailability. OZ439 is now in Phase I clinical trials. 

  

Research toward the development of novel anti-malarial agents that could 

fight the sensitive and multi-drug resistant strains of malarial parasites 

continues unabated. In the scheme provided below are some of the important 

hits that have reached pre-clinical studies and advanced clinical trials as 

potential candidates for malaria treatment (Table 1.2.1). Information in the 

table was adapted from the Medicines for Malaria Venture (MMV) web site. 
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Table 1.2.1. Current potential candidates for malaria treatment. 

Drug Class Status Mechanism of 
Action 

 

MMV253 

triaminopyrimidine Pre-
clinical 
studies 

• Mutants identified in 
vacuolar ATP-
synthase sub-unit D 
indicating possible 
biological target 

SJ733 

dihydroisoquinolones Pre-
clinical 
studies 

• PfATP4 inhibitor 

 MMV048 

aminopyridine Phase I • PfPI4K inhibitor 

 DSM265  

triazolopyrimidine Phase 
IIa in 
Peru 

• Plasmodium 
dihydroorotate 
dehydrogenase 
(DHODH) inhibitor 

 
Tafenoquine 

8-aminoquinoline 
Phase 

III 

• Inhibits 
dihydroorotate 
dehydrogenase  

• Oxidative impact  
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1.3 Dissertation Background  
 
As part of an effort to discover new anti-TB and anti-malarial drugs, we used 

a combination of biosynthetic and synthetic approaches to produce analogs of 

natural products that have good activity against multi-drug resistant strains of 

M. tuberculosis or P. falciparum. In this dissertation, three lines of research 

related to this effort are presented: 1) genetic and semisynthetic approaches 

toward novel rifamycins, 2) synthesis of geranylated isoflavonones as 

potential anti-TB drugs, and 3) mutasynthesis of pactamycin analogs as 

antimalarial drugs. The followings are brief backgrounds for each of these 

projects. 

 
1.3.1 Genetic and Semisynthetic Approaches Toward Novel Rifamycins  

1.3.1.1 Rifamycin 

Rifamycin B is a polyketide natural product that was first isolated from the soil 

bacterium Amycolatopsis mediterranei by Piero Sensi at Lepetit 

Pharmaceuticals Research Laboratory in 1959. It is the precursor of rifampin, 

the most powerful antibiotic for TB treatment to date (Maggi et al. 1966). This 

class of antibiotics binds to bacterial RNA polymerases and prevents mRNA 

extension. The clinical use of rifamycin derivatives has resulted in a 

considerable reduction in mortality rates due to TB. However, a long period of 

use, in combination with poor compliance and poor medical supervision, has 

resulted in the emergence of strains of M. tuberculosis that are resistant to 

rifampin. Thus, there is an urgent need to produce rifamycin analogs that can 

overcome this resistance problem. However, the structural complexity of 
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rifamycin B limits the use of chemical tools to generate different rifamycin 

analogs, e.g., modifications of the backbone structure. Therefore, we aimed 

to use genetic approaches to create novel rifamycin scaffolding that could be 

subsequently modified by semi-synthesis approaches. 

 
1.3.1.2 Rifamycin Biosynthesis 

The rifamycin biosynthetic gene clusters have been identified in a number of 

strains of Amycolatopsis and Salinispora (Kaur et al. 2001, Kim et al. 2006, 

Wilson et al. 2010). Rifamycin polyketide backbone is assembled by Type I 

modular polyketide synthases using 3-amino-5-hydroxybenzoic acid (AHBA) 

as a starter unit and malonyl- and methylmalonyl-CoA as extender units. The 

AHBA unit is derived from the aminoshikimate pathway, which is encoded by 

8 genes (rifG-rifJ) within the cluster (Figure 1.3.1) (Floss et al. 2011). 

Upstream of the AHBA genes are the rif-PKS genes (rifA-rifE) and an amide 

synthase gene (rifF). The Rif-PKS comprises of a loading domain and ten 

chain extension modules. Each module consists of a minimal set of domains 

that includes a ketosynthase (KS) that is responsible for catalyzing 

condensation reaction, an acyltransferase (AT), which loads the extender unit 

malonyl-CoA or methylmalonyl-CoA, and an acyl carrier protein (ACP) 

domain, which tethers the growing polyketide chain. In addition, there are 

ketoreductase and dehydratase domains in some of the modules. The amide 

synthase is responsible for the macrolactamization of a fully extended 

polyketide (undecaketide) structure to give proansamycin X, which is 

subsequently modified by a number of tailoring proteins. Those tailoring 
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enzymes add functional groups to decorate the architecture of the rifamycin B 

backbone (Floss et al. 2005, Xiong et al. 2005, Xu et al. 2005) (Figure 1.3.1). 

 

Figure 1.3.1. Genetic organization of rifamycin B biosynthesis  
(August et al. 1998). 
 
1.3.1.3 Semisynthetic and Mutasynthetic Approaches to Novel 

Rifamycins 

Since the discovery of rifamycin B, hundreds of its semisynthetic derivatives 

have been generated, but only a few of them have found their way to 

commercial use. This is due to the complex structure of rifamycin and the 

rigid structural requirements for rifamycin to maintain its binding to bacterial 

RNA polymerase. Most rifamycin derivatives are developed from rifamycin S, 

an oxidative product of rifamycin B, by adding a side chain at C-3 and/or C-4. 

Among those derivatives are rifampin, rifabutin, and rifapentine, which 
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demonstrate good pharmacological profiles, and are currently used in clinics 

as first-line anti-tubercular drugs (Figure 1.3.2).  

  

Figure 1.3.2. Conversion of rifamycin B to clinically used anti-TB. 
 
More recently, many semisynthetic routes to new rifamycin derivatives with 

improved activity have also been published (Barluenga et al. 2006, Figueiredo 

et al. 2009, Garcia et al. 2010). Some of these derivatives have proved to be 

useful against rifampin-sensitive or rifampin-resistant strains of M. 

tuberculosis, whereas others showed comparable activity to rifampin against 

S. epidermidis, S. aureus and MRSA (Gill et al. 2012, Czerwonka et al. 2016). 

The advancements of molecular genetic techniques and genome sequencing 

technology, as well as the development of tools for genetic manipulations 

have made it possible for scientists to study natural product biosynthesis at 

the molecular level and use the knowledge to produce new analogs of natural 

products. Gene knockout and domain swapping proved to be useful in 
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generating libraries of novel “unnatural” natural products with enhanced 

bioactivity, at least in some cases (Hopwood et al. 1985, Nguyen et al. 2006). 

One successful example was the generation of erythromycin analogs with a 

broad range of activity (Jacobsen et al. 1997). Also another combinatorial 

biosynthetic approach, in which the deoxyerythronolide B synthase 

acyltransferase (ATs) domains were swapped with the AT domains from the 

rapamycin PKS (RAPS) that encode alternative substrate specificities, lead to 

the generation of more than 50 macrolides (McDaniel et al. 1999).  

A number of new rifamycin analogs have also been generated through 

biosynthetic manipulations. Inactivation of rif orf14, a methyltransferase gene, 

in A. mediterranei S699 resulted in the production of 27-O-demethylrifamycin 

SV and 25-desacetyl-27-O-demethylrifamycin SV (Xu et al. 2003). 

Inactivation of other tailoring genes within the rifamycin biosynthetic gene 

cluster in A. mediterranei S699 not only gave other analogs of rifamycin, e.g., 

rifamycins W and SV, but also provided insights into the tailoring steps in 

rifamycin biosynthesis (Xu et al. 2005). Recently, an attempt to produce new 

pactamycin analogs by feeding a mutant strain of A. mediterranei that lacks 

the ability to produce AHBA with different synthetic AHBA derivatives (e.g., 3-

amino-4-bromobenzoic acid) was carried out. However, this experiment failed 

to produce novel rifamycins; instead, a tetraketide was isolated and a linear 

undecaketide was detected by mass spectrometry (Figure 1.3.3)(Bulyszko et 

al. 2015). 
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Figure 1.3.3. The feeding of 3-amino-4-bromobenzoic acid to the AHBA 
blocked mutant of A. mediterranei. 

The accumulation of the tetraketide intermediate suggests that manipulations 

of the rif PKSs prior to module 5 would significantly diminish the production of 

rifamycin. This may be due to strict substrate specificity of Rif Orf19, which is 

involved in the naphthalene ring formation in module 4 (Figure 1.3.1.) (Xu et 

al. 2005, Bulyszko et al. 2015).  

A successful chemical reconstitution of rifamycin biosynthesis using an N-

acetylcysteamine (NAC) thioester of the natural diketide intermediate in the 

AHBA mutant was reported by Khosla and co-workers. The group 

investigated the stereospecificity of the ketoreductase domain of the rif PKS 

module 1 using synthetically prepared NAC thioesters of the four possible 

diketide intermediates. Feeding experiments with these compounds to the rifK 

mutant, which lacks the ability to produce AHBA, showed that only one of 

them could rescue the production of rifamycin B (Figure 1.3.4), indicating the 

high stereospecificity of the KR domain. This result also suggests that 

enzymes that are involved in the early steps of rifamycin biosynthesis have 

high substrate specificity (Hartung et al. 2005). 
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Figure 1.3.4. Feeding rifK mutant with four SNAC-AHBA diketide derivatives. 
 
Independently, we have also attempted to use a NAC thioester of a diketide 

analog to generate 7-desmethylrifamycin SV in the rifL mutant strain of A. 

mediterranei, which also lacks the ability to produce AHBA. However, we 

were not able to obtain the desired 7-desmethyl product (unpublished data) 

(Figure 1.3.5).  

 

Figure 1.3.5. Feeding β-hydroxyl SNAC derivative of AHBA to RM01 mutant. 
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(dehydratase, ketoreductase) could still be carried out in order to generate 

novel rifamycin scaffolds for further semi-synthetic modifications.  

1.3.2 Synthesis of Geranylated Isoflavanones as Potential Anti-TB Drugs 

Isoflavanones are plant secondary metabolites that belong to the flavonoid 

class of natural products. Isoflavanones exhibit a wide range of biological 

activity that includes anti-cancer activity (Chin et al. 2006), anti-bacterial 

activity (Tanaka et al. 2009), and inhibitors of α–glucosidases (Valentova et 

al. 2011). The chemical structures of isoflavanones contain a three ring 

system (A, B, and C). Rings A and B are fused and substituted with functional 

groups (usually on ring A). Additionally, some isoflavanones are prenylated 

with either prenyl or geranyl substitution at C-6 or C-8. The other aromatic 

ring (C) is pendent from the C-3 position of ring B.  

 

Figure 1.3.6. Chemical structure of the isoflavanone core and some 
biologically active isoflavanoids. C-5 and C-7 usually each bear a hydroxy 
group. 
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The ring C is usually found with different functional groups such as hydroxy, 

methoxy, prenyl, or geranyl groups (Figure 1.3.6).  Due to their broad range 

biological activity, many synthetic methodologies have been developed to 

access this class of compounds. Those include palladium-catalyzed arylation, 

addition of C-O bond to arynes, gold-catalyzed annulation, or direct reduction 

of isoflavone (Skouta et al. 2007, Dubrovskiy et al. 2010, Lessi et al. 2011).  

 
1.3.2.1 Perbergin as a Potential Anti-TB Drug 

Perbergin is a geranylated isoflavanone that was isolated from the 

Madagascar plant Dalbergia pervillei (Rajaonson et al. 2011). This natural 

product has attracted our attention because of its ability to quench a virulence 

factor in the plant pathogen Rhodococcus fascians. It exhibits its action by 

targeting the AttR regulon, which is involved in the regulation of R. fascians 

pathogenic behavior. R. fascians is a mycolic acid-producing Gram-(+) 

bacterium from the class of Actinobacteria. It shares a similar cell wall 

envelope and mycolic acid content with a number of other bacteria, such as 

Mycobacterium, Norcardia and Corynebacterium, all of which have 

pathogenic species (Daffe et al. 1993).  
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Figure 1.3.7. Chemical structures of reported perbergin, trehalose, trehalose 
momomycolate (TMM), and trehalose dimycolate (TDM).  
 
One key similarity between Rhodococcus and Mycobacterium is the presence 

of trehalose mono- and di-mycolates (TMM and TDM) in their cell walls. 

Trehalose was found to be the carrier of mycolic acids from the cytosol to the 

cell wall and both TDM and TMM are important components of the outer layer 

of the M. tuberculosis envelope. Since perbergin structurally resembles 

trehalose monomycolate (TMM) (Figure 1.3.7), we postulated that perbergin 

may exhibit anti-bacterial activity against those that are rich in mycolic acids. 

However, the known source of this compound is Dalbergia pervillei, which 

grows in Madagascar, and a large amount of the plant will be needed to 

isolate enough perbergin to pursue further testing on its activity. Therefore, 

we set out to develop a route for the total synthesis of perbergin, and test its 

activity against a suite of Gram-positive and Gram-negative bacteria including 

Mycobacterium smegmatis as described in Chapter 2. 
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1.3.3 Mutasynthesis of Pactamycin Analogs as Anti-malarial Agents  

1.3.3.1 Pactamycin  

Pactamycin is a bacterial-derived natural product which was discovered by 

the Upjohn Company in the early 1960s. It has broad-spectrum inhibitory 

activity against viruses, bacteria, mammalian cells, and protozoa. This broad-

spectrum activity is primarily due to its strong binding to a conserved region 

within the ribosomes of most organisms, leading to non-selective inhibition of 

protein synthesis in those organisms. Furthermore, due to its structural 

complexity and instability, semisynthetic modifications of pactamycin have 

been difficult to achieve (Figure 1.3.8). These challenges have attracted many 

synthetic chemists to pursue the total synthesis of pactamycin. In 2011, 

Hanessian and co-workers reported the first total synthesis of pactamycin, 

involving 33 linear steps with an overall yield of 3%. Two years later, Johnson 

and co-workers reported the total synthesis of pactamycin in 15 steps with a 

reported yield of 1.9% (Hanessian et al. 2011, Sharpe et al. 2013). 
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Figure 1.3.8. Chemical structures of different pactamycin analogs. 
 

Although pactamycin can be chemically synthesized and semi-synthetically 

modified to generate libraries of analogs, the applicability of these routes 

toward clinical use is still limited by their overall yields and/or many step 

syntheses. 

 
1.3.3.2 Novel Pactamycin Analogs with Excellent Anti-malarial Activity 

As part of a continued effort to study pactamycin biosynthesis, we were able 
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that produce novel analogs of pactamycin. Some of those new analogs have 

better chemical stability and pharmacological properties than pactamycin. For 

example, ΔptmH mutant, in which the ptmH gene that encodes a radical 

SAM-dependent protein has been inactivated, produces two novel analogs of 

pactamycin, TM-025 and TM-026 (Figure 1.3.9) (Lu et al. 2011). These new 
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analogs showed potent anti-malarial activity at low nanomolar concentrations, 

have less cytotoxicity, and are structurally more stable than pactamycin. Most 

importantly, the production yield of these analogs was 10 to 20-fold higher 

than that of pactamycin.  

 

 

Figure 1.3.9. Chemical structures of TM0-26 and TM-025. 
 

To further improve the pharmacological properties of these analogs, we 

applied a mutasynthetic approach to generate fluorinated derivatives of TM-

025 and TM-026. This was done by blocking the synthesis of 3-aminobenzoic 

acid (the precursor of pactamycin) in S. pactum and performing precursor-

directed structure modifications as described in Chapter 3.  
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1.4 Thesis Overview  
 
This dissertation describes our ongoing efforts to develop novel anti-

tubercular and antimalarial agents. Chapter 1 contains a general introduction, 

which includes a general background of tuberculosis and malaria, as well as a 

research background of this dissertation. Chapter 2 describes the application 

of genetic and semisynthetic methodologies to generate novel rifamycin 

analogs and the activity of the new compounds against rifampin-sensitive and 

rifampin-resistant strains of M. tuberculosis. Chapter 3 describes a linear total 

synthesis of geranylated isoflavanones, which are structurally similar to the 

natural product perbergin, and the revision of the chemical structure of the 

reported perbergin. Chapter 4 describes the application of a mutasynthetic 

approach to generate fluorinated pactamycin analogs and its selectivity 

against plasmodium parasites. Chapter 5 contains general conclusion. Other 

published scientific work that were done during my Ph.D. program but are not 

discussed as the main part of this dissertation are presented as appendices.    
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2.1 Abstract 
 
Rifamycin B, a product of Amycolatopsis mediterranei S699, is the precursor 

of clinically used antibiotics that are effective against tuberculosis, leprosy 

and AIDS related mycobacterial infections. However, prolonged usage of 

these antibiotics has resulted in the emergence of rifamycin resistant strains 

of Mycobacterium tuberculosis. As part of our effort to generate better 

analogs of rifamycin, we substituted the acyltransferase (AT) domain of 

module 6 of rifamycin polyketide synthase (rifPKS) with that of module 2 of 

rapamycin PKS. The resulting mutants (rifAT6::rapAT2) of A. mediterranei 

S699 produced new rifamycin analogs, 24-desmethylrifamycin B and 24-

desmethylrifamycin SV, which contained modification in the polyketide 

backbone. 24-desmethylrifamycin B was then converted to 24-

desmethylrifamycin S, whose structure was confirmed by MS, NMR, and X-

ray crystallography. Subsequently, 24-desmethylrifamycin S was converted to 

24-desmethylrifampicin, which showed excellent antibacterial activity against 

several rifampicin-resistant M. tuberculosis strains. 
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2.2 Introduction  
 
Rifamycin B, a product of the soil bacterium Amycolatopsis mediterranei 

S699, is a clinically important precursor of the broad-spectrum macrolide 

antibiotics, rifampicin, rifabutin, rifapentine and rifaximin (Figure 2.1). 

Rifampicin, rifabutin, and rifapentine are effective against tuberculosis (TB), 

leprosy, and AIDS related mycobacterial infections, whereas rifaximin is used 

to treat enteroaggregative E. coli infections. This class of antibiotics binds to 

bacterial RNA polymerases (RNAPs) and blocks the extension of RNA chain 

(Hartmann et al. 1985, Campbell et al. 2001). However, a long period of use 

and a combination of poor compliance and poor medical supervision have 

resulted in the rifamycin resistant strains of Mycobacterium tuberculosis. 

Therefore, there is an urgent need to produce rifamycin analogs that can 

overcome this resistance problem. 

 

Figure 2.1. Chemical structures of rifamycins and rapamycin. 
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However, structural complexity of rifamycin B limits the use of chemical tools 

to generate fundamentally different rifamycin analogs, such as modifications 

of the backbone structure.  

Structurally, rifamycin belongs to the ansamycin class of antibiotics, 

characterized by a naphthalene moiety spanned by an aliphatic chain (Figure 

2.1). The carbon skeleton of rifamycin B is built by a type I polyketide 

synthase (PKS) machinery from two acetate and eight propionate units using 

3-amino-5-hydroxybenzoic acid (AHBA) as a starter molecule (August et al. 

1998). The rifamycin (rif) biosynthetic gene cluster (AF040570.3) was first 

independently identified in Amycolatopsis mediterranei S699 (August et al. 

1998, Verma et al. 2011) and LBG A3136 (Schupp et al. 1998), which was 

then confirmed by genome sequencing of A. mediterranei S699 (Verma et al. 

2011) (Figure 2.2). The cluster consists of five type I PKS genes, rifA to rifE, 

an amide synthase (rifF), the AHBA biosynthetic genes, and genes 

responsible for regulation, efflux, and tailoring processes. The Rif-PKS is 

comprised of a non-ribosomal peptide synthetase-like loading domain 

(Admiraal et al. 2001, Admiraal et al. 2003) and ten chain extension modules. 

Each module consists of a minimal set of domains that includes ketosynthase 

(KS), responsible for catalyzing a condensation reaction, acyltransferase 

(AT), which loads the extender unit malonyl-CoA or methylmalonyl-CoA, and 

an acyl carrier protein (ACP) domain, which tethers the growing polyketide 

chain. The AT domains of module 2 and 9 recruit malonyl-CoA (incorporating 

acetate) and the remaining eight modules recruit methylmalonyl-CoA 
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(providing propionate). Additionally, there are modifying domains 

(ketoreductases, dehydratases, and enoyl reductases) present in the 

modules. Finally, an amide synthase, RifF, is responsible for the polyketide 

ring closure, leading to an ‘ansa’ structure (Yu et al. 1999). The genetic 

organization of the modules in the rifamycin biosynthetic pathway is collinear, 

similar to the erythromycin (ery) and rapamycin (rap) PKSs (Schwecke et al. 

1995, Gaisser et al. 1997). This collinear architecture makes it a possible 

target for combinatorial biosynthesis (Staunton et al. 2001).   

 

Figure 2.2 Genetic organization of polyketide synthase gene cluster of 
rifamycin B biosynthesis. The chain is assembled of starter unit (AHBA), 2 
acetate and 8 propionate extender units. Rif F encodes an amide synthase, 
which catalyzes the cyclization of the polyketide backbone. 
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combinatorial biosynthetic modifications to give new analogs of antibiotics 

(Oliynyk et al. 1996, Jacobsen et al. 1998, Ranganathan et al. 1999, Xue et 

al. 1999). For instance, replacement of debsAT1 and AT2 with rapAT14 

(Ruan et al. 1997), debsAT1 with rapAT2, debsAT6 with rapAT2 (Lau et al. 

1999), debsAT4 with AT5 domain of nidamycin PKS (Stassi et al. 1998), have 

resulted in the formation of their respective novel hybrid analogs. Despite 

these early successes, many attempts to alter PKSs in other systems 

appeared to be less successful. In the case of rifamycin, ever since the 

discovery of rif PKS, no modifications of this PKS system have been reported. 

One of the reasons for this is that A. mediterranei S699 is less amendable to 

genetic manipulations. Nevertheless, our early efforts in this direction have 

resulted in cloning vectors transformation protocol for A. mediterranei (Lal et 

al. 1991, Lal et al. 1994, Lal et al. 1995, Lal et al. 1996, Khanna et al. 1998, 

Lal et al. 1998, Lal 1999, Lal et al. 2000, Tuteja et al. 2000). In addition, we 

have demonstrated that gene manipulations in this strain are possible (Xu et 

al. 2003, Xu et al. 2005). However, whether the rifPKS is amendable to 

genetic manipulations to produce new rifamycin analogs with altered 

polyketide backbone remains uncertain. 

In this paper, we describe for first time the replacement of AT6 of rifPKS 

(which adds propionate) with AT2 of rapamycin (rap) PKS (which adds 

acetate to the growing polyketide chain) in A. mediterranei S699. The mutant 

produced 24-desmethylrifamycin B and 24-desmethylrifamycin SV, which 

were then converted to their semisynthetic derivative 24-desmethylrifamycin 
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S and 24-desmethylrifampicin. These compounds were found to be effective 

against a number of pathogenic bacteria, including rifampicin-resistant strains 

of M. tuberculosis. 

2.3 Results and Discussion 
 
2.3.1 AT6 domain substitution in A. mediterranei S699  
 
It has been reported that the formation of naphthalene moiety in rifamycin 

biosynthesis occurs during chain elongation, specifically on module 4, as 

opposed to a result of a post PKS modification process (Stratmann et al. 

1999, Yu et al. 1999, Xu et al. 2005).  This reaction is catalyzed by Rif-Orf19, 

a 3-(3-hydroxyphenyl) propionate hydroxylase-like protein, which introduces a 

hydroxy group into the acyl carrier protein (ACP)-bound tetraketide and sets 

the stage for a cyclization reaction to form the naphthalene ring (Xu et al. 

2005). Based on this, we designed a strategy to construct mutant strains of A. 

mediterranei S699 that might produce new rifamycin analogs, in which 

modification of the polyketide backbone occurs after the naphthalene ring 

formation (Figure 2.2). We replaced the AT domain of module 6 (AT6) of the 

rifPKS (recognizes methylmalonyl-CoA as substrate) with the AT domain of 

module 2 (AT2) of the rapamycin PKS (recognizes malonyl-CoA) (Figure 2.3). 

For this purpose, the rapAT2 domain excised from pMO2 (Oliynyk et al. 

1996), was sandwiched between PCR-I and PCR-II, 1.68kb and 1.5 kb DNA 

regions upstream and downstream of the AT6 domain of rifPKS, respectively. 

The resulting cassette (PCR-I/rapAT2/PCR-II) was then introduced into the 

vector pIJ4026 to give pAT6F (Figure 2.3B). This non-replicative plasmid 
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(containing erythromycin resistance gene ermE) was electroporated into A. 

mediterranei S699 and the transformants were selected under erythromycin 

pressure.  

 

Figure 2.3. Construction of AT6 mutant of Amycolatopsis mediterranei S699. 
A. Partial polyketide assembly lines in rifamycin and rapamycin biosynthesis. 
AT6 domain of rifamycin PKS adds propionate, whereas AT2 domain of 
rapamycin PKS adds acetate to the growing polyketide chains. Proansamycin 
X is a precursor of rifamycin B. B. Schematic overview of homologous 
recombination events postulated to occur in A. mediterranei S699 to give an 
AT6 mutant. 
 
Screening of first homologous recombinants yielded four single crossover 

(SCO) clones, which did not produce rifamycin, as indicated by the lack of 

brown pigmentation even after three weeks of incubation on agar plates 

(Figure 2. S3). Southern blot hybridization of their genomic DNA using [α-32P]-

labeled pIJ4026 as probe confirmed the integration of PCR-I/rapAT2/PCR-II 

cassette in the chromosome (Figure 2.S4A). The mutants were then grown on 

agar plates without antibiotic pressure for 3-4 generations to allow a second 

homologous recombination to occur.  
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Screening of the colonies yielded three positive double crossover (DCO) 

clones, which were sensitive to erythromycin and produced brown pigmentation 

(Figure 2.S3E-G). These clones were confirmed by Southern blot hybridization 

using DIG labeled rapAT2 (Figure 2.S6B). The DCO clones were also confirmed 

using PCR amplification and sequencing (data not shown).  The rapAT2 

amplicons from these DCOs were identical to the rapPKS from Streptomyces 

hygroscopicus, indicating that the rapAT2 domain has successfully replaced the 

rifAT6 domain in A. mediterranei S699. 

2.3.2 Production of rifamycin analogs by rifAT6::rapAT2 mutant  
 
To investigate if the rifAT6::rapAT2 mutant could produce rifamycin analogs, 

the wild-type and the mutant strains of A. mediterranei were grown in YMG 

medium (50 mL) for 7 days. The cultures were centrifuged and the 

supernatants were fractionated with ethyl acetate and analyzed by 

electrospray ionization mass spectrometry (Thermo Finnigan liquid 

chromatograph-ion trap mass spectrophotometer). Whereas the wild-type 

produced rifamycin B and rifamycin SV, the mutants produced compounds 

that gave quasi-molecular ions of m/z 740 and 682, which were 14 atomic 

mass units (amu) less than those of rifamycin B (m/z 754 [M-H]-) and 

rifamycin SV (m/z 696 [M-H]-), respectively (Figure 2.4). The results were 

consistent with the expected molecular masses for desmethyl analogs of 

rifamycin B and SV, although on the basis of these data alone it was not clear 

if the missing methyl group occurred at the expected C-24 position of the 

polyketide backbone.  
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2.3.3 Structure determination of 24-desmethylrifamycin B and 24-
desmethylrifamycin SV 
 
To confirm the chemical structure of the products, a 1 L scale culture of 

rifAT6::rapAT2 mutant was prepared. The culture was extracted with EtOAc 

and the extract was subjected to SiO2 column chromatography and HPLC 

(YMC C18 250 x 10 mm 5 micron, acetonitrile-0.5 M aq. ammonium formate 

40:60, flow rate 2 mL/min, 254 nm). The major product (m/z 740 [M-H]-) was 

isolated (yield, 20 mg/L) and analyzed by 1H and 13C NMR. The 1H NMR 

spectrum of the compound revealed the presence of three pendant methyl 

groups [δ 0.72 (d, J = 6.5 Hz, 3H), 0.85 (d, J = 7 Hz, 3H), 0.92 (d, J = 6.5 Hz, 

3H)], instead of four in rifamycin B [δ -0.30 (d, J = 4.5 Hz, 3H), 0.57 (d, J = 6 

Hz, 3H), 0.97 (d, J = 6 Hz, 6H)], confirming the lack of a pendant methyl 

group in the mutant product (Figure 2.5C-D). This is consistent with the 

expected product 24-desmethylrifamycin B. Interestingly, 24-

desmethylrifamycin B is chemically rather unstable and can partially convert 

to 24-desmethylrifamycin SV and S in MeOH. 1H NMR analyses of the latter 

compounds revealed the lack of signals for the glycolate moiety (Figure 

2.S10). 
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Figure 2.4. Mass spectrometry and NMR spectroscopy analyses of rifamycin 
B and 24-desmethylrifamycin B. A. (-)-ESI-MS analysis of ethyl acetate 
extract of the AT6 mutant strain of A. mediterranei S699 that shows 
prominent peaks at m/z 740 (desmethylrifamycin B) and 682 
(desmethylrifamycin SV). B. (-)-ESI-MS analysis of ethyl acetate extract of the 
wild-type strain that shows prominent peaks at m/z 754 (rifamycin B) and 696 
(rifamycin SV). C. Partial 1H NMR spectrum of rifamycin B. D. Partial 1H NMR 
spectrum of 24-demethylrifamycin B. Red stars show the four pendant methyl 
group in rifamycin B and blue stars show three pendant methyl groups in 24-
desmethylrifamycin B. 
 
2.3.4 Conversion of 24-desmethylrifamycin B to 24-desmethylrifamycin 

S 

To further confirm the chemical structure of the products, 24-
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subsequently subjected to X-ray crystallographic analysis. The crystal 

structures revealed a dimeric form of 24-desmethylrifamycin S coordinating 

with Ca2+ through C-1, C-8, C-21, and C-23 oxygen atoms (Figure 2.5). The 

results unambiguously confirmed the identity of the compound as 24-

desmethylrifamycin S. 

 

Figure 2.5. X-ray crystal structure of 24-desmethylrifamycin S dimer in 
complex with Ca2+. Broad red arrows indicate the missing methyl groups. 
 
 
 

2.3.5 Synthesis of 24-desmethylrifampicin 
  
To compare the biological activity of the new compound with the clinically 

used rifampicin, 24-desmethylrifamycin S was converted to 24-

desmethylrifampicin by chemical synthesis. The synthesis was carried out 

according to the published method for the preparation of rifampicin (Marsili et 

al. 1984). Thus, treatment of 24-desmethylrifamycin S with paraformaldehyde 

and 1,3,5-trimethyl-hexahydro-1,3,5-triazine in the presence of acetic acid 

gave 3-methyl-1,3-oxazino(5,6-c)-24-desmethylrifamycin (Scheme 1). The 

product was then treated with 1-amino-4-methylpiperazine to give 24-
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desmethylrifampicin. Despite high purity of the product, as determined by 

TLC, HPLC, and ESI-MS (Figure S7 and S13), we were not able to obtain 

good quality NMR spectra of 24-desmethylrifampicin. This quandary might 

have been due to either partial oxidation of hydroquinone to quinone or 

reversible conformational changes of the compound that led to more than one 

conformer in the solution. However, attempts to improve the quality of the 1H 

NMR spectrum by adding a trace amount of the reducing agent ascorbic acid, 

which is commonly used to reduce quinone to hydroquinone forms of 

rifamycin, or increasing the temperature during 1H NMR measurements were 

unsuccessful. To confirm the utility of the synthetic method, we employed the 

same method to convert rifamycin S to rifampicin. The later compound gave 

an excellent 1H NMR spectrum, identical to that of commercially available 

rifampicin (Figure 2. S14). As there is no indication of quinone formation in 

rifampicin, it is predicted that the reversible conformational changes of 24-

desmethylrifampicin is a more likely scenario. Nevertheless, to validate the 

identity of 24-desmethylrifampicin, a comparative MS/MS analysis was 

carried out (Supplemental Fig. S13). The result showed that 24-

desmethylrifampicin (m/z 807 → 676 → 616 → 490 → 420) and rifampicin 

(m/z 821 → 690 → 630 → 490 → 420) have identical fragmentation patterns, 

albeit most of the fragments of 24-desmethylrifampicin are 14 atomic mass 

units less than the corresponding fragments from rifampicin (Figure 2.S8 and 

2.S9). These fragmentation patterns are also consistent with those previously 

reported for rifampicin (Prasad et al. 2009). 
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Scheme 2.1. Conversion of 24-desmethylrifamycin B to 24-
desmethylrifamycin S and chemical synthesis of 24-desmethylrifampicin. 

 

2.3.6 Antibacterial activity of 24-desmethylrifamycin S and 24-
desmethylrifampicin  
 
An antibacterial assay was carried out using 24-desmethylrifampicin, 24-

desmethylrifamycin S and commercially available rifampicin and rifamycin S 

against Mycobacterium smegmatis and Staphylococcus aureus. The results 

showed that 24-desmethylrifamycin S and 24-desmethylrifampicin are active 

against M. smegmatis and S. aureus, comparable to rifamycin S and 

rifampicin, respectively (Figure 2.S15). This prompted us to carry on the study 

using multidrug resistant strains of M. tuberculosis. For this, MDR strains 

were procured from Open Source Drug Discovery (OSDD) (www.osdd.net/) 

and the drug testing was performed at Premas Biotech, Haryana, India, 

according to WHO guidelines. The drug sensitivity tests were carried out 

against two rifampicin-sensitive (OSDD 209 and H37Rv) and three rifamycin-

resistant (OSDD 55, OSDD 206, and OSDD 321) strains of M. tuberculosis 
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(Table 2.1). Rifampicin (HiMedia), 24-desmethylrifampicin and 24-

desmethylrifamycin S were tested against the above-mentioned pathogenic 

strains. The tests were done at various concentrations (0.01 – 50 µg/mL) of 

drugs using BacT/ALERT MB System (Crump et al. 2011).  The results 

revealed that 24-desmethylrifamycin S and 24-desmethylrifampicin showed 

strong antibacterial activity against both rifampicin-sensitive and -resistant 

strains of M. tuberculosis. 

 
Table 2.1. Drug sensitivity data for rifampicin-resistant and -susceptible strains of 
Mycobacterium tuberculosis (procured from OSDD) against commercially available rifampicin 
and the novel compounds 24-desmethylrifamycin S and 24-desmethylrifampicin.  
 

M. tuberculosis strain 
rifampicin 
(HiMedia) 

(μg/ml) 

24-desmethyl- 
rifamycin S 

(μg/ml) 

24-desmethyl- 
rifampicin 

(μg/ml) 
OSDD 55 (H526T) 

 
Rifampicin-

resistant  

>50 0.1 <0.01 
OSDD 206 

(S531L) 
>50 0.05 0.05 

OSDD 321 
(S531L) 

>50 0.1 0.05 

OSDD 209* Rifampicin-
susceptible 

0.1 <0.01 <0.01 
H37Rv* 0.05 <0.01 0.05 

* no rpoB mutation 
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2.4 Discussion 
 
Although many derivatives of rifamycin have been synthesized by chemical 

methods in the past 40 years (Aristoff et al. 2010), only a handful of rifamycin 

derivatives are currently used for treating tuberculosis. Most rifamycin 

derivatives, including those used in the clinics, are chemically modified at the 

C-3 and/or the C-4 positions of the naphthalene moiety. Chemical 

modifications of other parts of the compound appear to be difficult to achieve 

due to the complexity of the molecule. In addition, X-ray crystallography 

studies of Thermus aquaticus RNAP in complex with rifampicin revealed that 

the four free hydroxy groups in the molecule are important for RNAP binding 

(Campbell et al. 2001). Consequently, modifications of these hydroxyl groups 

are undesirable. Thus, this work focuses on the design of a strategy that 

gains access to rifamycin analogs, in which modifications take place in the 

polyketide backbone. 

However, many complex polyketide systems similar to rifPKS have been 

reported to be less amendable to pathway engineering, either due to 

inflexibility of the downstream enzymes to accept modified substrates, or 

incompatibility in architectural modularity of the modified PKS systems 

(Khosla et al. 2009). Therefore, efforts to genetically engineer the rifPKS of A. 

mediterranei S699 were a somewhat risky and challenging endeavor. 

Additionally, the post PKS tailoring processes in rifamycin biosynthesis 

involving cytochrome P450-dependent hydroxylation and oxidative cleavage 

and rearrangement of the ansa chain (Xu et al. 2005, Wilson et al. 2010) 
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further augment the degree of complications in rifamycin biosynthesis. 

However, the most challenging aspect in the current study was the 

construction of the mutant strains of A. mediterranei S699. Gene transfer into 

this strain has so far only been successful through electroporation with 

undesirably low efficiency (Xu et al. 2003, Xu et al. 2005). 

Nevertheless, the consideration of the formation of the napthaquionone ring, 

which takes place during polyketide chain elongation (Yu et al. 1999, Xu et al. 

2005), let us to target the replacement of the rifAT6 domain with that of 

rapAT2. Using this domain-replacement strategy, we successfully 

demonstrated that the rifPKS gene cluster is amendable to genetic 

manipulations and the mutants (rifAT6::rapAT2) can produce new rifamycin 

analogs, 24-desmethylrifamycin B and 24-desmethylrifamycin SV. While not 

completely unexpected, it is rather surprising that this complex biosynthetic 

system is adaptable to such a modification. However, whether this approach 

is applicable to the other rifPKS modules remains to be explored. More 

importantly, their semi-synthetic product, 24-desmethylrifampicin, showed 

comparable or better antibacterial activity than the clinically used rifampicin 

against various pathogenic bacteria, including rifampicin-sensitive and -

resistant M. tuberculosis. This finding is significant because such a compound 

may be developed as a promising lead to cure MDR-TB.  

Rifamycin resistance is associated with genetic alterations in an 81-bp region 

of the rpoB gene encoding the DNA-dependent RNAP β-subunit (Williams et 

al. 1998). In this study, we used rifampicin-resistant M. tuberculosis strains, 
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OSDD 321 and OSDD 206, which contain the S531L mutation, and OSDD 

55, which has the H526T mutation in the RNAP β-subunit. These mutations 

appear to alter the affinity of the RNAPs to rifampicin. In addition, on the basis 

of the reported crystal structures of bacterial RNAPs in complex with 

rifampicin (Campbell et al. 2001), and the sequence data for rifampicin-

resistant RNAPs (Williams et al. 1998), we hypothesize that drug resistant 

mutations disrupt hydrogen bonding in the polyketide ansa chain. This was in 

part confirmed by the fact that 24-desmethylrifampicin showed improved 

activity against rifampicin-resistant M. tuberculosis. The loss of the methyl 

group in this compound is postulated to lead to conformational changes in the 

ansa chain that allow for more flexibility of the compound to bind mutated 

RNAPs. This conceivable conformational flexibility may be connected to the 

unsettled 1H and 13C NMR spectra of 24-desmethylrifampicin. 

While 24-desmethylrifampicin showed improved efficacy against M. 

tuberculosis, compared to rifampicin it presents only a small structural 

change. Therefore, it is possible that resistant strains to 24-

desmethylrifamycin can quickly develop. However, interestingly, even among 

the clinically used rifamycin derivatives, the tendency of bacterial resistance 

to those drugs is significantly different. For example, although rifampicin 

resistant strains of M. tuberculosis are now emerging, resistance to rifabutin 

has yet to be widely seen. In fact, some bacterial strains that confer 

resistance to rifampicin are still susceptible to rifabutin. X-ray crystal structural 

studies of the T. thermophilus RNAP in complex with rifapentin or rifabutin 
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revealed additional interactions between their C-3/C-4 side chains and the 

enzyme (Artsimovitch et al. 2005).  A more recent study on the crystal 

structures of the E. coli RNAP complexes with benzoxazinorifamycins has 

also demonstrated the role of the C-3/C-4 side chains in their improved 

binding to the protein (Molodtsov et al. 2013). In the case of 24-

desmethylrifamycin, we anticipate that conformational flexibility of the ansa 

chain may provide some advantages against mutated RNAPs. This may be 

further improved by chemical modifications of the C-3/C-4 positions of the 

compound, e.g., adding benzoxazine moiety or other side chains, which can 

be effectively done by semi-synthesis using the mutant product as a scaffold. 

Currently, the rifAT6::rapAT2 mutant produces about 20 mg/L 24-

desmethylrifamycin B, which is lower than the yield of rifamycin B produced 

by the wild-type strain S699 (50-100 mg/L). This is consistent with the 

common phenomenon observed in many genetically engineered strains, 

which often produce combinatorial products in lower yields than the natural 

product (Floss 2006). However, the yield may be increased through a 

classical strain improvement program, or by adopting the PKS domain 

replacement strategy to modify industrial strains, which can produce rifamycin 

B up to 24 g/L (Lal et al. 1995).  

Furthermore, it is desirable to successfully apply the ‘proof-of-concept’ 

methodology developed in this study to further garner new rifamycin analogs 

by modifying its polyketide backbone. This may include replacement of the AT 

domains of other modules (loss or gain of a methyl group at other C-
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positions), inactivation of a dehydratase domain (introduction of an additional 

hydroxyl group) or a ketoreductase domain (introduction of a ketone). In 

addition, double or multiple modifications may also be pursued to generate 

more diverse analogs of rifamycin. Whereas effective strategies to achieve 

multiple genetic modifications still have yet to be developed, the combined 

genetic-synthetic approach applied in this study holds great potential to 

generate more rifamycin analogs to combat the threat of MDR strains of M. 

tuberculosis and/or other life-threating pathogens. 
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2.5 Material and Methods 
 
2.5.1 General Experimental Procedures 
  
General - All chemicals were obtained either from Sigma Aldrich, EMD, TCI, 

or Pharmacia. Analytical thin-layer chromatography (TLC) was performed 

using silica gel plates (60 Å), which were visualized using a UV lamp and 

ceric ammonium molybdate (CAM) solution. Chromatographic purification of 

products was performed on silica gel (60 Å, 72–230 mesh). Proton NMR 

spectra were recorded on Bruker 300, 500, or 700 MHz spectrometers. 

Proton chemical shifts are reported in ppm (δ) relative to the residual solvent 

signals as the internal standard (CD3OD: δH 3.35). Multiplicities in the 1H 

NMR spectra are described as follows: s = singlet, bs = broad singlet, d = 

doublet, bd = broad doublet, t = triplet, bt = broad triplet, q = quartet, m = 

multiplet; coupling constants are reported in Hz. Carbon NMR spectra were 

recorded on Bruker 125 or 175 MHz spectrometers. Carbon chemical shifts 

are reported in ppm (δ) relative to the residual solvent signals as the internal 

standard. Low-resolution electrospray ionization (ESI) mass spectra were 

recorded on a Thermo-Finnigan liquid chromatograph-ion trap mass 

spectrometer. High-resolution mass spectra were recorded on an AB SCIEX 

TripleTOFTM 5600 equipped with an electrospray ionization source. 

2.4.2 Bacterial strains, plasmids, and culture media  
 
Amycolatopsis mediterranei S699 (wild-type), a producer of rifamycin B, was 

obtained from Professor Giancarlo Lancini at the former Lepetit Laboratories, 

Geranzano, Italy. For sporulation, it was grown at 30 °C on agar plates 
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containing YMG (4 g yeast extract, 10 g malt extract, 4 g glucose, and 15 g 

agar per liter, pH 7.2-7.4) medium (Kim et al. 1998). pUC18 and pUC19 were 

used for subcloning and pMO2 and pIJ4026 were used for domain 

replacement. E. coli XL-1 Blue was used for the propagation and isolation of 

plasmids. Rifamycin-sensitive and -resistant strains of Mycobacterium 

tuberculosis were acquired from Open Source Drug Discovery (OSDD) 

(www.osdd.net/) in association with CSIR- Institute of Genomics and 

Integrative Biology, India (http://www.igib.res.in/). The plasmids and bacterial 

strains that were used in the present study are listed in Supplemental Table 

S1. 

2.4.3 Construction and screening of a genomic cosmid library and 

selection of the rifamycin cluster 

 
The genomic library of A. mediterranei S699 was prepared in the cosmid 

vector pWE15 (Kaur et al. 2001). This involves isolation of high molecular 

weight DNA of A. mediterranei by Kirby’s method (Kieser et al. 2000). The 

genomic DNA was partially digested with Sau3AI and subjected to size 

fractionation with sucrose gradient. The fractions were pooled and used for 

ligation with linearized and dephosphorylated pWE15. The ligated DNA was 

transferred into E. coli XL-1 Blue MR. About 2,000 clones were screened 

using [α-32P]dATP labeled DNA probes obtained from PCR amplification of 

the loading domain of rifPKS and rifK (AHBA synthase gene) of S699. About 

10 clones were selected after hybridization. End sequencing of the positive 

cosmid clones was performed. Finally, three cosmid clones, pRIF13, pRIF21 
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and pRIF24, which represent the entire rif gene cluster were selected and 

enlisted in Supplemental Table S1. 

2.4.4 Construction of pAT6F 
  
For the construction of the pAT6F replacement cassette, AT6 flanking 

regions, a 1.6 kb DNA fragment upstream of AT6 (AF040570.3) with 

engineered XbaI/BalI sites and a 1.5 kb DNA fragment downstream of AT6 

(AF040570.3) with AvrII/XbaI sites, were obtained by PCR amplification from 

the cosmid pRIF13. The two amplicons, PCR-I and PCR-II, were treated with 

kinase and individually cloned into pUC18, which had been digested with 

SmaI at 28 °C and treated with shrimp alkaline phosphatase. The inserts and 

vector were ligated together and the ligation mix was electroporated into E. 

coli XL-1 Blue competent cells. The constructs containing PCR-I and PCR-II 

were named pAT6A and pAT6B, respectively. However, due to the cloning of 

PCR-I in only one orientation, the PCR-I insert was retrieved from pAT6A by 

digestion with EcoRI and HindIII and cloned into pUC19, which was 

predigested with EcoRI and HindIII. The ligation product was electroporated 

into E. coli XL-1 Blue competent cells. The pUC19 plasmid harboring the 

PCR-I insert was named pAT6C. 

The rapAT2 (X86780.1) fragment was excised from plasmid pMO2, by AvrII 

and HindIII digestion. The resulting 0.85 kb DNA fragment was ligated with 

AvrII/HindIII-digested pAT6B to give plasmid pAT6D. Subsequently, the PCR-

I fragment was excised from pAT6C by BalI/NdeI digestion and cloned into 

the BalI/NdeI site of pAT6D to give pAT6E. The later plasmid was 
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subsequently digested with XbaI to give a 3.85 kb PCRI/rapAT2/PCRII 

fragment, which was then inserted into the XbaI site of pIJ4026 to give pAT6F 

(Figures 2.S2, S5 and S6). pAT6F was constructed for the implementation of 

domain replacement (Figure 2.S4) in A. mediterranei S699. All clones 

(pAT6A, pAT6B, pAT6C, pAT6D, pAT6E & pAT6F) were sequenced using the 

3100 Avant Genetic Analyzer (Applied Biosystems) at the University of Delhi, 

India. 

2.4.5 Genetic manipulation of A. mediterranei S699 
  
Routine genetic procedures, such as genomic DNA isolation [according to 

CTAB (cetyltrimethylammonium bromide) method], plasmid isolation 

(Promega DNA purification kit), and restriction endonuclease digestion, were 

carried out by standard techniques. pAT6F was electroporated (using BioRad 

GenePulser) into A. mediterranei S699 using the method described 

previously (Tuteja et al. 2000), and the electroporated mixture was plated on 

YMG agar plates, incubated for 12-16 h, and overlaid with soft agar (5 g/L, 

DifcoTM agar, granulated) containing 500 μg/mL of erythromycin. The 

transformants, obtained after 5-7 days, were grown in YMG medium 

containing 50 μg/mL erythromycin (Sigma Aldrich) to confirm resistance. The 

integration of pAT6F in these single crossover (SCO) clones was confirmed 

by Southern blot hybridization. In order to stimulate replacement of AT6 with 

rapAT2, these SCOs were cultured for 3-4 rounds in YMG medium without 

erythromycin. The cells were plated on YMG agar plates with and without 

erythromycin pressure and antibiotic sensitive colonies were selected. The 
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double cross-over (DCO) clones were further confirmed by Southern blot 

hybridization. For Southern hybridization, the genomic DNA was immobilized 

on a Hybond N+ membrane (Amersham Biosciences). Hybridization was 

performed using [α32P]-labeled DNA probes at 65 °C for 12 h. For non-

radioactive methods, hybridization was carried out using DIG-labeled DNA 

probe at 65 °C. Stringency washes were done with 5x SSC, 2x SSC, 1x SSC 

and 0.1x SSC at 65 °C. 

2.4.6 PCR and sequence analysis of the AT6 mutant 
 
Primers were designed based on the sequences of the upstream and 

downstream regions of rifAT6 domain of A. mediterranei S699, shown in 

Supplemental Table S2. Chromosomal DNA of the AT6 mutant was isolated 

using a reported method (Kieser et al. 2000), and PCR amplification was 

carried out using high fidelity DNA Polymerase (Invitrogen) using conditions 

and the reaction mix provided with the enzyme. In addition, DMSO (3 µL) was 

added to the reaction mixture (100 µL). The PCR product (1.5 kb) was 

confirmed by agarose gel, extracted from the gel using DNA extraction kit 

(QIAGEN), and submitted to DNA sequencing at the Oregon State University 

Center for Genome Research and Biocomputing (CGRB).  

2.4.7 Isolation and purification of 24-desmethylrifamycin B 
  
Spores of the mutant strain were initially grown on a shaker in YMG medium 

for 3 days at 30 °C and 200 rpm. The seed culture was then used to inoculate 

(10%, v/v) YMG medium (10 x 100 mL) in 500 mL flasks. After incubation for 

10 days under the same conditions, the cultures were centrifuged, the pooled 
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supernatants acidified to pH 3 with 1N HCl, and the metabolites extracted 

with ethyl acetate (2 x 1 L). The crude extracts of rifamycin-related 

compounds were subjected to silica gel chromatography using CHCl3-

MeOH/5%NH4OH (10:1 and then 8:1) as a mobile phase. Fractions 

containing the products were pooled and dried using a rotary evaporator. The 

product obtained was further purified using HPLC [YMC-ODS-A, 250 x 10 

mm, CH3CN-HCOONH4 (0.05 M) (60:40), flow rate 2 mL/min, 254 nm]. The 

product was then desalted using Sephadex LH-20 column with MeOH as 

eluent to give 24-desmethylrifamycin B (20 mg) and 24-desmethylrifamycin 

SV (8 mg). 

24-desmethylrifamycin B: 1H NMR (700 MHz, D2O, CryoProbe): δ 6.69 (s, 1H, 

H-3), 6.34 (d, 1H, J = 12 Hz, H-29), 5.98 (d, J = 11 Hz, 1H, H-17), 5.75 (dd, J 

= 15 Hz, 11 Hz, 1H, H-18), 5.21 (dd, J = 15 Hz, 10 Hz, 1H, H-19), 5.05 (m, 

2H, H-25, H-28), 4.50 (d, J = 17 Hz, 1H, -CH2-COOH), 4.42 (d, J = 17 Hz, 1 

H, -CH2-COOH), 3.38 (bd, J = 10 Hz, 1H, H-23), 3.22 (m, 2H, H-21 and H-

27), 3.22 (s, 3H, H-37), 2.11 (s, 3H, H-36), 2.08 (s, 3H, H-14), 1.98 (m, 2H, H-

20 and H-26), 1.70 (s, 3H, H-13), 1.53 (m, 2H, H-22 and H-24), 1.28 (t, J = 12 

Hz, 1H, H-24), 0.92 (d, J= 6.5 Hz, 3H, H-31), 0.85 (d, J = 7 Hz, 3H, H-32), 

0.72 (d, J = 6.5 Hz, 3H, H-34). 13C NMR (175 MHz, D2O, CryoProbe): δC 

191.7, 176.7, 174.7, 168.1, 144.7, 142,1, 141.5, 131.5, 126.5, 126.4, 119.4, 

117.8, 113.7, 112.8, 112.1, 109.6, 104.4, 101.1, 80.5, 73.9, 72.4, 71.5, 68.8, 

54.9, 48.8, 41.4, 39.9, 35.9, 32.2, 21.8, 20.6, 20.5, 15.4, 9.5, 9.5, 6.9. (-)-HR-

ESI-TOF-MS m/z740.2939 (calcd for C38H46NO14 [M-H]-: 740.2918). 
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24-Desmethylrifamycin SV: 1H NMR (700 MHz, CD3OD, CryoProbe): 1H NMR 

(700 MHz, CD3OD): δ6.42 (s, 1H), 6.31 (bd, J = 12 Hz, 1H), 5.95-5.89 (m, 

2H), 5.51 (s, 1H), 5.20 (bt, J = 12 Hz, 1H), 5.14 (bd, J = 9 Hz, 1H), 3.22 (s, 3 

H), 3.17 (t, J = 10 Hz, 1H), 2.13 (s, 3H), 2.12-2.11 (m, 2H), 2.01 (s, 3H), 1.96 

(s, 3H), 1.67 (s, 3H), 1.54-1.49 (m, 4H), 0.93 (d, 6H), 0.78 (d, J = 5 Hz, 3H). 

HRMS (ESI-TOF) m/z (calcd for C36H42NO12 [M-H]-: 682.2707). 

2.4.8 Conversion of 24-desmethylrifamycin B to 24-desmethylrifamycin 

S 

24-desmethylrifamycin B (8 mg, 0.0107 mmol) was dissolved in MeOH-H2O 

(10:1, 5 mL) containing CuCl2 (0.1 mM). The reaction mixture was stirred at 

room temperature (RT) overnight to convert 24-desmethylrifamycin B to 24-

desmethylrifamycin S. The mixture was acidified to pH 3 and the product was 

extracted with ethyl acetate (3 x 5 mL). The extract was subjected to silica gel 

column using CHCl3-MeOH (10:1) as eluent to give 24-desmethylrifamycin S 

(6 mg). 

1H NMR (300 MHz, CD3OD): 7.85 (s, 1H), 7.04 (m, 1H), 6.88 (bd, J = 11 Hz, 

1H), 6.59 (m, 1H), 5.23 (dd, J = 12.6 Hz, 9.7 Hz), 4.53 (bt, J = 8 Hz, 1H), 4.22 

(bd, J = 10 Hz, 1 H), 3.80 (bd, J = 10 Hz, 1H), 3.48 (s, 3H), 2.50 (s, 3H), 2.35 

(s, 3H), 2.33 (s, 3H), 2.00 (s, 3H), 1.62 (m, 3 H), 1.41 (d, J = 7 Hz, 3H), 1,29 

(d, J = 6.8 Hz, 3H), 0.67 (d, J = 7 Hz, 3H). HRMS (ESI-TOF) m/z 680.2730 

(calcd for C36H42NO12 [M-H]-: 680.2707). 
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2.4.9 X-ray crystallography of 24-desmethylrifamycin S  
 
Diffraction intensities were collected at 173(2) K on a Bruker Apex CCD 

diffractometer using MoK radiation = 0.71073 Å. Space group was determined 

based on systematic absences. Absorption corrections were applied by 

SADABS (Sheldrick 1998). Structures were solved by direct methods and 

Fourier techniques and refined on F2 using full matrix least-squares 

procedures. All non-H atoms were refined with anisotropic thermal 

parameters. H atoms were treated in calculated positions in a rigid group 

model. It was found that solvent water is partially occupied in a position 

between molecules with an occupation factor of 0.25. H atoms in this solvent 

water molecule were not taken in consideration. The Flack parameter is 

0.00(10). The relatively high value of Rint, 0.1271, is related to the fact that 

diffraction at high angles was very weak and intensity statistics at high angles 

are poor. All calculations were performed by the Bruker SHELXTL (v. 6.10) 

package (SHELXTL-6.10). The crystal structure data for 24-

desmethylrifamycin S (Table 2.2) has been deposited at the Cambridge 

Crystallographic Data Centre (deposition number: CCDC 1000828). 
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Table 2.2. Crystal data and structure refinement for 24-desmethylrifamycin S. 
__________________________________________________________________________________
__ 
Empirical formula  C72 H81Ca N2 O24.50 
Formula weight  1406.47 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  C222(1) 
Unit cell dimensions a = 14.257(7) Å a = 90°. 
 b = 20.818(11) Å b = 90°. 
 c = 25.054(13) Å g = 90°. 
Volume 7436(7) Å3 
Z 4 
Density (calculated) 1.256 Mg/m3 
Absorption coefficient 0.162 mm-1 
F(000) 2972 
Crystal size 0.22 x 0.22 x 0.08 mm3 
Theta range for data collection 1.73 to 25.00°. 
Index ranges -16<=h<=16, -24<=k<=24, -29<=l<=29 
Reflections collected 35699 
Independent reflections 6539 [R(int) = 0.1271] 
Completeness to theta = 25.00° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9872 and 0.9653 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6539 / 0 / 452 
Goodness-of-fit on F2 1.059 
Final R indices [I>2sigma(I)] R1 = 0.0924, wR2 = 0.2301 
R indices (all data) R1 = 0.1322, wR2 = 0.2576 
Absolute structure parameter 0.00(10) 
Extinction coefficient 0.0048(6) 
Largest diff. peak and hole 1.090 and -0.483 e.Å-3 
 
 
2.4.10 Synthesis of 24-desmethylrifampicin 
 
24-desmethylrifamycin S (5 mg, 0.0073 mmol) was dissolved in DMF (200 µL) 

and acetic acid (50 μL). After stirring the mixture at 50 °C, paraformaldehyde 

(3 mg) and 1,3,5-trimethyl-hexahydro-1,3,5-triazine (8 µL) were added. The 

reaction was stirred at 50 °C for 2 h until all starting material was converted to 

3-methyl-1,3-oxazino(5,6-c)-24-desmethylrifamycin, indicated by a blue spot 

on TLC. Subsequently, 1-amino-4-methyl-piperazine (8 µL) was added to the 

mixture. The reaction was stirred at the same temperature, and monitored by 
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TLC until the disappearance of the blue spot and the formation of 24-

desmethylrifampicin. The mixture was diluted with cooled 2% acetic acid (1.5 

mL) and extracted three times with CHCl3 (2 mL). The organic fractions were 

combined and concentrated to 1 mL and further washed 3 times with Brine 

solution. Organic fractions were combined and dried over anhydrous sodium 

sulfate then dried under a rotary evaporator. Crude fractions were subjected 

to silica gel chromatography with CHCl3–MeOH in 10:1 and 8:1 ratio, as 

eluent. Fractions containing the product were pooled and further purified by 

HPLC [CH3CN-0.05 M HCOONH4 (60:40)] with (YMC-ODS-A, 250X10 mm 

ID, 5 microns particle size) column and flow rate 2 mL/min at 254 nm. 

Fractions containing 24-desmethylrifampicin were dried to afford the title 

compound (2.5 mg, 0.0031 mmol) of reddish orange powder. 1H NMR (500 

MHz, CD3OD):  HRMS (ESI-TOF) m/z 807.3829 (calcd for C42H55N4O12 [M-

H]-: 807.3816). 

2.4.11 Antibacterial assay  
 
Antibacterial activity of rifampicin and its analogs were determined by agar 

diffusion assay. Mycobacterium smegmatis and Staphylococcus aureus were 

streaked on nutrient agar and incubated overnight at 37 °C. 

Colonies were transferred to nutrient broth and incubated at 37 °C for 24 h. 

The growth of the cultures was measured to a proper density at 600 nm 

(BioRad, SmartSpec 300). The inoculum (1 mL) was mixed thoroughly with 

warm nutrient agar (24 mL) and poured into petri dishes. The agar plates 

were allowed to solidify and dry for 30 min before assay. Sterile Whatman 
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discs were impregnated with rifampicin and its analogs (20 μL) at a 

concentration of 1 mg/mL and dried at RT. The discs were placed onto 

inoculated agar plates and incubated at 37 °C for 24 h. To produce a contrast 

background of the inhibition zone, 0.25% MTT developing dye (2 mL) was 

added over the plates.  

Drug sensitivity assays were done by Premas Biotech, Haryana, India, using 

various concentrations of drugs (0.01 - 1 µg/ml). The drug testing was done 

using MB BacT/ALERT System (Crump et al. 2011), which is a mycobacterial 

detection system that utilizes a colorimetric sensor and reflectance detector to 

determine the level of carbon dioxide within the bottle. The bottle contains a 

medium and a MB/BacT reconstitution fluid, which promotes the growth of 

mycobacteria. As the bacteria grow, they produce CO2, which changes the 

color of the sensor located at the bottom of the bottle from green to yellow. 

The testing was performed with two controls: Direct growth control (DGC) and 

Proportionate growth control (PGC). DGC consists of 0.1 mL seed culture and 

0.5 ml reconstitution fluid. PGC consists of 0.5 mL of DGC and 0.5 ml 

reconstitution fluid. Test bottle contains 0.5 mL seed culture, 0.5 mL 

reconstitution fluid, and the antibiotic. The test is considered as complete 

when the PGC bottle flags positive. 

 

 

 
 
 



 

 

77 

2.5 Supplemental Data 
 
Table 2.S1. Bacterial strains and plasmids used in this study 
 

Organism/ plasmid Characteristics Source or 
reference 

Amycolatopsis 
mediterranei S699 

Rifamycin B producer Dr. G. Lancini 

E. coli XL-1 Blue MR mcrA 183 mcrCB-hsdSMR-mrr173 endA1 supE44 thi-
recA1 gyrA96 relA1 lac 

Invitrogen 

Staphylococcus 
aureus 

ATCC 12600  ATCC 

Escherichia coli ATCC 11775  ATCC 
M. smegmatis ATCC 14468 ATCC 
M. tuberculosis 
OSDD 209 

Rifampicin-sensitive M. tuberculosis  IGIB, India 

M. tuberculosis 
OSDD 321 

Rifampicin-resistant M. tuberculosis, which has S531L 
mutation in the RpoB protein  

IGIB, India 

M. tuberculosis 
OSDD 55 

Rifampicin-resistant M. tuberculosis, which has 
H526Tmutation in the RpoB protein  

IGIB, India 

M. tuberculosis 
OSDD 206 

Rifampicin-resistant M. tuberculosis, which has S531L 
mutation in the RpoB protein  

IGIB, India 

M. tuberculosis 
H37Rv 

Rifampicin-sensitive M. tuberculosis  IGIB, India 

pUC 18 and pUC 19 
~2.7 kb, AmpR for selection in E. coli , pBR322 origin of 
replication 58 bp multiple cloning site internal to a- 
fragment of β-galactosidase gene (lacZ) 

Lab stock 
Fermentas  
 

pIJ4026 
~4.3 kb, AmpR for selection in E. coli and ermE for 
selection in A. mediterranei  S699  

M.J. Bibb, 
John Innes 
Institute 

pMO2 

~ 3.5 kb, AmpR for selection in E. coli, 0.85 kb rapAT2 
inserted at its SmaI site 

Peter 
Leadley, 
University of 
Cambridge 

pAT6A ~ 1.6 kb PCRI fragment cloned in pUC18at its SmaI site  This study 
pAT6B ~ 1.5 kb PCRII fragment cloned in pUC18at its SmaI site  This study 
pAT6C ~ 1.6 kb PCRI fragment cloned in pUC19at its SmaI site  This study 
pAT6D 0.85 kb rapAT2 and ~1.5 kb PCRII fragment in pUC18  This study 

pAT6E ~ 1.6 kb PCRI fragment, 0.85 kb rapAT2 and ~1.5 kb 
PCRII fragment in pUC18  

This study 

pAT6F ~ 1.6 kb PCRI fragment, 0.85 kb rapAT2 and ~1.5 kb 
PCRII fragment in pIJ4026  

This study 

pWE15 

AmpR neoR 8.2 kb cosmid vector containing cos sites, ori, 
SV40 ori and an mvs with T3 and T7 promoters flanking 
BamHI as cloning site and EcoRI and NotI restriction sites 
at the either ends of mcs 

Stratagene 

pRIF 13 AmpR neoR, rifPKS insert from A. mediterranei S699 
between EcoRI in pWE15 cosmid vector 

This study 

pRIF 21 AmpR neoR, rifPKS insert from A. mediterranei S699 
between EcoRI in pWE15 cosmid vector 

This study 

pRIF 24 AmpR neoR, rifPKS insert from A. mediterranei S699 
between EcoRI in pWE15 cosmid vector 

This study 
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Table 2.S2. Primers used to amplify the flanking regions of rifAT6 
 
Primer I            XbaI                 (41862-41892bp of rifPKS cluster) 

5´-CTCTAGAAGGCGCTCGCCCGGCACCTGCGCGACGAACT-3´ 

Primer II           BalI                    (43513-43533bp of rifPKS cluster)             
5´-CTGGCCAGGGAAGACCCAGACGAGCTTG-3´ 

Primer III           AvrII                  (45963- 44513bp of rifPKS cluster) 
5´-CCCTAGGGCGGACCGGCCGGGTCGACCTGCCGA-3´ 

Primer IV           XbaI                   (45963-45989bp of rifPKS cluster) 
5´-CTCTAGAGGTGCCCAGCGATCCGGCGCCCGAGA-3´ 

AT6-EcoRI-F           EcoRI 
5´-CCCAAGCTTCGGTGCCGTCGAACTGCT-3´ 

AT6-HindIII-R          HindIII 
5´-CCGGAATTCAGGTGAACACCAGGCCGT-3´ 

 
 
 

 
 
Figure 2.S1. Domain replacement strategy for the formation of 24-
desmethylrifamycin B. 
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Figure 2.S2. Schematic overviews of plasmid pAT6F construction. 
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Figure 2.S3. Phenotypic appearances of single- and double-crossover 
mutants of A. mediterranei S699 on solid media. A-D, single cross-over 
clones. No pigmentation is seen around the culture of the single cross over 
clones, which indicates the absence of rifamycin production. E-G, double 
cross-over clones. Pigmentation is seen around the culture of double cross 
over clones, which indicates rifamycin production is resumed. H, wild-type of 
A. mediterranei S699. 

.  
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Figure 2.S4. Southern blot hybridization of single and double crossover 
clones. a) Blot of four single crossover clones’ DNA digested with BamHI and 
probed with [α32P]-labeled pIJ4026. Lane 1, DNA ladder; Lane 2, BamHI-
digested pIJ4026 (positive control); Lane 3-6, BamHI-digested DNA of four 
S.C.O. clones; Lane 7, BamHI-digested chromosomal DNA of A. mediterranei 
S699. Signals were obtained in all four S.C.O. clones but no signal was seen 
in the BamHI-digested chromosomal DNA of A. mediterranei S699 (negative 
control); b) Double crossover clones digested with BamHI and probed with 
DIG-labeled rapAT2. Lane 1, Marker lambda DNA digested with 
EcoRI/HindIII, Lane 2, pMO2 digested with EcoRI and HindIII (positive 
control), Lane 3, S.C.O., Lane 4-7, D.C.O., Lane 8, chromosomal DNA of A. 
mediterranei S699. Positive signals are obtained in S.C.O. and all the D.C.O. 
clones (encircled in red). No signal is seen for A. mediterranei S699 (negative 
control).  
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CAGGCGCTCGCCCGGCACCTGCGCGACGAACTCGGTGGTGCGGCCCAGACGCCGGTGACC 
ACAGCGGCCGCGAAGGCCGACCTCGACGAGCCGATCGCCATCGTCGGGATGGCGTGCCGC 
TTGCCGGGCGGGGTCGCCGGGCCCGAGGACCTCTGGCGGCTGGTCGCCGAGGGCCGGGAC 
GCGGTGTCGAGCTTCCCGACCGACCGCGGCTGGGACACCGACAGCCTGTACGACCCCGAT 
CCGGCCCGCCCGGGCAAGACCTACACCCGGCACGGCGGCTTCCTGCACGAAGCCGGGCTC 
TTCGACGCGGGCTTCTTCGGGATCTCGCCACGCGAGGCCGTCGCCATGGACCCGCAGCAG 
CGGCTGCTGCTGGAGGCCTCCTGGGAGGCCATGGAAGACGCCGGGGTCGACCCACTTTCG 
CTGAAGGGCAACGACGTCGGCGTGTTCACCGGCATGTTCGGCCAGGGTTACGTCGCTCCC 
GGGGACAGCGTCGTCACGCCGGAGCTGGAGGGTTTCGCGGGCACGGGCGGGTCGTCGAGT 
GTCGCGTCCGGCCGCGTGTCGTACGTGTTCGGGTTCGAAGGCCCGGCCGTGACGATCGAC 
TCGGCGTGCTCGTCCTCGCTGGTCGCGATGCACCTCGCCGCGCAGTCGCTGCGGCAGGGC 
GAGTGCTCGATGGCCTTGGCCGGCGGCGCGACGGTGATGGCGAACCCCGGCGCATTCGTG 
GAGTTCTCGCGGCAGCGGGGCCTCGCCGTCGACGGTCGCTGCAAGGCGTTCGCCGCCGCG 
GCCGACGGCACCGGCTGGGCCGAGGGCGTCGGTGTGGTCATCCTCGAGCGGCTGTCGGTG 
GCGCGGGAACGCGGCCACCGGATCCTGGCCGTGCTGCGCGGCAGCGCGGTCAACCAGGAC 
GGCGCCTCGAACGGCCTGACCGCGCCGAACGGGCCGTCGCAGCAGCGGGTGATCCGCCGG 
GCGCTGGTGAGCGCCGGGCTGGCACCGTCCGATGTGGACGTCGTCGAGGCGCACGGCACC 
GGGACCACGCTGGGTGACCCGATCGAGGCGCAAGCTCTGCTGGCTACCTACGGCAAGGAC 
CGCGAGTCGCCGCTGTGGCTCGGCTCGCTGAAGTCGAACATCGGCCACGCGCAGGCCGCC 
GCGGGGGTCGCCGGCGTCATCAAGATGGTCCAGGCGCTCCGGCACGAAGTCCTGCCGCCG 
ACGCTGCACGTCGACCGGCCTACCCCCGAGGTCGACTGGTCGGCCGGTGCCGTCGAACTG 
CTGACGGAAGCCCGCGAGTGGCCGCGCAACGGGCGCCCGCGCCGGGCCGGGGTCTCCGCG 
TTCGGCGTCAGCGGCACGAACGCGCACCTGATCCTGGAGGAGGCGCCCGCCGAAGAGCCG 
GTGCCCACACCCGAGGTTCCCCTGGTGCCGGTCGTGGTCTCCGCGCGGAGCAGGGCGTCC 
CTGGCCGGTCAGGCCGGTCGCCTCGCCGGATTCGTGGCGGGTGACGCGTCCTTGGCCGGT 
GTGGCCCGGGCGCTGGTGACGAACCGGGCCGCGCTGACCGAGCGCGCGGTCATGGTCGTG 
GGCTCTCGCGAAGAAGCCGTGACGAACCTGGAAGCGCTGGCCCGCGGCGAAGACCCGGCC 
GCGGTGGTCACCGGCCGGGCGGGTTCGCCGGGCAAGCTCGTCTGGGTCTTCCC 
ACCACTCGACACTCACGCCGTTCACGTACAGGTGAGCCAGGGCACCGACAGCGGCCTGCG 
CCTCATGGTCACCGTGCAGCATCGCGATGCCATCGACCAGGCGGGCCAGTGACCGGTCGG 
CACCCAGCTCGACGAACACCGCATCCTCGAACGAGGCCACCTGCTCGCCGAACCGGACCG 
TGTCCCGGACCTGCCGCACCCAGTACTCAGCGGTCATCACCTGATCACCAGCGGCCATGG 
CGACCTGCGGCGTCCGGTAGGTCAGGCCTTCAGCGACCGCCCGGAACTCCTCCAGCATCG 
GTTCCATACGGGCGGAATGGAACGCGTGACTGGTCGCCAGCCGCGTCCACTTCCCCAGCC 
CCTCCGCGGCCTGCAGCACGGCGGCCTCATCACCGGAGAGAACCACCGACGACGGCCCGT 
TGACCGCGGCGATCTCCACACCCTCACCCAGCACGGCCCGAGCCTCATCCTCCGAGACCG 
GGACAGCGACCATCACCCCACCCGCAGGCAGAGCCTGCATCAGACGAGCCCGCGCCGACA 
CCAAAGTGCAGGCATCCTCCAACGACCACAACCCGGAGACGTATCCGGCGGCGAGCTCAC 
CGACAGAGTGACCGACCACCGCATCCGGCCGTACACCCCACGATTCCAGCAACCCGAACA 
GAGCCACCTGCAAAGCGAACAGGGCCGGCTGGGCATACCCGGTCTCATTCACATCGAGAT 
CGGGCACATCCAGCAGATCCCACACCTGCTGATGGATCCGCGCGAAGACGGGGAACGCGG 
CGGCCAGTTCCTCACCCATACCAGCACGCTGCGACCCTGGCCAGCCGGCTGGGCATACCC 
GGTCTCATTCACATCGAGATCGGGCACATCCAGCAGATCCCACACCTGCTGATGGATCCG 
CGCGAAGACGGGGAACGCGGCGGCAAAGTTCCTCACCCATACCAGCACGCTGCGGACCCC 
TGGCCAGGGAATACCGAG 
GCGGACCGGCCGGGTCGACCTGCCGAAGTACGCCTTCGACCACCGGCACTACTGGCTGCG 
GCCCGCCGAGTCCGCGACCGACGCGGCTTCGCTGGGCCAGGGGGCGGCCGACCACCCGTT 
GCTGGGCGCGGTCGTCGAGCTGCCGCAGTCCGACGGCCTGGTGTTCACCTCGCGGCTGTC 
CGTGCGGACGCACCCGTGGCTGGCCGACCACGCGGTCGGTGGCGTGGTCATCCTCCCCGG 
CTCCGGGCTGGCCGAACTGGCCGTCCGGGCCGGCGACGAAGCCGGGTGCACCGCCCTCGA 
CGAGCTGATTATCGAAGCTCCGCTGGTCGTGCCCGCCCAAGGCGCGGTCCGCGTCCAGGT 
CGCGTTGAGCGGCCCGGACGAGACCGGCTCGCGCACGGTGGACCTCTACTCCCAGCGCGA 
CGGCGGCGCGGGGACGTGGACGCGGCACGCCACCGGCGTGCCGTCGACGGCCCCCGCTCA 
GGAACCCGAGTTCGACTTCCACGCCTGGCCGCCCGCGGATGCCGAGCGGATCGACGTCGA 
GACCTTCTACACCGACCTGGCCGAGCGTGGTTACGGCTACGGGCCGGCGTTCCAGGGGCT 
GCAAGCGGTGTGGCGGCGCGACGGCGATGTCTTCGCCGAGGTCGCCCTGCCCGAGGACCT 
GCGCAAGGACGCGGGCCGGTTCGGCGTCCACCCGGCGCTGCTCGACGCGGCGCTGCAGGC 
CGCCACGGCCGTGGGCGGCGACGAGCCCGGTCAGCCGGTGCTGGCGTTCGCGTGGAACGG 
CCTGGTCCTGCACGCCGCGGGCGCGTCGGCCCTGCGGGTCCGGCTCGCGCCGAGCGGCCC 
GGACACGCTGTCCGTGGCAGCCGCCGACGAAACCGGCGGCTTGGTCCTGACCATGGAATC 
GCTGGTCTCCCGGCCGGTTTCGGCCGAGCAGCTCGGCGCCGCGGCCGACGCGGGCCACGA 
CGCGATGTTCCGCGTCGACTGGACCGAGCTGCCTGCCGTGCCCCGCGCGGAACTGCCGCC 
GTGGGTGCGGATCGACACCGCCGACGACGTCGCGGCCTTGGCGGAGAAGGCGGACGCACC 
ACCGGTGGTGGTCTGGGAAGCCGCCGGGGGAGACCCGGCCCTGGCCGTGAGTTCCCGGGT 
GCTCGAGATCATGCAGGCCTGGCTGGCCGCGCCCGCGTTCGAGGAGGCCCGGCTGGTCGT 
GACGACCCGCGGCGCGGTACCCGCCGGCGGTGACCACACACTGACCGACCCGGCCGCGGC 
CGCGGTGTGGGGCCTGGTCCGGTCCGCGCAGGCGGAACACCCGGACCGGGTCGTCCTGCT 
GGACACCGACGGCGAAGTTCCGCTGGGCGCGGTGCTGGCCTCCGGTGAGCCGCAGCTCGC 
GGTGCGCGGAACGACGTTCTTCGTGCCCCGGCTGGCCCGCGCCACCCGGCTCTCGGACGC 
GCCTCCTGCGTTCGACCCGGACGGGACCGTGCTGGTCTCGGGCGCCGGATCGCTGGGCAC 
CT 
 

Figure 2.S5. Nucleotide sequence of PCR1/rapAT2/PCR2 of pAT6F.  

PCR II (44488-45989 bp) 

PCR I (41862-43533 bp) 

AT2 
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Figure 2.S6. Restriction map of hybrid DNA obtained from nucleotide 
sequences (Figure 2.S5) formed in the double cross over clones. Red arrows 
indicate the restriction sites for BamHI and PstI that were used.  
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Figure 2.S7. Purification of 24-desmenthylrifampicin using HPLC. Peaks 
were detected at 254 nm. 
. 

 
 
  

24-desmethylrifampicin
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Figure 2.S8. Comparative MS/MS Analyses of rifampicin and 24-
desmethylrifampicin. A) 24-desmethylrifampicin, B) rifampicin. 
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Figure 2.S9. Characteristic MS fragments of rifampicin and 24-
desmethylrifampicin in ESI negative ion mode.
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 Figure 2.S10. 1H

 N
M

R
 spectrum

 of 24-desm
ethylrifam

ycin B. 
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 Figure 2.S11. 13C

 N
M

R
 spectrum

 of 24-desm
ethylrifam

ycin B. 
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Figure 2.S12. 1H

 N
M

R
 spectrum

 of 24-desm
ethylrifam

ycin SV. 
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Figure 2.S13. (-)-ESI-MS spectra of rifamycin S (A), 24-desmethylrifamycin S 
(B), rifampicin (C), and 24-desmethylrifampicin (D).  
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Figure 2.S14. 1H NMR of 24-desmethylrifampicin (A), chemically synthesized 
rifampicin (B), and commercially available rifampicin (C).  
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Figure 2.S15. Agar diffusion assay of rifamycin S, rifampicin, 24- 
desmethylrifamycin S, and 24-desmethylrifampicin against Staphylococcus 
aureus (A) and Mycobacterium smegmatis (B). 1, rifamycin S, 2, rifampicin, 3, 
24-desmethylrifamycin S, and 4, 24-desmethylrifampicin. 

.  
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3.1 Abstract  
 
Based on its reported chemical structure, perbergin, a Rhodococcus fascians 

virulence quencher from the bark of Dalbergia pervillei, and its isomer were 

synthesized in nine steps with a 13.5% yield. However, the NMR spectra of 

the synthetic products were inconsistent with those reported in the literature. 

Reevaluation of the 1D and 2D NMR spectra of the natural perbergin 

revealed that the geranyl moiety of perbergin is located at C-6 and has an E-

configuration, instead of the reported C-8 geranylation with a Z-configuration. 

Interestingly, the synthetic isoperbergins demonstrated good antibacterial 

activity against R. fascians, Mycobacterium smegmatis, and Staphylococcus 

aureus, but not against the Gram-negative bacteria Pseudomonas aeruginosa 

and Escherichia coli.  
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Perbergin is a prenylated isoflavanone isolated from the bark of the 

Madagascar legume Dalbergia pervillei (Figure 3.1) (Rajaonson et al. 2011). 

This compound was identified based on its ability to protect the plant from 

deformations caused by the phytopathogenic actinomycete Rhodococcus 

fascians. R. fascians induces leaf galls and/or other deformations on a wide 

range of plants, resulting in significant economic losses in the nursery 

industry. Initially, the pathogen colonizes plants epiphytically. During infection 

of susceptible plant hosts, it is hypothesized that a plant metabolite triggers 

the bacteria to produce an autoregulatory compound that initiates a signal 

transduction pathway leading to the production of virulence factors (Stes et al. 

2011). At a low concentration (0.2 µM), perbergin was found to function as a 

virulence quencher that inhibits the induction of bacterial virulence gene 

expression without killing the pathogen. However, at a high concentration (10 

µM), it was toxic to the bacterium (Rajaonson et al. 2011). 

The unique virulence quenching activity of perbergin provides new 

opportunities for the development of control agents for infectious diseases. 

Antivirulence therapy, which disarms pathogens but does not kill them, is an 

emerging concept to combat bacterial-mediated disease (Defoirdt 2016). 

During the past decade, many antivirulence strategies have been explored, 

including disrupting quorum sensing (bacterial cell-cell communication) 

(Mellbye et al. 2011), inhibiting bacterial adhesion to the host cell, and 

inhibiting toxin production or their secretion systems (Rasko et al. 2010). It is 

believed that, in contrast to traditional antibacterial agents, antivirulence 
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therapy may control bacterial disease without imposing selective pressure on 

the development of bacterial resistance (Defoirdt 2016). As part of ongoing 

efforts to discover new chemical entities to control bacterial diseases in 

humans, animals, and plants, the effects of perbergin were investigated in 

various pathogenic bacteria. Due to the restricted access to this natural 

product, it was decided to obtain the compound through chemical synthesis. 

 

Figure 3.1. Proposed chemical structures of perbergin and tetrapterol C. 

 
3.2 Results and Discussion 
 
The chemical structure of perbergin has been proposed to be 8-[(2Z)-3,7-

dimethylocta-2,6-dienyl]-5,7-dihydroxy-3-(2,3-dihydroxy-4-methoxyphenyl)-

2,3-dihydrochromen-4-one (Rajaonson et al. 2011). It is a geranylated 

isoflavanone having the A and B rings similar to tetrapterol C from the roots of 

Sophora tetraptera (Figure 3.1) (Iinuma et al. 1995). In order to gain access to 

this natural product, a synthetic strategy was developed using commercially 

available 2,3-dihydroxy-4-methoxybenzylaldehyde (1) and 

trihydroxyacetophenone (3) (Scheme 3.1). O-Benzylation of 1 with BnBr 
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followed by coupling of the resulting aldehyde 2 with perbenzylated 

trihydroxyacetophenone (4) using 20% KOH gave chalcone 5 in 81% yield. 

Oxidative rearrangement of 5 to 1,2-diaryl-3,3-dimethoxypropan-1-one 6 

(72%) was achieved by treating the compound with thallium (III) nitrate 

monohydrate in MeOH/CH2Cl2 (Horie et al. 1994). Treatment of 6 with 

concentrated acetic acid-HCl (5:1) gave isoflavonone 7 (73%) (Horie et al. 

1998), which was readily converted to (±)-isoflavanone 8 (83%) through 

hydrogenation using 10% Pd/C as a catalyst.  

 

Scheme 3.1. Synthetic strategy for isoflavanone (±)-8 

. 

Partial methoxymethyl acetal (MOM) protection of (±)-8 using MOMCl and 
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compound 10 in a good yield (91%) (Scheme 3.2). Migration of the geranyl 

moiety from the C-5 oxygen to C-8 was expected to take place via the para-

Claisen-Cope rearrangement, involving two consecutive [3,3]-sigmatropic 

rearrangements (Al-Maharik et al. 2003, Poerwono et al. 2010, Mei et al. 

2015). This approach has been employed in the synthesis of a number of 

prenylated flavonoids (Al-Maharik et al. 2003, Daskiewicz et al. 2005, 

Poerwono et al. 2010, Mei et al. 2015), chalcones (Vogel et al. 2008) and 

hydroxynaphthalenes (Torincsi et al. 2012), performed under high 

temperature heating conditions or in the presence of a catalyst. For example, 

a para-substituted C-geranyl hydroxynaphthalene has been synthesized by 

heating O-geranyl naphth-1-yl ether in chlorobenzene at reflux for 24 h (34% 

yield) (Torincsi et al. 2012). However, attempts to employ these conditions 

using 5-O-geranylated quercetin (a flavonol) as a model compound resulted 

in cleavage of the geranyl side chain (data not shown).  
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Scheme 3.2. Conversion of isoflavanone 9 to (±)-E-12 and (±)-Z-12 

Using a modified condition reported by Zhang and co-workers employing the 

europium catalyst Eu(fod)3 in the presence of NaHCO3, it was possible to 

convert compound 10 to isoflavanone 11 in good yield (74%) (Mei et al. 

2015). The 1H and 13C NMR spectra of 11 revealed the presence of two 

products, which were identified as perbergin analogues with an E- or a Z-

geranyl moiety. Unfortunately, attempts to separate these compounds by 

HPLC using a chiral-phase column were unsuccessful, prompting the 

subsequent reaction to be carried out using the mixture. Deprotection of 11 in 

MeOH under reflux in the presence of 3 N aq. HCl gave a mixture of (±)-E-12 

and (±)-Z-12 (68%), as well as a mono-MOM-protected intermediate (20%). 
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column) to give pure (±)-E-12 and (±)-Z-12 (the reported perbergin) (Scheme 

2). 

Characterization of the chemical structures of both (±)-E-12 and (±)-Z-12 was 

carried out using HRMS, 1D (1H and 13C) and 2D (HSQC and HMBC) NMR, 

UV, and optical rotation measurement. The side chain configurations of (±)-E-

12 and (±)-Z-12 were determined by NOESY correlations (Figure 3.2). For 

(±)-E-12, important correlations were observed between H-1´´ (δH 3.34) and 

Me-8´´ (δH 1.79) and between H-2´´ (δH 5.21) and H-4´´ (δH 2.04-2.14). On 

the other hand, for (±)-Z-12, correlations were observed between H-1´´ (δH 

3.34) and H-4´´ (δH 2.22-2.25) and between H-2´´ (δH 5.22) and Me-8´´ (δH 

1.75). Direct comparisons of the 1H and 13C NMR spectra of both compounds 

(measured in CDCl3) with those reported in the literature for perbergin 

suggest that the geranyl moiety of perbergin has an E-configuration, not a Z-

configuration (Rajaonson et al. 2011). Furthermore, it was observed also that 

the 1H and 13C chemical shifts of the synthetic compound [(±)-E-12], 

particularly those of the A ring, are somewhat different from those of the 

corresponding resonances of the natural product (Table 1). These 

discrepancies stimulated a re-evaluation of the NMR data for perbergin. 
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Figure 3.2. Key NOESY correlations of (±)-E-12 and (±)-Z-12 
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Table 3.1. 1H (500 MHz, CDCl3) and 13C (125 MHz, CDCl3) NMR 
Spectroscopic Data for Perbergin, (±)-E-12, and (±)-Z-12 

No. 
perbergin (±)-E-12 (±)-Z-12 

δC δH (mult., J in Hz) δC δH (mult., J in Hz) δC δH (mult., J in Hz) 
2a 70.1 4.54 (dd, 11.3, 

5.2) 
70.1 4.58 (dd, 11.3, 

5.3) 
70.2 4.58 (dd, 11.3, 

5.3) 
2b  4.69 (dd, 11.3, 

8.6) 
 4.72 (dd, 11.3, 

8.6) 
 4.66 (dd, 11.3, 9) 

3 46.3 4.20 (dd, 8.6, 5.2) 46.1 4.20 (dd, 8.6, 
5.2) 

46.1 4.20 (dd, 9, 5.2) 

4 197.2  197.4  197.4  
5 161.9 12.41 (s, OH) 163.0 11.98 (s, OH) 163.0 11.98 (s, OH) 
6 106.9 a  97.4 6.01 (s) 97.1 6.01 (s) 
7 164.5 6.20 (s, OH) 164.2  164.0  
8 95.6a 5.97 (s)a 105.9  106.0  
9 161.5  160.0  160.0  

10 102.8  103.0  103.1  
1´ 115.3  115.1  115.1  
2´ 142.6 5.46 (s, OH) 142.6  142.6  
3´ 133.6 6.32 (s, OH) 133.5  133.5  
4´ 147.11  147.0  147.0  
5´ 103.7 6.47 (d, 8.6) 103.6 6.48 (d, 8.6) 103.6 6.48 (d, 8.6) 
6´ 119.5 6.74 (d, 8.6) 119.4 6.72 (d, 8.6) 119.5 6.72 (d, 8.6) 
1´´ 21.3 3.36 (d, 7.2) 21.6 3.34 (d, 7.2) 21.4 3.34 (d, 7.1) 
2´´ 121.4 5.25 (t, 7.1) 121.5 5.21 (t, 7.5) 122.9 5.22 (t, 6.8) 
3´´ 139.9  139.3  139.3  
4´´ 39.9 2.04-2.10 (m) 39.8 2.04-2.14 (m) 32.5 2.22-2.25 (m) 
5´´ 26.5 2.04-2.10 (m) 26.5 2.04-2.14 (m) 26.4 2.12-2.15 (m) 
6´´ 123.8 5.05 (t, 6.7) 123.8 5.05 (t, 6.8) 123.8 5.05 (t, 6.7) 
7´´ 132.3  132.2  132.6  
8´´ 16.4 1.80 (s) 16.3 1.79 (s) 23.5 1.75 (s) 

9´´ 25.9 1.67 (s) 25.8 1.67 (s) 25.8 1.70 (s) 
10´´ 17.9 1.59 (s) 17.8 1.59 (s) 17.8 1.63 (s) 
OMe 56.3 3.87 (s) 56.2 3.87 (s) 56.3 3.87 (s) 

aRevised chemical shifts for C-6, C-8 and H-8 of perbergin. 
 

The 1D and 2D NMR spectra of perbergin were kindly supplied by Prof. 

Mondher El Jaziri of Université Libre De Bruxelles. Upon re-evaluation of 

these spectra, it was concluded that the geranyl moiety of perbergin is 

actually located at C-6, instead of C-8 as previously reported. This 

reassignment was made based on the HMBC spectrum of perbergin, which 
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showed correlations between OH-5 and C-5 (δC 161.9), C-6 (δC 106.9), and 

C-10 (δC 102.8); between H-1´´ (δH 3.36) and C-5 [instead of C-9 (δC 161.5)], 

C-6, and C-7 (δC 164.5), and also between H-8 (δH 5.97) and C-7, C-9 

(instead of C-5), C-6, and C-10 (Figure 3.3).  

 

 

Figure 3.3. HMBC correlations of (±)-E-12, (±)-Z-12, and natural perbergin. 
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chemical shift of OH-5 in isoperbergins appears at 11.98 ppm, which is 

consistent with a C-8-prenyl substitution. As a result, the chemical structure of 

perbergin has been reassigned as 6-[(2E)-3,7-dimethylocta-2,6-dienyl]-5,7-

dihydroxy-3-(2,3-dihydroxy-4-methoxyphenyl)-2,3-dihydrochromen-4-one 

(Figure3.3) (Nicolaou et al. 2005).  

Since perbergin at 10 µM is toxic to R. fascians (Rajaonson et al. 2011), the 

activity of the synthetic iso-perbergins (±)-E-12 and (±)-Z-12 were tested 

against this bacterial species. The results showed that both (±)-E-12 and (±)-

Z-12 inhibited the growth of R. fascians at 12.5 µg/mL. Furthermore, as this 

plant pathogen is similar to mycobacteria in that they produce and use 

mycolic acid as components of their cell envelopes and virulence 

factors(Sutcliffe et al. 2010), the antibacterial activity of both (±)-E-12 and (±)-

Z-12 were tested against Mycobacterium smegmatis. The non-geranylated 

isoflavanone (±)-8 was also evaluated to determine the importance of the 

geranyl moiety in their antibacterial activity. While no antibacterial activity was 

observed for compound (±)-8, both (±)-E-12 and (±)-Z-12 showed good 

activity toward M. smegmatis (MIC 5 µg/mL) (Table 3.2). These results 

indicate that the geranyl moiety is important for the antibacterial activity of (±)-

E-12 and (±)-Z-12. Despite not being a mycolic acid-containing bacterium, 

compounds (±)-E-12 and (±)-Z-12 are also active against Staphylococcus 

aureus (MIC 5 µg/mL). However, they were not active toward the Gram-

negative bacteria Pseudomonas aeruginosa and Escherichia coli (Table 3.2).  
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Table 3. 2. Antibacterial Activity of (±)-E-12, (±)-Z-12, and the (±)-
Isoflavanone 8a 

compound 
MIC (µg/mL) 

R.f. M.s. S.a. P.a. E.c. 

(±)-E-12 12.5 5 5 >50 >50 

(±)-Z-12 12.5 5 5 >50 >50 

(±)-8 >50 >50 >50 >50 >50 

apramycin 50 2.5 30 50 >50 

ampicillin 20 >50 >50 <5 <5 
aKey to bacteria used: R.f., Rhodococcus fascians; M.s., Mycobacterium 
smegmatis; S.a., Staphylococcus aureus; P.a., Pseudomonas aeruginosa; 
E.c., Escherichia coli. 
 

In conclusion, using the reported chemical structure for perbergin as a 

synthetic target, compounds (±)-E-12 and (±)-Z-12 were synthesized in nine 

steps from commercially available 2,3-dihydroxy-4-methoxybenzylaldehyde 

and trihydroxyacetophenone. However, discrepancies in the NMR data for the 

natural and synthetic materials and re-evaluation of the 1D and 2D NMR 

spectra of the natural perbergin revealed that the geranyl moiety of this 

important virulence quencher is actually located at C-6 and has an E-

configuration, instead of the reported C-8 geranylation with a Z-configuration. 

Nevertheless, the synthetic isoperbergins demonstrated good antibacterial 

activity against the Gram-positive bacteria, R. fascians, M. smegmatis, and S. 

aureus. Further developments of prenylated flavonoids may lead to new 

antibacterial agents to control bacterial diseases in humans, animals, and 

plants. 
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3.3 Experimental Section 
 
3.3.1 General Experimental Procedures 

Optical rotations were measured on a Jasco P-1010 polarimeter (100 mm or 

10 mm cells were used) at the sodium D line. Ultraviolet (UV) absorptions 

were measured on an Eppendorf BioSpectrometer kinetic instrument using an 

Eppendorf µCuvette G1.0 microliter measuring cell. Circular Dichroism (CD) 

spectra were recorded on a Jasco J-815 Circular Dichroism 

spectropolarimeter. Proton NMR spectra were recorded on a Bruker 500 MHz 

spectrometer. Proton chemical shifts are reported in ppm (δ) relative to the 

residual solvent signals as the internal standard (CDCl3: δH 7.26; (CD3)2CO: 

δH 2.05). Multiplicities in the spectra are described as follows: s = singlet, bs = 

broad singlet, d = doublet, bd = broad doublet, t = triplet, bt = broad triplet, q = 

quartet, m = multiplet; coupling constants are reported in Hz. Carbon NMR 

spectra were recorded on a Bruker 500 (125 MHz) spectrometer with 

complete proton decoupling. Carbon chemical shifts are reported in ppm (δ) 

relative to the residual solvent signal as the internal standard (CDCl3: δC 

77.16; (CD3)2CO: δC 29.84, and 206.26). High-resolution ESI mass 

spectrometry was performed in positive ion mode on a 6230 TOF mass 

spectrometer (Agilent Technologies, Santa Clara, CA). Analytical thin-layer 

chromatography (TLC) was performed using silica plates (60 Å) with a 

fluorescent indicator (254 nm). The compounds were visualized with a UV 

lamp and ceric ammonium molybdate (CAM) solution. Chromatographic 

purification of products was performed on silica gel (60 Å, 72−230 mesh) 
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columns. HPLC was performed using a Shimadzu dual LC-20AD solvent 

delivery system with a Shimadzu SPD-M20A UV/vis photodiode array 

detector. All chemicals and solvents were purchased either from Sigma 

Aldrich, Alfa Aesar, or Tokyo Chemical Industry (TCI). All reactions were 

performed under an argon or nitrogen atmosphere employing oven-dried 

glassware. 

3.3.2 Synthesis of 2,3-Bis(benzyloxy)-4-methoxybenzaldehyde (2)  

To a solution of 2,3-dihydroxy-4-methoxybenzaldehyde (500 mg, 2.97 mmol) 

in DMF (15 mL) was added K2CO3 (1440 mg, 10.4 mmol) and the reaction 

was stirred for 30 min at room temperature, then benzyl bromide (1240 µL, 

10.4 mmol) was added to the solution. After 14 h, the reaction was quenched 

with saturated solution of NH4Cl, and extracted with ethyl acetate twice (50 

mL each). The organic layer was collected and washed three times with brine 

solution and then dried over anhydrous Na2SO4. The organic layer was 

evaporated to dryness and then subjected to silica gel column using hexanes-

EtOAc (8:2) then (7:3). Fractions containing the product were pooled and 

dried under vacuum to give the title compound (950 mg, 92%). 

Compound 2: yellowish oil; 1H NMR (500 MHz, acetone-d6) δ 10.09 (1H, s), 

7.53 (1H, d, J = 8.5 Hz), 7.41-7.35 (10H, m), 6.99 (1H, d, J = 8.5 Hz), 5.25 

(2H, s), 5.11 (2H, s), 3.99 (3H, s); 13C NMR (125 MHz, acetone-d6) δ 188.6, 

160.5, 156.4, 141.8, 138.5, 137.8, 129.6 (2C), 129.3 (2C), 129.2 (2C), 129.1, 

129.1(2C), 128.8, 127.4, 124.5, 109.1, 77.3, 75.8, 56.7; (+)-HRTOFESIMS 

m/z 349.1443 [M+H]+ (calcd for C22H21O4, 349.1440).  



 

 

112 

3.3.3 Synthesis of 1-(2,4,6-Tris(benzyloxy)phenyl)ethan-1-one (4)  

To a solution of 2,4,6-trihydroxyacetophenone (3, 500 mg, 2.97 mmol) in DMF 

(15 mL) was added K2CO3 (1850 mg, 13.4 mmol) and the reaction was stirred 

for 30 min at room temperature, then benzyl bromide (1415 µL, 11.9 mmol) 

was added to the solution. After 14 h, the reaction was quenched with a 

saturated solution of NH4Cl then extracted with ethyl acetate twice (50 mL 

each). The organic layer was washed three times with brine solution and then 

dried over anhydrous Na2SO4. The organic layer was evaporated to dryness 

and then subjected to silica gel column using hexanes-EtOAc (8:2) then (7:3). 

Fractions containing the product were pooled and dried to give the title 

compound (680 mg, 52%). 

Compound 4: colorless oil; 1H NMR (500 MHz, CDCl3) δ 7.41-7.38 (15H, m), 

6.24 (2H, s), 5.04 (4H, s), 4.99 (2H, s), 2.47 (3H, s); 13C NMR (125 MHz, 

CDCl3) δ 201.4, 161.1, 157.2, 136.5 (2C), 136.4, 128.7(2C), 128.6 (3C), 

128.2, 127.9 (2C), 127.5 (2C), 127.1(6C), 115.3, 93.5 (2C), 70.7(2C), 70.3, 

32.6; (+)-HRTOFESIMS m/z 439.1908 [M+H]+ (calcd for C29H27O4, 439.1909).  

3.3.4 Synthesis of (E)-3-(2,3-Bis(benzyloxy)-4-methoxyphenyl)-1-(2,4,6-

tris(benzyloxy)phenyl)prop-2-en-1-one (5)  

To a solution of 2 (400 mg, 1.14 mmol) and 4 (503 mg, 1.14 mmol) in EtOH (9 

mL) was added 20% aq. KOH (3 mL) and the reaction mixture was stirred at 

room temperature for 48 h. The reaction was cooled to 0 °C, quenched with 

10% aq. HCl (10 mL), then diluted with ddH2O (50 mL). The aqueous solution 

was extracted with CHCl3 (70 mL) twice. The organic layer was dried over 
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anhydrous Na2SO4. The organic solvent was evaporated to dryness in vacuo 

and subjected to silica gel column chromatography using hexanes-EtOAc 

(8:2) then (7:3). Fractions containing the product were pooled and dried to 

give the title compound (710 mg, 81%). 

Compound 5: yellow oil; 1H NMR (500 MHz, acetone-d6) δ 7.73 (1H, d, J = 

16.5 Hz), 7.55 (1H, d, J = 8.8 Hz) 7.52-7.18 (24H, m), 7.13 (2H, m), 6.95 (1H, 

d, J = 8.8 Hz), 6.89 (1H, d, J = 16.5 Hz), 6.75 (1H, d, J = 8.8 Hz), 6.52 (2H, s), 

5.15 (2H, s), 5.08 (4H, s), 5.05 (2H, s), 4.87 (2H, s), 3.94 (3H, s); 13C NMR 

(125 MHz, acetone-d6) δ 194.5, 162.0, 158.4 (2C), 156.9, 152.7, 142.6, 

140.3, 138.8, 138.1 (2C), 138.0, 137.9, 129.4 (2C), 129.3 (2C), 129.2 (3C), 

129.2 (3C), 129.1(2C), 129.0 (2C), 128.8, 128.8, 128.7,128.7(2C), 128.5 (2C), 

128.1 (4C), 123.5, 122.9, 113.8, 109.6, 94.5 (2C), 76.7, 75.8, 70.9(2C), 70.9, 

56.6; (+)-HRTOFESIMS m/z 769.3174 [M+H]+ (calcd for C51H45O7, 769.3165).  

3.3.5 Synthesis of 2-(2,3-Bis(benzyloxy)-4-methoxyphenyl)-3,3-

dimethoxy-1-(2,4,6-tris(benzyloxy)phenyl)propan-1-one (6)  

To a solution of 5 (500 mg, 0.65 mmol) in MeOH-CH2Cl2 (9:1) (6.50 mL) was 

added Tl(NO3)3.3H2O (578 mg, 1.30 mmol). The reaction mixture was stirred 

at 30-40 °C for 4 h. Upon a complete conversion of the starting material to the 

product, the reaction was brought to 0 °C then 10% solution Na2SO3 (5 mL) 

and 2% aq. HCl (2 mL) were added. The reaction was stirred for another 30 

min at the same temperature. The reaction was diluted with ddH2O (50 mL), 

extracted with CHCl3 (60 mL) twice, washed with brine solution twice, and 

dried over anhydrous Na2SO4. The organic solvent was evaporated to 
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dryness then subjected to silica gel column chromatography using hexanes-

EtOAc (10:2) then (7:3). Fractions containing the product were pooled and 

dried to give the title compound (390 mg, 72%). 

Compound 6: yellowish oil; 1H NMR (500 MHz, acetone-d6) δ 7.39-7.23 (25H, 

m), 6.96 (1H, d, J = 8.8 Hz), 6.45 (1H, d, J = 8.8 Hz), 6.27 (2H, s), 5.32 (1H, 

d, J = 8.5 Hz), 5.16 (1H, d, J = 8.5 Hz), 5.04 (2H, s), 4.90 (1H, d, J = 8.5 Hz), 

4.92 (2H, s), 4.82 (2H, q, J = 12 Hz), 4.31 (1H, d, J = 8.5 Hz), 3.73 (3H, s), 

3.31 (3H, s), 3.08 (3H, s); 13C NMR (125 MHz, acetone-d6) δ 197.5, 161.3, 

157.4 (2C), 153.0, 151.4, 141.3, 138.3, 138.0, 137.1(2C), 136.9, 128.4(2C), 

128.2 (2C), 128.1(4C), 128.1 (2C), 128.0 (2C),127.8,  127.7 (2C), 127.6, 

127.4 (2C), 127.3, 127.1 (2C), 127.0 (4C), 125.0, 120.6, 113.9, 107.5, 104.5, 

93.0 (2C), 74.7, 74.3, 69.9, 69.8 (2C), 55.3, 54.3, 53.9, 51.2; (+)-

HRTOFESIMS m/z 853.3358 (calcd for C53H50NaO9, 853.3353).  

3.3.6 Synthesis of 5,7-Bis(benzyloxy)-3-(2,3-bis(benzyloxy)-4-

methoxyphenyl)-4H-chromen-4-one (7)  

To a solution of 6 (350 mg, 0.42 mmol) in AcOH (20 mL) was added a mixture 

of AcOH-12 N HCl (5:1) (20 mL). The mixture was stirred for 5 min then left to 

stand at room temperature for 1 h at which time the reaction mixture was 

cooled down and ddH2O (50 mL) was added. The mixture was brought to 60 

°C for 30 min then extracted with CHCl3 (100 mL) twice. The CHCl3 layer was 

washed three times with brine solution and then dried over anhydrous 

Na2SO4. The organic layer was evaporated to dryness then subjected to silica 

gel column chromatography using hexanes-EtOAc (10:2) then (7:3). Fractions 
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containing the product were pooled and dried to give the title compound (208 

mg, 73%). 

Compound 7: yellowish oil; 1H NMR (500 MHz, acetone-d6) δ 8.59 (1H, s), 

7.47-7.12 (20H, m), 6.78 (1H, d, J = 8.5 Hz), 6.59 (1H, d, J = 8.5 Hz), 6.30 

(2H, s), 5.17-5.05 (2H, m), 4.79 (2H, s), 4.90 (2H, s), 4.82 (2H, s), 3.81 (3H, 

s); 13C NMR (125 MHz, acetone-d6) δ 187.5, 162.3, 158.2, 154.2, 151.8, 

142.4, 139.0, 138.4, 138.0 (2C), 137.7, 129.3, 129.3 (2C), 129.2 (3C), 129.2, 

129.1, 129.0, 128.9, 128.8 (2C), 128.7, 128.6 (3C), 128.5, 128.4,128.4, 127.6 

(3C), 123.0, 115.8, 109.9, 108.3, 93.8 (2C), 75.7, 75.6, 70.7 (2C), 56.3; (+)-

HRTOFESIMS m/z 677.2534 (calcd for C44H37O7, 677.2536).  

3.3.7 Synthesis of (±)-3-(2,3-Dihydroxy-4-methoxyphenyl)-5,7-

dihydroxychroman-4-one ((±)-8) 

rifamyinCompound 7 (90 mg, 0.133 mmol) was dissolved in EtOH-EtOAc 

(1:1) (5 mL) then Pd/C 10% (40 mg) was added. The mixture was degassed 

under vacuum, and then hydrogen gas was applied. The reaction mixture was 

stirred for 3 h, during which TLC was used to monitor the reaction. Upon 

completion, the mixture was passed through a celite column and the pass-

through solution was dried and subjected to silica gel column chromatography 

using CHCl3-MeOH (9:1) as eluent. Fractions containing the product were 

pooled and dried to afford the title compound (35 mg, 83%).  

Compound (±)-8: Brownish fluffy powder, [α]22
D 0 (c = 1, MeOH); 1H NMR 

(500 MHz, acetone-d6) δ 12.37 (1H, s, OH), 6.59 (1H, d, J = 8.5 Hz), 6.48 

(1H, d, J = 8.5 Hz), 5.96 (1H, d, J = 2 Hz), 5.95 (1H, d, J = 2 Hz), 4.64 (1H, t, 
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J = 11 Hz), 4.48 (1H, dd, J = 11, 5.5 Hz), 4.28 (1H, dd, J = 10.5, 5.5 Hz), 3.80 

(3H, s);  13C NMR (125 MHz, acetone-d6) δ 198.0, 167.3, 165.4, 164.5, 148.6, 

144.5, 134.5, 120.8, 116.1, 104.0, 103.5, 96.8, 95.7, 70.9, 56.3, 47.6; (+)-

HRTOFESIMS m/z 319.0813 (calcd for C16H15O7, 319.0818). 

3.3.8 Synthesis of 5-Hydroxy-3-(4-methoxy-2,3-

bis(methoxymethoxy)phenyl)-7-(methoxymethoxy)chroman-4-one (9) 

Compound (±)-8 (25 mg, 0.078 mmol) was dissolved in CH2Cl2 (1.5 mL) then 

N,N-diisopropylethylamine (82 µL, 0.46 mmol) was added to the mixture at 0 

°C. The reaction mixture was left stirring at room temperature for 30 min, and 

subsequently MOMCl (22 µL, 0.273 mmol) was added. The reaction was 

stirred at 0 °C for 2 h, then left to come to rt. The reaction was quenched with 

potassium phosphate buffer pH 7.0, diluted with ddH2O (8 mL), and extracted 

with EtOAc (10 mL) twice. The organic layer was washed with brine solution 

twice, dried over anhydrous Na2SO4, and the solvent was removed in vacuo. 

The crude material was subjected to silica gel column chromatography using 

hexanes-EtOAc (7:3) then (6:4). Fractions containing the product were pooled 

and dried to afford the title compound (32 mg, 91%). 

Compound 9: Colorless solid, 1H NMR (500 MHz, CDCl3) δ 12.11 (1H, s, OH), 

6.82 (1H, d, J= 8.6 Hz), 6.70 (1H, d, J = 8.6 Hz), 6.20 (1H, d, J = 2 Hz), 6.14 

(1H, d, J = 2 Hz), 5.18 (2H, s), 5.14 (2H, s), 5.11 (2H, d, J = 2 Hz), 4.53-4.48 

(3H, m), 3.84 (3H, s), 3.59 (3H, s), 3.50 (3H, s), 3.48 (3H, s); 13C NMR (125 

MHz, CDCl3) δ 197.6, 165.3, 164.3, 163.2, 153.5, 150.0, 138.6, 124.3, 121.1, 
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106.1, 104.3, 99.9, 98.7, 97.0, 95.5, 94.0, 71.2, 57.8, 57.5, 56.5, 56.0, 45.8; 

(+)-HRTOFESIMS m/z 451.1604 (calcd for C22H27O10, 451.1604).  

3.3.9 Synthesis of (E)-5-((3,7-Dimethylocta-2,6-dien-1-yl)oxy)-3-(4-

methoxy-2,3-bis(methoxymethoxy)phenyl)-7-

(methoxymethoxy)chroman-4-one (10)  

To a solution of 9 (15 mg, 0.033 mmol) in DMF (0.35 mL) was added K2CO3 

(9 mg, 0.066 mmol), and the reaction mixture was stirred for 30 min at room 

temperature. Subsequently, geranyl bromide (9.2 µL, 0.04 mmol) was added 

to the reaction mixture and stirred for another 3 h until complete consumption 

of the starting material as judged by TLC. The reaction was then quenched 

with potassium phosphate buffer pH 7.0 and extracted with EtOAc twice. The 

EtOAc layer was dried over anhydrous Na2SO4 then the organic solvent was 

dried in vacuo. The extract was subjected to silica gel column 

chromatography using hexanes-EtOAc (7:3) as mobile phase. Fractions 

containing the product were pooled and dried under vacuum to give the title 

compound (18 mg, 91%). 

Compound 10: Colorless solid; 1H NMR (500 MHz, CDCl3) δ 6.82 (1H, d, J = 

8.6 Hz), 6.66 (1H, d, J = 8.6 Hz), 6.25 (1H, d, J = 2 Hz), 6.19 (1H, d, J = 2 

Hz), 5.51 (1H, t, J = 6 Hz), 5.20-5.17 (3H, m), 5.13-5.04 (4H, m), 4.61 (1H, t-

like m), 5.50 (1H, m), 4.42 (1H, m), 3.81 (3H, s), 3.58 (3H, s), 3.52 (3H, s), 

3.49 (3H, s), 2.10-2.01 (4H, m), 1.70 (3H, s), 1.65 (3H, s), 1.58 (3H, s); 13C 

NMR (125 MHz, CDCl3) δ 190.0, 164.9, 163.1, 161.9, 152.9, 149.8, 140.4, 

138.6, 131.7, 124.5, 123.9, 122.5, 119.4, 108.1, 107.6, 99.9, 98.7, 95.1, 
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95.04, 94.1, 71.3, 66.3, 57.8, 57.4, 56.5, 56.0, 46.8, 39.5, 26.3, 25.7, 17.7, 

16.8; (+)-HRTOFESIMS m/z 609.2672 (calcd for C32H42NaO10, 609.2672).  

3.3.10 Synthesis of (E)- and (Z)-8-(3,7-Dimethylocta-2,6-dien-1-yl)-5-

hydroxy-3-(4-methoxy-2,3-bis(methoxymethoxy)phenyl)-7-

(methoxymethoxy)chroman-4-one (11) 

To a solution of 10 (11 mg, 0.018 mmol) in chlorobenzene (300 µL) was 

added Eu(fod)3 (2 mg, 0.0018 mmol) and NaHCO3 (1.57 mg, 0.018 mmol). 

The mixture was stirred at 85 °C for 24 h then the reaction mixture was 

filtered over celite and the solvent was evaporated in vacuo. The residue was 

subjected to silica gel column chromatography using hexanes-EtOAc (8:2) as 

a mobile phase. Fractions containing the product were pooled to give a 

mixture of (E)- and (Z)-11 (7.9 mg, 74%). 

Compounds (E)- and (Z)-11: Yellowish oil; 1H NMR (500 MHz, CDCl3) δ 12.15 

(1H, s, OH), 6.82 (1H, d, J = 8.6 Hz), 6.82 (1H, d, J = 8.6 Hz), 6.69 (2H, d, J = 

8.6 Hz), 6.28 (2H, s), 5.22 (2H, s), 5.22 (2H, s), 5.18 (2H, s), 5.18 (2H, s), 

5.17-5.15 (m), 5.13-5.10 (m), 5.07 (t-like m), 4.58-4.41 (m), 3.83 (s), 3.59 (s, 

MOM-CH3), 3.50 (s, MOM-CH3), 3.50 (s, MOM-CH3), 3.47 (s, MOM-CH3), 

3.47 (s, MOM-CH3), 3.26 (4H, d, J = 7 Hz), 2.21-1.923 (8H, m), 1.74 (3H, s), 

1.69 (3H, s), 1.67(3H, s), 1.65 (3H, s), 1.63 (3H, s), 1.57 (3H, s); 13C NMR 

(125 MHz, CDCl3) δ 198.0, 162.9, 162.5, 159.6, 153.4, 150.0, 138.6, 135.0, 

131.3, 124.5, 124.3, 124.3, 123.1, 122.4, 121.4, 109.5, 108.1, 104.1, 99.9, 

98.7, 94.9, 93.9, 71.2, 57.8, 57.5, 56.4, 56.4, 56.0, 45.7, 39.8, 30.9, 26.7, 
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25.7, 25.70, 23.5, 21.6, 21.4, 17.7, 16.0; (+)-HRTOFESIMS m/z 609.2673 

(calcd for C32H42NaO10, 609.2672). 

3.3.11 Synthesis of (±)-Z-12 and (±)-E-12 

To a solution of 11 (3 mg, 0.0051 mmol) in MeOH (200 µL) was added 3 N 

aq. HCl (60 µL). The reaction was heated under reflux for 1.5 h and quenched 

with saturated solution of NH4HCO3. The solution was concentrated down to 

half its volume and lyophilized. The dry residue was re-dissolved in 

acetonitrile (200 µL) and centrifuged at 14000 rpm to remove any insoluble 

debris. The products were purified using chiral HPLC (Chiralcel OD-R 

column, 250 x 4.6 mm), acetonitrile-ammonium acetate (pH 4.5) gradient 

(50% acetonitrile for 10 min, then 100% acetonitrile by 25 min, then 50% at 

30 min), flow rate 1 mL/min. Peaks at retention times of 17.6 min and 19.2 

min were collected and dried to give (±)-Z-12 (0.6 mg, 25%) and (±)-E-12 (1 

mg, 43%), respectively. Two inseparable peaks around 21 min were collected 

to give 7-O-MOM protected (±)-Z-12 and (±)-E-12 (0.5 mg, 20%). 

Compounds (±)-E-12: Brown solid; [α]21.8
D 0 (c 0.04, MeOH); UV (50% aq. 

MeOH) λmax (log ε) 205 (4.85), 295 (4.27), 334 (3.69) nm; 1H NMR and 13C 

NMR data are provided in Table 1; (+)-HRTOFESIMS m/z 455.2068 (calcd for 

C26H31O7, 455.2072).  

Compounds (±)-Z-12: Brown solid; UV (50% aq. MeOH) λmax (log ε) 205 

(4.93), 295 (4.37), 335 (3.74) nm; 1H NMR and 13C NMR data are provided in 

Table 1; (+)-HRTOFESIMS m/z 455.2075 (calcd for C26H31O7, 455.2072). 
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3.3.12 Antibacterial Activity Assay 

Antibacterial activity was determined by a microdilution assay. R. fascians, M. 

smegmatis, S. aureus, P. aeruginosa, and E. coli were streaked on nutrient 

agar (Difco) and grown overnight at 37 °C. Colonies were transferred to 

nutrient broth and incubated at 37 °C for 24 h. Turbidity of the inoculum was 

measured to OD600 0.15 (BioRad, SmartSpec 3000). Each strain (90 μL) was 

loaded onto a 96-well plate; then 10 μL of the samples (dissolved in MeOH or 

DMSO) was added. The final concentrations of the samples were 50, 25, 

12.5, 5, 2.5, and 1.25 μg/mL, and every concentration was evaluated in 

triplicate. Plates were incubated at 37 °C for 24 h except for M. smegmatis, 

which was kept at 30 °C for 48 h. MTT (50 μL) developing dye was added to 

each well, and the minimum inhibitory concentrations were determined.  
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 Figure 3.S2. 13C

 N
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 spectrum
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Figure 3.S3.  H
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 Figure 3.S4.  H
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Figure 3.S5. N
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ESY spectrum

 of (±)-E-12 (500 M
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 Figure 3.S6. 1H

 N
M

R
 spectrum

 of (±)-Z-12 (500 M
H

z, C
D

C
l3 ). 
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 Figure 3.S7. 13C

 N
M

R
 spectrum

 of (±)-Z-12 (125 M
H

z, C
D

C
l3 ). 
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 Figure 3.S8.  H
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C

 spectrum
 of (±)-Z-12 (500 M
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 Figure 3.S9.  H

M
BC

 spectrum
 of (±)-Z-12 (500 M

H
z, C

D
C

l3 ). 
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 Figure 3.S10. N

O
ESY spectrum

 of (±)-Z-12 (500 M
H

z, C
D

C
l3 )
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Figure 3.S11. UV spectra of (±)-E-12 and (±)-Z-12. 
 
 
 
 

 
 
Figure 3.S12. Chiral HPLC traces of (±)-E-12 and (±)-Z-12. 
. 
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Figure 3.S13. Antibacterial assay of (±)-E-12 and (±)-Z-12 against R. fascians 
(A), M. smegmatis (B), and S. aureus (C).    
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4.1 Abstract 
 
A mutasynthetic strategy has been used to generate fluorinated TM-025 and 

TM-026, two biosynthetically engineered pactamycin analogues produced by 

Streptomyces pactum ATCC 27456. The fluorinated compounds maintain 

excellent activity and selectivity toward chloroquine-sensitive and multidrug-

resistant strains of malarial parasites as the parent compounds. The results 

also provide insights into the biosynthesis of 3-aminobenzoic acid in S. 

pactum. 
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4.2 Introduction 
 
Pactamycin, a bacterial-derived natural product discovered by Upjohn 

Company in the early 1960s, has been known to have broad-spectrum growth 

inhibitory activity against bacteria (Bhuyan 1962), mammalian cells (White 

1962), viruses (Taber et al. 1971), and protozoa (Otoguro et al. 2010). This 

broad-spectrum activity is primarily due to its strong binding to a conserved 

region within the ribosome of most organisms that leads to non-selective 

inhibition of protein synthesis (Brodersen et al. 2000, Dinos et al. 2004). 

Consequently, its wide-ranging cytotoxicity, coupled with stability issues and 

the difficulties to generate analogues of pactamycin through organic 

synthesis, have hampered its further development. As one of the most 

complex aminocyclitol natural products, pactamycin had presented great 

synthetic challenges; although, through seminal work of Hanessian and co-

workers, recently, this densely functionalized aminocyclitol antibiotic has 

finally surrendered to total synthesis (Hanessian et al. 2011, Hanessian et al. 

2012). In addition, a number of synthetic methodologies to access the 

aminocyclopentitol moiety of pactamycin have also been reported (Knapp et 

al. 2007, Malinowski et al. 2012). Nevertheless, long synthetic routes and low 

overall yields remain major limitations of the synthetic approach to generate 

pactamycin analogues for clinical uses. 

 

Recently, using biosynthetic engineering technology, we were able to 

generate a number of mutant strains of Streptomyces pactum ATCC 27456 
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that produce novel analogues of pactamycin with improved chemical and 

biological properties (Figure 4.4) (Ito et al. 2009, Lu et al. 2011). One of the 

mutants, in which ptmH (a gene that encodes a radical SAM-dependent 

protein) was inactivated (Figure 4.1A), produces two novel analogues of 

pactamycin, TM-025 and TM-026.  

 

 

Figure 4.1. Identification of genes responsible for the production of 
pactamycin precursor. 

These new analogues are chemically more stable and are produced in 10 to 

20-fold higher yield than pactamycin. More significantly, they showed potent 

antimalarial activity at low nanomolar concentrations, but in contrast to 

pactamycin have no significant antibacterial activity and reduced cytotoxicity 

against human colorectal HCT-116 cells (Lu et al. 2011).  

To further improve the pharmacological properties of these analogues, we 

explored the application of mutasynthetic approach to generate fluorinated 

derivatives of TM-025 and TM-026 by blocking the synthesis of 3-

aminobenzoic acid (the precursor of pactamycin) in S. pactum and performing 

precursor-directed structure modifications. Fluorinated compounds are rare in 
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nature; however, fluorine atom has been widely used in medicinal chemistry 

to improve drug properties. An estimated 15-20% of new pharmaceutical 

leads contains fluorine atom in their structures (Chan et al. 2012).  

In this paper, we describe the identification and inactivation of genes 

responsible for the formation of 3-aminobenzoic acid in S. pactum, chemical 

complementation experiments, synthesis of fluorinated compounds and 

precursor-directed biosynthesis of pactamycin analogues, and investigation of 

their biological activities. 

 
4.3 Results and Discussion 
 
To generate fluorinated TM-025 and TM-026 and other analogues of 

pactamycin we decided to explore the application of mutasynthesis approach. 

Previously, Rinehart and co-workers demonstrated that feeding of S. pactum 

var. pactum with 3-amino-4-fluorobenzoic acid resulted in the production of a 

fluorinated pactamycin analogue (Adams et al. 1994). The product was 

reported to have a comparable biological activity as pactamycin, but the 

production yield appeared to be inferior, as the fluorinated precursor has to 

compete with the natural one in the cells. Therefore, we set out to engineer a 

mutant strain of S. pactum that lacks the ability to produce the precursor 3-

aminobenzoic acid.  

Based on isotope incorporation studies using 13C-labeled glucose, it has been 

proposed that 3-aminobenzoic acid is derived from an intermediate of the 

shikimate pathway (either dehydroquinate or dehydroshikimate) involving a 
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transamination reaction (Rinehart et al. 1981). However, no genetic and 

biochemical data were available to support that notion. Our recent 

investigations of the pactamycin biosynthetic gene cluster revealed the 

present of two genes, ptmA and ptmT, that encode PLP-dependent 

aminotransferases, in the cluster. However, it is unclear if any of these genes 

is involved in 3-aminobenzoic acid formation. To investigate the role of the 

aminotransferase genes in pactamycin biosynthesis, we carried out in-frame 

deletion of ptmA and ptmT individually from the S. pactum genome and 

analyzed the metabolic profiles of the resulting mutants.  

The mutants were constructed by cloning two 1 kb PCR fragments upstream 

and downstream of the ptmA and ptmT genes, respectively, and separately 

cloned into the plasmid pTMN002 (Lu et al. 2011). The products pTMW034 

(for ptmA) and pTMW037 (for ptmT) were individually introduced into S. 

pactum by conjugation. Apramycin resistant strains representing single 

crossover mutants were obtained and subsequently grown on nonselective 

mannitol-soy flour agar containing MgSO4 to allow the formation of double 

crossover recombinants. Apramycin sensitive colonies were counter-selected 

by replica plating onto MS-Mg agar with and without apramycin, and the 

resulting double-crossover candidate strains were confirmed by PCR 

amplification. 

HPLC (Figure 4.2) and MS analyses of the extracts of those mutants showed 

that both mutants lack the ability to produce pactamycin or its intermediates. 

While the results suggest that both ptmA and ptmT are critical for pactamycin 
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biosynthesis it was not clear if ptmA or ptmT is involved in the formation of 3-

aminobenzoic acid.  

 

 

Figure 4.2. HPLC analysis of EtOAc extracts of the wild-type and the mutant 
strains of S. pactum 
. 
 
To investigate if any of the genes is involved in the formation of 3-

aminobenzoic acid, we carried out chemical complementation experiments 

with 3-aminobenzoic acid. The compounds were pulse-fed to the cultures of 

ΔptmA and ΔptmT mutants and the products were harvested and analyzed by 

HPLC and MS. The results showed that feeding ΔptmT mutant with 3-

aminobenzoic acid did rescue the production of pactamycin, whereas that of 

ΔptmA mutant did not (Figure 4.2). The results convincingly indicated that 

ptmT, not ptmA, is involved in the formation of 3-aminobenzoic acid. To 



 

 

143 

confirm this incorporation results, we subsequently fed the mutant with [1-

13
C]-3-aminobenzoic acid, and MS analysis of the EtOAc extract of the culture 

broths revealed the incorporation of 
13

C in the final products, confirming the 

direct involvement of 3-aminobenzoic acid in pactamycin biosynthesis and 

PtmT is a dedicated enzyme for 3-aminobenzoic acid biosynthesis. 

 

Figure 4.3. Mass spectral data for EtOAc (A–C) and n-BuOH (D–F) extracts 

of S. pactum mutants with and without chemical complementations 
. 

 

 

To produce fluorinated TM-025 and TM-026 as well as other possible 

analogues by mutasynthesis approach, we generated a ΔptmT/H double 

mutant strain. This mutant strain was obtained by introducing the ptmT 

knockout plasmid pTMW037 into ΔptmH mutant, which produces TM-025 and 

TM-026, by conjugation. The product of this double-mutation (ΔptmT/H 
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mutant) was cultured in the production medium and confirmed for its lack of 

TM-025 and TM-026 production. We then fed ΔptmT/H mutant with 3-

aminobenzoic acid and analyzed its metabolites. As expected, this chemical 

complementation experiment resulted in the recovery of TM-025 and TM-026 

production, which confirmed the full functionality of the biosynthetic machinery 

in this mutant except for those genes that have been inactivated. 

To explore the possibility of producing pactamycin analogues with different 

amino position of aminoacetophenone, we fed ΔptmT/H mutant with 2-, 3-, 

and 4-aminobenzoic acids, individually. The compounds (50 µmol) were 

pulse-fed at 16, 28, 40, 52, 64 h and the products were isolated using EtOAc 

and analyzed by MS. The results showed that only feeding experiments with 

3-aminobenzoic acid gave the expected products TM-025 and TM-026, 

whereas 2- and 4-aminobenzoic acids did not give any corresponding 

products, suggesting substrate rigidity of some of the enzymes in the 

pathway. 

To explore the possibility of generating fluorinated TM-025 and TM-026 by 

mutasynthesis, we fed ΔptmT/H mutant with 2-fluoro-5-aminobenzoic acid 

and 5-fluoro-4-methyl-3-aminobenzoic acid. Both compounds were chemically 

prepared from commercially available 2-fluoro-5-nitrobenzoic acid and 5-

fluoro-4-methyl-3-nitrobenzoic acid by catalytic hydrogenation of the latter 

compounds. The compounds were pulse-fed to the ΔptmT/H mutant and the 

products were extracted with EtOAc and analyzed by MS and NMR. 

Fortunately, feeding experiments with 2-fluoro-5-aminobenzoic acid give rise 
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to fluorinated analogues of TM-025 and TM-026, designated as TM-025F and 

TM-026F. TM-025F and TM-026F gave quasi-molecular ions m/z 413 and 

547, respectively, 18 atom mass unit (amu) higher that those of TM-025 and 

TM-026 (Figure 4.3E-F). Further confirmation of these products was carried 

out by comparing their MS/MS fragmentation patterns with those of TM-025 

and TM-026 (Figure 4.S4) and by NMR analyses. Despite that 2-fluoro-5-

nitrobenzoic acid was incorporated in relatively high yields, giving rise to 4-5 

mg/L of each TM-025F and TM-026F, feeding experiments with 5-fluoro-4-

methyl-3-aminobenzoic acid did not give any new products.  

To test the antimalarial activity of TM-025F and TM-026F, the compounds 

were subjected to an in vitro antimalarial activity assay. The compounds, 

along with TM-025, TM-026, and pactamycin were tested against chloroquine 

sensitive (D6) and multidrug-resistant (Dd2 and 7G8) strains of Plasmodium 

falciparum. The results showed that TM-025F and TM-026F maintain strong 

activity against malarial parasites with IC
50

 in low nM concentrations (Table 

4.1). The results also revealed that fluorine atom substitution in the 

aminoacetophenone moiety of TM-025 and TM-026 does not significantly 

affect their antimalarial activity in vitro. 
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Figure 4.4. Chemical structures of pactamycin analogs.  
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Table 4.1. Antimalarial Activity of Pactamycin Analogues 

Compounds  IC50 (nM)  
D6 Dd2 7G8 

Pactamycin  4.9 3.9 4.2 

TM-025 9.8 13.9 9.3 

TM-026 14.5 18.5 11.8 

TM-025F 12.3 16.8 12.4 

TM-026F 26.5 39.1 24.9 

Chloroquine 8.4 95 78.8 

D6, chloroquine-sensitive P. falciparum; Dd2 and 7G8, multidrug-resistant P. falciparum. 

To examine if the fluorinated analogues retain the target selectivity of TM-025 

and TM-026, we carried out antibacterial activity tests against both Gram-

positive (Mycobacterium smegmatis, Staphylococcus aureus, Bacillus subtilis) 

and Gram-negative (Pseudomonas aeruginosa and E. coli) bacteria in an 

agar diffusion assay. Similar to TM-025 and TM-026, neither TM-025F nor 

TM-026F showed any significant activity against bacteria at the 

concentrations used (Figure 4.S13), suggesting their higher affinity against 

plasmodial cells than bacteria.  

In conclusion, we have used an efficient mutasynthetic strategy to generate 

fluorinated TM-025 and TM-026, two promising pactamycin analogues, in S. 

pactum. Similar to the parent compounds, the fluorinated analogues maintain 

excellent activity and selectivity toward chloroquine-sensitive and multidrug-

resistant strains of P. falciparum. The results also provide insight into the 

biosynthesis of 3-aminobenzoic acid, which is relatively obscure, as well as 

substrate preferences of some of the enzymes in the pathway. 
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4.4 Experimental Section 
 
4.4.1 Bacterial strains and plasmids 

Pactamycin producing S. pactum ATCC 27456 was purchased from American 

Type Culture Collection (ATCC). Escherichia coli DH10B was used as a host 

strain for the construction of recombinant plasmids. E. coli ET12567 was used 

as donor strain in conjugation experiments. pJET1.2 (Fermentas) and pGEM-

T (Promega) were used as cloning vectors. pTMN002 is a pJTU1278+ 

derivative containing an oriT transfer element required for conjugation (Ito et 

al. 2009, He et al. 2010). All bacterial strains and plasmids used in this study 

are listed in Table 4.S1. 

4.4.2 General DNA manipulations 
 
Genomic DNA of S. pactum ATCC 27456 was prepared by standard protocol 

(Kieser et al. 2000) or using the DNeasy Tissue Kit (QIAGEN). DNA 

fragments were recovered from an agarose gel by using the QIAquick Gel 

Extraction Kit (QIAGEN). Restriction endonucleases were purchased from 

Invitrogen or Promega. Preparation of plasmid DNA was done by using a 

QIAprep Spin Miniprep Kit (QIAGEN). All other DNA manipulations were 

performed according to standard protocols (Kieser et al. 2000, Sambrook et 

al. 2001). PCR was performed in 30 cycles by using a Mastercycler gradient 

thermocycler (Eppendorf) and Platinum Taq DNA polymerase (Invitrogen) or 

Platinum Pfx DNA polymerase (Invitrogen). Oligodeoxyribonucleotides for 

PCR primers were synthesized by Sigma-Genosys, and are shown in Table 

4.S2. The nucleotide sequences of the gene fragments were determined at 
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the Center for Genome Research and Biocomputing (CGRB) Core 

Laboratories, Oregon State University. 

4.4.3 Construction of ptmA and ptmT knock-out plasmids 

For the construction of ptmA knock-out plasmid, two 1 kb PCR fragments 

upstream and downstream of the ptmA gene were generated with primers 

ptmA-F1/ptmA-R1 and ptmA-F2/ptmA-R2 (see Table 4.S2), respectively, and 

separately cloned into pJET1.2 cloning vector for DNA sequencing. HindIII 

and EcoRI digested upstream DNA fragment, EcoRI and XbaI digested 

downstream DNA fragment, and HindIII and XbaI digested pTMN002 were 

ligated to create pTMW034, which was introduced into S. pactum by 

conjugation with the E. coli donor strain ET12567 (pUZ8002). Apramycin 

resistant strains representing single crossover mutants were obtained and 

subsequently grown on nonselective mannitol-soy flour agar containing 

magnesium sulfate (10 mM, MS-Mg) to allow the formation of double 

crossover recombinants. Apramycin sensitive colonies were counterselected 

by replica plating onto MS-Mg agar with and without apramycin (50 μg mL−1). 

The resulting double-crossover candidate strains were confirmed by PCR 

amplification with external primers (ptmA-P1 and ptmA-P2, Table 2) flanking 

the targeted ptmA gene. The resulting PCR fragment from putative double 

crossover mutants was subcloned into pGEM-T Easy vector and sequenced 

to confirm that part of ptmA has been removed from the genomic DNA. A 

similar approach was used for the construction of ptmT knock-out plasmid 

pTMW037, except that the PCR fragments upstream and downstream of the 
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ptmT gene were generated with primers ptmT-F1/ptmT-R1 and ptmT-

F2/ptmT-R2, respectively. pTMW037 was introduced into S. pactum wild type 

strain or ΔptmH strain, separately, to generate S. pactum ΔptmT or S. pactum 

ΔptmT/H mutant strains. 

4.4.4 Feeding experiments with 3-aminobenzoic acid and [7-13C]-3-
aminobenzoic acid  
 
The ΔptmA and ΔptmT mutants were streaked on BTT agar [glucose (1%), 

yeast extract (0.1%), beef extract (0.1%), casein hydrolysate (0.2%), agar 

(1.5%), pH 7.4] and incubated at 30 °C for 3 days. Spores of the ΔptmA and 

ΔptmT mutants were individually grown in two Erlenmeyer flasks (125 mL) 

containing seed medium [glucose (1%), yeast extract (0.1%), beef extract 

(0.1%), casein hydrolysate (0.2%), pH 7.4] (50 mL) for 3 days at 28°C and 

200 rpm. Each of these seed cultures (10 mL each) was used to inoculate six 

Erlenmeyer flasks (500 mL) containing modified Bennett medium (100 mL). 

After incubation for 16 h under the same conditions, the cultures were 

grouped into two groups; the first group was fed with 3-aminobenzoic acid (5 

mM, 200 μL) and the second group was fed with [7-13C]-3-aminobenzoic acid 

(5 mM, 200 μL). 3- aminobenzoic acid was purchased from Aldrich and [7-

13C]-3-aminobenzoic acid was a gift from Prof. Heinz G. Floss. The feeding 

was repeated every 12 h for 2 days. After five days of incubation, the cultures 

were centrifuged and the pH was adjusted to 7.5 using NaOH solution (1 M). 

The metabolites of each group were extracted with n-BuOH (3 x 300 mL). The 

organic solvent was evaporated using rotary evaporator and the products 

were analyzed by MS.  
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4.4.5 Feeding experiments with 2-, 3-, and 4-aminobenzoic acids 

The ptmT/H mutant was streaked on BTT agar [glucose (1%), yeast extract 

(0.1%), beef extract (0.1%), casein hydrolysate (0.2%), agar (1.5%), pH 7.4] 

at 30 °C for 3 days. Spores of the ΔptmT/H mutant were initially grown in 

three Erlenmeyer flasks (125 mL) containing seed medium [glucose (1%), 

yeast extract (0.1%), beef extract (0.1%), casein hydrolysate (0.2%), pH 7.4] 

(50 mL) for 3 days at 28°C and 200 rpm. This seed culture (10 mL each) was 

used to inoculate nine Erlenmeyer flasks (500 mL) containing modified 

Bennett medium (100 mL). After incubation for 16 h under the same 

conditions, the cultures were grouped into three groups; the first group was 

fed with 2-aminobenzoic acid (5 mM, 200 µL), the second group was fed with 

3-aminobenzoic acid (5 mM, 200 µL) and the third group was fed with 4-

aminobenzoic acid. 2- and 3-aminobenzoic acids were purchased from 

Aldrich and 4-aminobenzoic acid was chemically synthesized from 4-amino-

methylbenzoate by refluxing the compound with 3 N NaOH for 1 h. The 

feeding was repeated every 12 h for 2 days. After five days of incubation, the 

cultures were centrifuged and the supernatants of each group were pooled 

and the pH was adjusted to 7.5 using NaOH solution (1 M). The metabolites 

of each group were extracted with BuOH (3 x 300 mL). The organic solvent 

was evaporated using rotary evaporator and the products were analyzed by 

MS. 
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4.4.6 Synthesis of 2-fluoro-5-aminobenzoic acid 

2-Fluoro-5-nitrobenzoic acid (100 mg, 0.5405 mmol) was dissolved in EtOH-

6N HCl (1:1, 1 mL) and then Pd/C (10%, 15 mg) was added and the mixture 

was stirred under hydrogen pressure for 3 h. The reaction was monitored by 

TLC (visualized by ninhydrin) until the staring material has converted 

completely to the product. The mixture was passed through celite and the 

eluted solution was evaporated to dryness and subjected to Sephadex LH-20. 

Fractions containing the product were pooled and dried to afford the title 

compound (80 mg). 1H NMR (300 MHz, CD3OD) δ: 7.89 (m, 3-H, 1H), 7.62 

(m, 4-H, 1H), 7.36 (t, J = 9 Hz, 6-H, 1H). 13C NMR (75 MHz, CD3OD) δC: 

165.42, 164.45, 160.91, 130.24, (d, JC-F=9.6 Hz, 1C), 127.85 (d, JC-F=1.5 Hz, 

1C), 121.86 (d, JC-F=11 Hz, 1C), 119.91 (d, JC-F=19 Hz, 1C). LRMS (EI+) m/z 

155 [M+]. HRMS (EI+) m/z 155.03811 (calcd for C7H6FNO2 [M+]: 155.03825).  
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4.4.7 Synthesis of 3-amino-4-methyl-5-fluorobenzoic acid 

3-Nitro-4-methyl-5-fluorobenzoic acid (30 mg, 0.150 mmol) was dissolved in 

EtOH-6N HCl (1:1, 1 mL) and then Pd/C (10%, 10 mg) was added and the 

mixture was stirred under hydrogen pressure for 3 h. The reaction was 

monitored by TLC until the staring material has converted completely to the 

product. The mixture was passed through celite and the eluted solution was 

evaporated to dryness and subjected to Sephadex LH-20. Fractions 

containing the product were pooled and dried to afford the title compound (22 

mg). 1H NMR (300 MHz, CD3OD) δ: 7.41 (d, J = 10 Hz, 6-H, 1H), 6.60 (d, J = 

6 Hz, 2-H, 1H), 2.27 (d, J = 1.4 Hz, 4-CH3, 3H). 13C NMR (75 MHz, CD3OD) 

δC: 168.37, 163.68, 160.41, 134.76 (d, JC-F=19 Hz, 1C), 131.223, 129.19 (d, 

JC-F=5 Hz, 1C), 124.59 (d, JC-F=7.5 Hz, 1C), 120.13 (d, JC-F= 3 Hz, 1C), 15.51 

(d, JC-F= 3 Hz, 1C). LRMS (TOF MS ES-) m/z: 186.0 [M-H]-. HRMS (TOF MS 

ES-) m/z: 168.0455 (calcd for C8H7FNO2 [M-H]- : 168.0461). 

4.4.8 Feeding experiments with 2-fluoro-5-aminobenzoic acid and 3-

amino-4-methyl-5-fluorobenzoic acid  

The procedure for feeding experiments with 2-fluoro-5-aminobenzoic acid and 

3-amino-4-methyl-5-fluorobenzoic acid is similar to that for 2-, 3-, and 4-

aminobenzoic acids.  

4.4.9 Isolation of TM-025F and TM-026F 

Five days culture broths (500 mL) of the ΔptmT/H mutant fed with 2-fluoro-5-

aminobenzoic acid (5 mM, 5 mL) were centrifuged and the supernatant was 

adjusted to pH 7.5. The metabolites were extracted three times with EtOAc 
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(500 mL each) and 2 times with BuOH (500 mL each). The organic solutions 

were dried over anhydrous Na2SO4 and the solvents were dried in vacuo to 

afford crude EtOAc extract (90.2 mg) and BuOH extract (280 mg). The EtOAc 

extract was subjected to silica gel column and eluted with 100% CHCl3 

followed by CHCl3-MeOH (9:1) and CHCl3-MeOH (8:2). Fractions containing 

TM026F were pooled and the organic solvent was dried under rotary 

evaporator to give pure TM026F (4 mg/L). Yellowish powder, 1H NMR (500 

MHz, CD3OD) δ: 7.15 (t, J= 8 Hz, 1H, H-4'), 7.07 (m, 1H, H-4''), 6.86 (m, 1H, 

H-3''), 6.70 (dd, J= 11 Hz, J= 9 Hz, 1H, H-6''), 6.62 (d, J= 8 Hz, 1H, H-5'), 6.58 

(d, J= 7.5 Hz, 1H, H-3'), 4.32 (d, J= 12 Hz, 1H), 4.05 (d, J= 9 Hz, 1H), 3.65 (d, 

J= 9 Hz, 1H), 3.60 (d, J= 6.5 Hz, 1H), 2.97 (s, 6H, N(CH3)2), 2.41 (d, J= 5 Hz, 

3H, COCH3), 2.25 (s, 3H), 1.63 (s, 3H, 7-CH3), 1.40 (s, 3H, 6-CH3). 13C NMR 

(175 MHz, CryoProbe, CD3OD) δC: 197.82, 170.75, 160.57, 159.75, 156.26 

(d, JC-F= 243 Hz, 1C), 145.60, 141.16, 133.53, 125.67 (d, JC-F= 12 Hz, 1C), 

123.32, 120.73 (d, JC-F= 7 Hz, 1C), 117.93 (d, JC-F= 24 Hz, 1C), 117.07, 

115.29, 112.70, 83.99, 82.92, 67.00, 66.55, 65.87, 65.72, 36.74 (2C), 31.44 

(d, JC-F= 8.7 Hz, 1C), 22.27, 16.15, 14.89. LRMS (TOF MS ES+) m/z 547.3 

[M+H]+. HRMS (TOF MS ES+) m/z 547.2560 (calcd for C27H35FN4O7 [M+H]+: 

547.2568). 

The BuOH extract was first dissolved in MeOH and then three volumes of 

CHCl3 was added. The mixture was loaded onto a silica gel column and let 

stand for 10 min. Subsequently, the metabolite was eluted with CHCl3-MeOH 

(10:1) and the ratio was change incrementally to CHCl3-MeOH (6:4). 
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Fractions containing the product were pooled and dried to give TM-025F (4.5 

mg/L). Yellowish powder, 1H NMR (300 MHz, CD3OD) δ: 7.16 (bd, J = 5.1 Hz, 

1H, H-4ʺ), 7.00 (m, 2H, H-2ʺ, H-6ʺ), 4.05 (d, J = 11.4 Hz, 1H, 8-Ha), 3.98 (bd, 

J = 7.5 Hz, 1H, 3-H), 3.6 (m, 1 H, 2-H), 3.45 (d, J = 11.4 Hz, 1H, H-8b), 2.96 

(s, 6H, N(CH3)2), 2.56 (d, J = 4.5 Hz, COCH3), 1.61 (s, 3H, 7-CH3), 1.41 (s, 

3H, 6-CH3). 13C NMR (75 MHz, CD3OD) δC: 198.61, 160.43, 154.41, 145.91, 

126.48 (d), 120.46 (d), 118.09, 117.75, 113.17, 83.28, 82.55, 66.67, 66.24, 

64.87, 63.15, 36.54, 31.10 (d), 16.58, 14.57. LRMS (TOF MS ES+) m/z 413.2 

[M+H]+. HRMS (TOF MS ES+) m/z 413.2195 (calcd for C19H29FN4O5 [M+H]+: 

413.2200). 

4.4.10 In vitro Antimalarial Activity Assay 

P. falciparum strains D6, Dd2, and 7G8 were cultured in human erythrocytes 

at 2% hematocrit in RPMI 1640 containing 0.5% Albumax, 45 µg/L 

hypoxanthine, and 50 µg/L gentamicin, as previously described (Kelly et al. 

2007) In vitro antimalarial activity was determined by the malaria SYBR 

Green I-based fluorescence (MSF) assay described previously (Smilkstein et 

al. 2004) with slight modification (Kelly et al. 2007). Stock solutions of each 

test drug were prepared in sterile distilled water at a concentration of 10 mM. 

The drug solutions were serially diluted with culture medium and distributed to 

asynchronous parasite cultures on 96-well plates in quadruplicate in a total 

volume of 100 µL to achieve 0.2% parasitemia with a 2% hematocrit in a total 

volume of 100 µL. Automated pipetting and dilution were carried out with a 

programmable Precision 2000 robotic station (Bio-Tek, Winooski, VT). The 
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plates were then incubated for 72 h at 37 °C. After incubation, 100 µL of lysis 

buffer with 0.2 µl/ml SYBR Green I (54, 66) was added to each well. The 

plates were incubated at room temperature for an hour in the dark and then 

placed in a 96-well fluorescence plate reader (Spectramax Gemini-EM; 

Molecular Diagnostics) with excitation and emission wavelengths at 497 nm 

and 520 nm, respectively, for measurement of fluorescence. The 50% 

inhibitory concentration (IC50) was determined by nonlinear regression 

analysis of logistic dose-response curves (GraphPad Prism software).  

4.4.11 Antibacterial Activity Assay 

Antibacterial activity of pactamycin and its analogues was determined by an 

agar diffusion assay. M. smegmatis, S. aureus, B. subtilis, P. aeruginosa, and 

E. coli were streaked on nutrient agar (Difco) and grown overnight at 37 °C. 

Colonies were transferred to nutrient broth and incubated at 37 °C for 24 h. 

Turbidity of the inoculum was measured to a proper density at 600 nm 

(BioRad, SmartSpec 3000). For plate preparation, inoculum (500 µL) was 

mixed thoroughly with warm nutrient agar (50 mL) and poured to 25 mL 

square plates. The agar plates were allowed to solidify and dry for 30 min 

before assay. Sterile blank paper disks (Becton-Dickinson) were impregnated 

with pactamycin and its analogues (20 µL) at various concentrations and 

dried at room temperature. The disks were placed onto inoculated agar plates 

and incubated at 37 °C for 24 h. In order to produce a contrast background of 

the inhibition zone, 0.25% MTT developing dye (1 mL) was added over the 

plates. 
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4.5 Supplemental Data 
Table 4.S1. Strains and plasmids used in this study. 
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Table 4.S2. Primers used in this study  

 
 
 

 
Figure 4.S1. Gel electrophoreses of PCR products that confirm ΔptmA and 
ΔptmT mutant strains of S. pactum. 

.  
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Figure 4.S2. MS data for n-BuOH extracts from ΔptmT/H cultures 
complemented with external precursors. 

.  
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Figure 4.S3. Preparation of fluorinated precursors and chemical 
complementation experiments with ΔptmT/H mutants. 
.  
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Figure 4.S4. MS/MS analysis of TM-025, TM-026, and their fluorinated 
analogs. 
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Figure 4.S5. 1H
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inobenzoic acid.  
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Figure 4.S6. 13C
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 of 2-fluoro-5-am
inobenzoic acid.  
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Figure 4.S7. 1H
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 spectrum

 of 3-am
ino-4-m

ethyl-5-fluorobenzoic acid.  
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Figure 4.S8. 13C
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Figure 4.S9. 1H

 N
M

R
 spectrum

 of TM
-026F.  
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Figure 4.S10. 13C
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Figure 4.S11. 1H
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Figure 4.S12. 13C
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Figure 4.S13. Agar diffusion assay of pactamycin analogs. 1, TM-025; 2, TM-
026; 3, TM- 025F; 4, TM-026F; P, pactamycin; Am, ampicillin. 
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Despite the fact that tuberculosis and malaria are treatable infectious 

diseases, the rate of morbidity and mortality resulting from these two 

infectious diseases worldwide is disturbingly high. While a number of global 

efforts to combat TB and malaria have started to show some encouraging 

results, the progress is decelerated by the increased cases of multidrug-

resistant (MDR)-TB and malaria, which rendered many currently available 

treatments ineffective. Therefore, continued efforts to discover new drugs that 

can treat MDR-TB and malaria are acutely needed. 

 

Accordingly, we have launched a drug discovery program focusing on 

bioactive natural products that have anti-TB and anti-malarial activities. 

Taking advantages of the advancements in the technology of molecular 

genetics, gene sequencing, and genetic engineering we employed 

biosynthetic approaches to access new analogs of natural products. This was 

successfully done with the rifamycin polyketide synthases as described in 

Chapter 2 and with the pactamycin biosynthetic machinery described in 

Chapter 4. Replacing the module 6 acyltransferase (AT) domain of the rif PKS 

with the module 2 AT domain of the rapamycin PKS has resulted in a mutant 

that was able to produce a new rifamycin analog, 24-desmethylrifamycin SV. 

Such a rifamycin analog, in which a modification occurred in the polyketide 

backbone, would have been difficult to produce synthetically. On the other 

hand, inactivation of genes responsible for tailoring processes in pactamycin 

biosynthesis has also resulted in mutants that produce analogs of 
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pactamycin. This approach is considered advantageous over the conventional 

total synthetic methods, as both rifamycin and pactamycin are highly complex 

natural products, which are intrinsically difficult to be synthesized. However, 

we have employed a semi-synthetic methodology to convert 24-

desmethylrifamycin SV to 24-desmethylrifampicin. The latter compound was 

directly compared with rifampicin for their anti-TB activity against both 

rifampicin-sensitive and –resistant strains of Mycobacterium tuberculosis. To 

our delight, 24-desmethylrifampicin was active against both rifampicin-

sensitive and -resistant strains of M. tuberculosis.  

 

Similarly, some of the genetically engineered analogs of pactamycin also 

showed improved pharmacological properties. As shown in Chapter 4, TM-

025 and TM-026 and their fluorinated analogs, which were produced by 

precursor-directed structure modifications (mutasynthesis) using a mutant 

strain of Streptomyces pactum, showed excellent anti-malarial activity and 

were 10-30 fold less toxic than pactamycin. These results underscore the 

utility of biosynthetic approaches to generate new analogs of complex natural 

products with potent biological activity. 

 

In addition, we have employed a synthetic methodology to produce perbergin, 

a geranylated isoflavonone that may have antibacterial activity against M. 

tuberculosis. The synthesis of the reported perbergin as a racemic mixture 

was achieved in nine steps with an overall yield of 13.5%. However, 
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interestingly, upon the completion of this synthesis, we discovered that the 

NMR data for the synthetic products are different from those published for 

perbergin. Revisiting of the raw data for perbergin has led to the revision of its 

published chemical structure. While the synthetic compounds showed good 

activity and selectivity toward Gram-positive bacteria, including 

Mycobacterium smegmatis, they lack activity against M. tuberculosis at a 

concentration lower than 10 µg/mL. This is rather disappointing. However, the 

activity of the synthetic compounds against other Gram-positive bacteria 

including Staphylococcus aureus is encouraging. Further exploration of 

geranylated isoflavanones may lead to new antibacterial agents.  
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