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Among the myriad of naturally occurring bioactive compounds are the 

aminocyclopentitol-containing natural products that represent a family of 

sugar-derived microbial secondary metabolites, such as the antibiotics 

pactamycin, allosamidin, and trehazolin. Pactamycin, a structurally unique 

aminocyclitol antibiotic isolated from Streptomyces pactum, consists of a 5-

membered ring aminocyclitol (cyclopentitol) unit, two aromatic rings (6-

methylsalicylic acid (6-MSA) and 1-(3-Amino-phenyl)-ethanone or 3-

aminoacetophenone) and a 1,1-dimethylurea. It has pronounced 

antibacterial, antitumor, antiviral, and antiplasmodial activities, but its 

development as a clinical drug was hampered by its broad cytotoxicity. 

Efforts to modulate its pharmacological and toxicity properties by structural 

modifications using synthetic organic chemistry have been difficult due to 

the complexity of its chemical structure.  



 

As part of our ongoing studies on the biosynthesis of aminocyclitol-derived 

bioactive natural products, we have identified the biosynthetic gene cluster 

of pactamycin in S. pactum ATCC 27456, which paves the way for a better 

understanding of pactamycin biosynthesis and generating novel pactamycin 

analogs through biosynthetic engineering.  

 Through gene inactivations, feeding experiments, and in vitro enzymatic 

assay, we studied the biosynthesis of pactamycin, which include the modes 

of formation of the unique cyclopentitol unit, the 3-aminoacetophenone and 

the 6-methyl salicylic acid moieties. Armed with the tools needed to 

genetically engineer target strains of S. pactum, we were able to produce 

novel analogs of this untapped-class of natural products. TM-026 was 

generated from a ΔptmH (a radical SAM C-methyltransferase gene) mutant, 

whereas TM-025 was generated from a ΔptmH/ΔptmQ (a polyketide 

synthase gene) double knockout mutant. Both compounds show potent 

antimalarial activity, but lack significant antibacterial activity, and are about 

10-30 times less toxic than pactamycin toward mammalian cells. The results 

suggest that distinct ribosomal binding selectivity or new mechanism(s) of 

action may be involved in their plasmodial growth inhibition, which may 

lead to the discovery of new antimalarial drugs and identification of new 

molecular targets within malarial parasites. 



 

TM-035 was also isolated from a ΔptmH mutant. However, we found that 

TM-035 showed no activity against bacteria, malarial parasites, and most 

tested mammalian cells, but it has potent growth inhibitory activity against 

two well-established human head and neck squamous cell carcinomas 

(SCC025 and SCC104) (IC50 725 nM) in an in vitro assay. More 

intriguingly, the compound is significantly less active against human 

primary epidermal keratinocytes (HPEK), demonstrating an interesting 

biological phenomenon and outstanding cell type selectivity, which may 

lead to the development of new anticancer chemotherapy. 

The production yield of pactamycin and its congeners under laboratory 

conditions is relatively low. This has hampered both mechanistic and 

preclinical studies of these promising compounds. To deepen our 

understanding of pactamycin biosynthesis and engineer mutant strains with 

improved production yields, we investigated pathway specific regulatory 

genes, ptmF and ptmE. Based on gene inactivation and RT-PCR studies, we 

found that the PtmF-PtmE system controls the transcription of the whole 

biosynthetic gene cluster.  The results provide important insight into 

regulation of pactamycin biosynthesis and will contribute to future studies 

that aim at engineering high producing strains of S. pactum. 
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1.1. The urgent need for new anti-malarial and anti-cancer agents  

 

Infectious diseases remain the third leading cause of death in the United 

States and the second leading cause of death worldwide (Pinner et al., 1996). 

Among infectious diseases, parasitic diseases are responsible for around 1 

million deaths annually and primarily affecting the world’s most 

disadvantaged populations (Greenwood et al., 2005; Hay et al., 2004). Of 

all parasitic diseases, malaria, a devastating infection causes by protozoa of 

the genus Plasmodium, is the major global health threat and causes an 

enormous economic burden. Each year, there are more than 225 million 

cases of malaria, claiming almost a million lives, most of them are young 

children in sub-Saharan Africa (Greenwood and Mutabingwa, 2002). 

Malaria is commonly associated with poverty. People in impoverished sub-

Saharan regions have limited access to healthcare and cannot afford 

treatment. On the other hand, parasite resistance has rendered some of the 

traditional and least expensive antimalarial drugs ineffective (Hyde, 2005). 

The global spread of chloroquine-resistant P. falciparum has resulted in 

quick development of resistance not only to a variety of quinoline analogs, 

but also to electron transport inhibitors, and antifolates (Hyde, 2005). 

Perhaps most ominously, the likelihood is high that resistance will build up 

to the current first-line drugs, artemisinin-based combination therapies 
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(Dondorp et al., 2009). Although malarial outbreaks are of much less 

concern to developed countries, many countries are seeing an increasing 

number of malaria cases, due to extensive travel, migration and 

unsuccessful mosquito control. With mounting drug-resistance problems 

and no new class of antimalarial drug introduced into the clinic since 1996, 

the urgent need for new treatments of this deadly disease is undeniable 

(Butler, 2009; Maher, 2008). An ideal antimalarial drug should be 

inexpensive, stable at room temperature, well tolerated by the patients, and 

having good oral bioavailability and short treatment regimens (Plouffe et al., 

2008). It is evident that the search for such kind of compounds must be 

comprehensive and include explorations of novel and unique chemical 

entities with new mechanisms of action (Burrows et al., 2011). 

 

Besides infectious diseases, cancer is also a major disease burden 

throughout the world and the second leading cause of death in the United 

States (Jemal, 2011; Twombly, 2007). Cancer is a class of diseases that 

involves unregulated cell growth. Uncontrolled proliferation of aberrant, 

undifferentiated cells forms malignant tumors, which invade nearby parts of 

the body and spread to more distant parts of the body through the lymphatic 

system or bloodstream. The global burden of cancer continues to increase 

largely because of an aging population and lifestyle changes in the 
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developing world (Jemal, 2011). The most common cancers are lung cancer, 

stomach cancer, liver cancer, colorectal cancer, and breast cancer.  Lung 

cancer was the most commonly diagnosed cancer. Worldwide, it is the 

leading cause of cancer death in men (Jemal, 2011).  Although stomach 

cancer rates have decreased substantially in most parts of the world, it is 

still accounting for 8% of the total cancer cases and 10% of total deaths. 

Liver cancer is the second most frequent cause of cancer death in men and 

the sixth leading cause of cancer death in women. Colorectal cancer is the 

third most commonly diagnosed cancer in males and the second in females. 

Breast cancer is the most frequently diagnosed cancer and the leading cause 

of cancer death in females globally (Jemal, 2011). Other important cancers 

are head and neck cancers, which are a group of biologically similar cancers 

that start in the upper aerodigestive tract, including the lip, oral cavity 

(mouth), nasal cavity (inside the nose), paranasal sinuses, pharynx, and 

larynx. There are over half a million cases occurring each year globally 

(Hashibe et al., 2009). Head and neck cancers account for approximately 3 

percent of all cancers in the United States  (Jemal et al., 2006).  They 

usually begin in the squamous cells that line the moist, mucosal surfaces 

inside the head and neck. A small portion of head and neck cancers can 

begin in the salivary glands. Most patients with head and neck cancers have 

metastatic disease at the time of diagnosis. Like infectious agents, cancer 



5 
 

cells are subject to genetic change. Thus, overtime they become resistant to 

chemotherapy. Moreover, most cancer drugs currently available have 

significant undesirable side effects. Therefore, it is an urgent need to 

develop safe and potent anti-cancer drugs to combat these life-threatening 

cancers. 

 

1.2. “Unnatural” natural products for drug development 

 

Natural products are generally defined as naturally occurring small 

molecules or chemical entities that have biological activities, mostly 

derived from microorganisms, plants and animals. Attributed to their rich 

biological activities, remarkable chemical diversity, and steric complexity, 

natural products have many advantages as drug leads. Historically, most of 

new drugs have been generated from natural products or natural product 

mimics (Li and Vederas, 2009).  Among all thirteen small molecule 

antiparasitic drugs approved during 1981-2006, two (15.4%) of them are 

natural products and seven (53.8%) are natural product derivatives 

(Newman and Cragg, 2007). Of the 155 anti-cancer small molecules 

introduced as drugs worldwide during 1940s-2006, 113 (72.9%) were either 

natural products or naturally inspired agents (Newman and Cragg, 2007). 

However, despite their great success and impact, the low number of new 
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natural products being discovered in recent years and the advance of high 

throughput screening of synthetic libraries has forced the pharmaceutical 

industry to scale down drug discovery programs based on natural products 

(Li and Vederas, 2009). The traditional process of natural product drug 

discovery usually starts with bioassay directed isolation, purification, 

structure elucidation and refinement.  Since many natural products are 

synthesized in very small quantities and present as complex mixtures with 

structurally related compounds, the isolation and purification of bioactive 

compounds are often time-consuming, labor- and resource-intensive. 

Moreover, due to structural complexity of many natural products, the 

structure refinement step through organic chemical synthesis could also be 

technically impractical or commercially unviable. Moreover, after many 

years of extensive exploration, screening for new natural products is more 

challenging as there is a high probability of rediscovery of known 

compounds (Baker et al., 2007; Li and Vederas, 2009). In addition, natural 

product chemists working in the fields of genome mining and metagenomic 

approaches to identify novel compounds have so far met with limited 

success (Baker et al., 2007). 

 

On the other hand, biosynthetic engineering, which introduces rational 

changes in the genetic makeup of an organism to alter metabolic profile, 
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may offer alternative avenues to nature products drug discovery and 

development (Pickens et al., 2011). Whereas a large number of potent 

bioactive natural products were discovered over the last several decades, 

only a relatively small number of them have advanced to become clinically 

effective drugs. The remaining majority has been shelved and never been 

brought to the clinic because of their undesirable properties or side effects 

(e.g., toxicity, low oral availability) (Pickens et al., 2011). In fact, many 

clinically used drugs are not the natural products themselves, but are 

derivatives of natural products generated through semi-synthesis. For 

example, rifampicin is derived from the natural product rifamycin B, 

docetaxel from paclitaxel, and simvastatin from lovastatin (Bissett and 

Kaye, 1993; Maggi et al., 1966; Zhou et al., 2008). In cases that the natural 

products are structurally too complicated to be modified by chemical 

synthesis, genetic engineering approaches may provide an alternative 

solution to generate novel “unnatural” natural products, which may have 

better chemical and pharmacological profiles.  In 1980s, the first complete 

antibiotic biosynthetic gene cluster, the actinorhodin gene cluster, was 

cloned and subsequently heterologously expressed in different Streptomyces 

hosts (Hopwood, 1999). This seminal achievement has turned a new page in 

the study of natural products biosynthesis. Today, with the rapid advances 

in DNA sequencing technologies, high throughput bioinformatic analysis, 
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and recombination techniques, more and more biosynthetic pathways 

responsible for the production of valuable and complicated natural products 

have been identified (Pickens et al., 2011; Zhou et al., 2008).  

 

Among the various strategies to produce “unnatural” natural products by 

biosynthetic engineering are gene disruption and mutasynthesis. Gene 

disruptions typically target particular genes that are involved in the 

downstream process in a pathway, usually those that code for tailoring 

enzymes, or individual domains within multidomain modular 

megasynthases, i.e. PKSs and NRPSs (Li and Vederas, 2009). A typical 

example is the generation of a nystatin analog, which has improved 

antifungal activity and lower toxicity, by mutating the enoyl reductase 

domain of the nystatin PKS enzyme combined with disruption of a P450 

monooxygenase (Figure 1-1) (Brautaset et al., 2011; Brautaset et al., 2008).  

The resulting nystatin analog, a methyl derivative with a conjugated 

heptaene moiety, is effective against disseminated candidosis in mouse 

models and considerably less toxic than amphotericin B (Brautaset et al., 

2008).  
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Mutasynthesis is a biosynthetic technique that combines gene inactivation 

and precursor analog incorporation to generate novel metabolites. The 

success of this technique mostly relies on the flexibility of the biosynthetic 

enzymes, whether to accept or not unnatural substrates (Pickens et al., 

2011). For example, scientists at Scripps Institute of Oceanography were 

 

Figure 1-1. Gene disruption to generate new nystatin analogs (Brautaset et al., 2008). 
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able to produce a fluoro analog of salinosporamide A, a chlorinated natural 

product from the marine bacterium Salinispora tropica, by disrupting the S-

adenosylmethionine-dependent chlorinase gene (salL) and feeding the 

mutant strain with 5′-fluoro-5′-deoxyadenosine (Figure 1-2) (Eustaquio and 

Moore, 2008). In a following combinatorial biosynthesis study, the 

fluorinase gene (flA) from Streptomyces cattleya was successfully expressed 

in the producing organism, eliminating the need of 5′-fluoro-5′-

deoxyadenosine feeding (Eustaquio et al., 2010). 

 

Figure 1-2. Mutasynthesis to generate fluorosalinosporamide (Eustaquio and Moore, 2008). 
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Other techniques include combinatorial biosynthesis, which holds great 

promise for producing “unnatural” natural products by taking advantage of 

substrate flexibility of downstream enzymes and changing the combination 

of upstream biosynthetic genes or part of the genes. Today, this technique 

has mainly been used in generating new compounds produced by 

megasynthase enzymes (PKSs or NRPSs) (Bernhardt and O'Connor, 2009). 

PKSs and NRPSs are large modular enzymes that sequentially condense 

short chain fatty acids and α-amino acids, respectively, in an assembly-line 

fashion, which are particularly amenable to genetic engineering by mixing 

and matching the megasynthases at the subunit, module, and domain levels 

(Pickens et al., 2011). The first combinatorial biosynthesis study was 

reported by Hoopwood et al. in 1985. After specific PKS segments of the 

actinorhodin (blue) gene cluster from S. coelicolor were introduced into of 

the brown antibiotic medermycin producing Streptomyces species, a purple 

culture arose, and the strain was found to produce mederrhodin, a 

compound with structural features of both medermycin and actinorhodin 

(Figure 1-3) (Hopwood et al., 1985). Another milestone success was the 

generation of 50 different 6-deoxyerythronolide analogs by swapping the 

acyltransferases and β-carbon processing domains between 6-

deoxyerythronolide and rapamycin PKS in an engineered heterologous host 

(McDaniel et al., 1999).  
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Other suitable candidates for combinatorial biosynthesis are tailoring 

enzymes, which typically act at the later steps in a pathway and perform 

reactions such as glycosylation, acylation, oxidation, reduction, methylation, 

and prenylation (Pickens et al., 2011). For example, combinatorial 

engineering of a series of glycosyltransferases from different pathways have 

been quite successful to produce novel deoxysugar–containing analogs 

(Mendez and Salas, 2001). As deoxysugar structures are often critical for 

biological activities of natural products, custom glycosylation of natural 

products could therefore offer a means to diversify bioactivity.  

 

Figure 1-3. Combinatorial biosynthesis of mederrhodin A from actinorhodin 
and medermycin producing strains.  (Hopwood et al., 1985) 

 

blue

brown

purple
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Another combinatorial biosynthesis strategy is artificial pathway 

construction, which has been carried out mostly for generation of plant 

metabolites. The secondary metabolite biosynthetic genes in plants are 

always scattered within the large plant genomes, which hamper the studies 

of their biosynthetic pathways. However, through artificial pathway 

construction, one can clone plant genes in a heterologous host to produce 

plant metabolites.  This was exemplified by the work of Horinouchi and 

corworkers who developed a system for producing “unnatural” flavonoids 

in Escherichia coli. Flavonoids are polyketide derivatives synthesized 

exclusively in plants. The flavonoid biosynthetic pathway was divided into 

three components: substrate synthesis, polyketide synthesis, and post-PKS 

modification. The genes corresponding to each step were harbored in 

separate plasmid systems. Recombinant E. coli that harbor the plasmids was 

fed with different precursors, resulted in the production of 87 polyketides, 

including unnatural flavonoids (Katsuyama et al., 2007).  

 

Although there are many successful examples of generating “unnatural” 

natural products by gene disruption, mutasynthesis and combinatorial 

biosynthesis, results of metabolic engineering approaches are rather 

unpredictable, and the levels of product formation may be very low. 

Problems include low enzyme flexibility toward unnatural substrates, low 
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substrate availability in the cells, and increased toxicity of the new products 

toward the host (Pickens et al., 2011). However, some of these problems 

may be remedied by protein engineering through directed evolution or 

rational design. For example, Thorson and coworkers have employed a 

directed evolution strategy, using three rounds of error-prone PCR 

combined with fluorescent substrate screening, to create a triple mutant of 

the glycosyltransferase OleD. The new protein showed a dramatic 

expansion of substrate promiscuity and is able to accept a variety of 

alternate aglycons and sugar substrates (Williams et al., 2007). Other 

techniques include domain-swapping strategy to generate chimeric enzymes. 

Spencer and coworkers used this strategy to swap domains from different 

glycosyltransferases and generate hybrid glycopeptides (Truman et al., 

2009). 

 

1.3. Discovery of pactamycin 

 

Among the myriad of naturally occurring bioactive compounds are the 

aminocyclopentitol-containing natural products that represent a family of 

sugar-derived microbial secondary metabolites (Figure 1-4) (Flatt and 

Mahmud, 2007). While they are relatively rare in nature, their biological 

activities and unique structures have been attractive objects of investigation. 
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One of the prominent members of this family of natural products is 

pactamycin (1), a structurally unique microbial-derived antitumor antibiotic 

isolated from a fermentation broth of the soil bacterium Streptomyces 

pactum var. pactum by scientists at the former Upjohn Company in 

1961(Bhuyan, 1962; Bhuyan et al., 1961). Subsequently, a number of 

pactamycin analogs isolated from S. pactum and related strains have been 

reported (Dobashi et al., 1986; Hara et al., 1964; Hurley et al., 1986; 

Iwatsuki et al., 2012; Kondo et al., 1964; Rinehart et al., 1980). Besides 

pactamycin, other interesting aminocyclopentitol-containing natural 

products include allosamidin (2), a chitinase inhibitor isolated from 

Streptomyces sp. no. 1713, and trehazolin (3), a potent trehalase inhibitor 

produced by Micromonospora coriacea SANK 62192 (Ando et al., 1991; 

Sakuda et al., 1987). Cyclopentitol moieties are also found in carbocyclic 

nucleosides and related compounds, e.g., neplanocin A (4), aristeromycin 

(5), adecypenol (6), queuosine (7) and its analog epoxyqueuosine (8). These 

groups of aminocyclopentitol-derived natural products appeared to be 

pharmacologically and biosynthetically distinct. Thus, the 

aminocyclopentitol core structure represents a unique pharmacophore that is 

unrelated to currently available antibiotics. 
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In 1970, based on physical studies and chemical degradation, the Upjohn 

scientists reported the chemical structure of pactamycin (Wiley et al., 1970). 

However, in 1972, the structure was subsequently corrected, as the 

crystallographic data for the compound became available. However, it was 

not until 1978 that the 13C NMR data for pactamycin were reported (Weller 

et al., 1978). As shown in Figure 1-5, pactamycin consists of a five-

 

Figure 1-4. Chemical structures of several cyclopentitol –containing natural products. 
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membered ring aminocyclitol unit, which is rich in stereogenic centers, two 

aromatic rings, 6-methylsalicylic acid (6-MSA) and 3-aminoacetophenone, 

and a 1,1-dimethylurea moiety (Rinehart et al., 1980; Weller et al., 1978). It 

is one the most densely functionalized naturally-occuring 

aminocyclopentitols. 

 

Soon after the discovery of pactamycin, a major pactamycin analog, 7-

deoxypactamycin (cranomycin) (9) was isolated from Streptomyces SE-801 

by scientists in Meiji Seika Kaisha Company in 1964 (Hara et al., 1964; 

Kondo et al., 1964). Pactamycate (10), a cyclic derivative of pactamycin, 

was first reported by Upjohn scientists in 1970 (Wiley et al., 1970). In 1979, 

Dr. Kenneth Rinehart presented a plenary lecture at the 20th Annual 

Meeting of the American Society of Pharmacognosy about their study on 

pactamycin. They reexamined the fermentation broths of Streptomyces 

pactum var. pactum, and found that a number of minor components related 

to pactamycin, including 7-deoxypactamycin (9), 8′′-hydroxypactamycin 

(11), 8′′-hydroxy-7-deoxypactamycin (12), 8′′-hydroxy-pactamycate (13), 

pactalactam (14) and 7-deoxypactalactam (15) were co-produced (Rinehart 

et al., 1980). In 1986, two independent studies reported that 7-

deoxypactamycin and 8′′-hydroxypactamycin were both re-isolated from 

Streptomyces SIPI-A3-0121 and Streptomyces sp. (WP-4371) (Dobashi et 
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al., 1986; Hurley et al., 1986). A very recent study reported a new 

derivative of pactamycin, de-6-MSA-7-deoxypactamycin (jogyamycin) (16) 

was isolated from the culture broth of Streptomyces sp. a-WM-JG-16.2 

(Iwatsuki et al., 2012). 

 

 

Figure 1-5. Chemical structures of pactamycin and its analogs. 
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1.4. Biological significance 

 

In addition to its unusual chemical structure, pactamycin shows potent 

antimicrobial, antitumor, antiviral, and antiprotozoal activities, and literally 

affects cell growth of all three phylogenetic domains, eukarya, bacteria, and 

archaea (Bhuyan, 1962; Otoguro et al., 2010; Taber et al., 1971; White, 

1962). 

 

A pioneering study by Upjohn scientists showed pactamycin has broad 

spectrum anti-bacterial activities against both Gram-positive and Gram-

negative bacteria, and marginal activity against a group of fungi (Bhuyan et 

al., 1961). In later studies, the antimicrobial activities of pactamycin, as 

well as two major pactamycin analogs, 7-deoxypactamycin and 8′′-

hydroxypactamycin, were measured by agar diffusion method. As shown in 

Table 1-1, these three pactamycin–related compounds are equally active 

against a number of Gram-positive and Gram-negative bacteria (Bhuyan et 

al., 1961; Dobashi et al., 1986; Kondo et al., 1964). However, pactamycate 

or pactalactam-related compounds are not active as antibacterial agents 

(Rinehart et al., 1980). 
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Table 1-1. The antimicrobial spectra of pactamycin, 7-deoxypactamycin and  
8"-hydroxypactamycin (MIC µg/mL) 

Test organism Gram Pactamycin 7-deoxypactamycin 8"-Hydroxypactamycin Ref. 

Bacillus subtilis UC-28 + 0.8 
  

(Bhuyan et 
al., 1961) 

Staphylococcus aureus OSU-284 + 0.2 
Staphylococcus aureus ATCC 151 + 0.05 

Streptococcus pyogenes C 203 + 1.6 
Streptococcus faecalis ATCC 6057 + 1.6 

Viridans group UC 155 + 3.2 
Escherichia coli ATCC 26 - 6.5 

Klebsiella pneumoniae U.of Calif. A-D - 0.8 
Pasteurella multocida Lederle P-449 - 0.012 

Proteus vulgaris ATCC 6380 - 110 
Salmonella typhosa MSDH TG 3 - 55 

Salmonella pullorum 75 - 1.6 
Pseudomonas aeruginosa ATCC 9027 - 110       

Bacillus subtilis A TCC 6633 + 
 

<0.06 
 

(Kondo et 
al., 1964) 

Bacilus subtilis NRRL B558 + <0.06 
Bacillus cereus + >4.0 

Staphylococcus aureus 209P + 0.25 
Staphylococcus aureus resistant to erythromycin + 0.5 

Sarcina lutea + <0.06 
Mycobacterium 607 + 4 
Mycobacterium phlei + 4 

Klebsiella pneumoniae - >40 
Salmonella typhosa - >40 

Salmonella paratyphi A - >40 
Salmonella paratyphi B - >40 

Shigella dysenteriae - >40 
Escherichia coli - >40 

Xanthomonas oryzae - 0.01 
Xanthomonas pruni - 0.16 
Xanthomonas citri - 0.08 
Erwinia aroideae -   5     

Staphylococcus aureus FDA 209P + 0.1 0.2 0.2 
(Dobashi et 
al., 1986) 

Staphylococcus aureus Smith + 0.39 0.39 0.39 
Micrococcus luteus PCI 1001 + 0.1 0.025 0.1 

Bacillus anthracis + 50 25 50 
Bacillus subtilis PCI 219 + 0.39 0.1 0.2 

Bacillus subtilis NRRL B-558 + 0.1 0.1 0.2 
Escherichia coli NIHJ - 1.56 1.56 1.56 
Escherichia coli K-12 - 25 25 12.5 

Escherichia coli K-12 ML 1629 - 25 25 12.5 
Shigella dysenteriae JS 11910 - 1.56 0.78 1.56 
Shigella flexneri 4b JS 11811 - 6.25 12.5 6.25 

Shigella sonnei JS 11746 - 12.5 12.5 6.25 
Salmonella typhi T-63 - 50 50 12.5 

Salmonella enteritidis 1891 - 3.12 1.56 1.56 
Proteus vulgaris OX 19 - 12.5 12.5 6.25 

Serratia marcescens - 25 50 25 
Klebsiella pneumoniae PCI 602 - 0.78 0.2 0.2 
Pseudomonas aeruginosa A3 - 12.5 6.25 6.25 

Mycobacterium smegmatis ATCC 607 + > 100 6.25 50   
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Pactamycin has strong antineoplastic activity in vitro. Median inhibition 

dose (ID50) against KB human epidermoid carcinoma cells is 0.003 μg/mL 

(Bhuyan, 1962).  Another study also showed pactamycin inhibited several 

precursors incorporating into HeLa cells (Tscherne and Pestka, 1975). The 

50% growth inhibitory concentrations (IC50) against L1210 mouse 

lymphocytic leukemia cells were 0.027 μg/mL for 8"-hydroxypactamycin 

and 0.026 µg/mL for 7-deoxypactamycin (Dobashi et al., 1986).In vivo 

experiments in mice and hamsters demonstrated that pactamycin was active 

against multiple tumors. As shown in Table 1-2, it could either inhibit the 

growth of the solid tumors or increase the survival time of leukemia animals 

at the dose of 0.5-2 mg/kg  (Bhuyan, 1962; Bhuyan et al., 1961).   

 

Pactamycin also shows anti-viral activity. After treatment of poliovirus-

infected HeLa cells with pactamycin, poliovirus protein synthesis was 

inhibited (Taber et al., 1971). 
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Table 1-2. The antitumor activities of pactamycin (Bhuyan et al., 1961) 

Tumor organic tissue Dose (mg/kg) Inhibition (%) Toxicity 

Ehrlich carcinoma breast 1 39 ± 

Glioma-26 neuroectodermal  1 35 ± 

Ca-755 breast 2 30 ± 

Iglesias adrenal tumor adrenal 1 47 ± 

Crabb hamster sarcoma connective tissue  0.5 39 ± 

Forner adenocarcinoma of small bowel small-bowel  1 25 + 

Rous sarcoma connective tissue 0.5 30 + 

L-1210 G blood 2 40* ? 

Human melanoma (ME-1) in hamsters skin 1.5 58 - 

Human choriocarcinoma in hamsters uterus 0.75 90 - 

*Increase in survival time. 

 

Recently,  as part of their antiprotozoal compounds screening program, the 

Omura group tested culture extracts of soil microorganisms from a variety 

of sources and compounds libraries of the Kitasato Institute against 

Plasmodium falciparum strains K1 (drug-resistant) and FCR3 (drug-

susceptible) (Otoguro et al., 2010). They found that 7-deoxypactamycin 

showed the highest activity against both drug-resistant K1 and drug-

susceptible FCR3 strains of P. falciparum.  The IC50 value is 0.4 nM against 

both strains, which is almost 30 fold greater than that shown by artemisinin. 

The selectivity index of 7-deoxypactamycin is 70, showing it is a promising 

compound that need further investigation. IC50 values of pactamycin were 

14.2 nM and 16.8 nM against P. falciparum K1 and FCR3 strains, 

respectively, which were still comparable with those of artemisinin 
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(Otoguro et al., 2010). The newly isolated de-6-MSA-7-deoxypactamycin 

(jogyamycin) also showed potent antimalarial activity, with an IC50 value of 

1.5 nM against P. falciparum K1, which is 13.5 fold stronger than the 

artemisinin  (Iwatsuki et al., 2012). 

 

Although pactamycin and its analogs showed potent antimicrobial, 

antitumor, antiviral, and antiprotozoal activities, their further development 

as chemotherapeutic agents was curtailed due to the high toxicities. In vitro 

cytotoxicity against human diploid embryonic cell line MRC-5 showed de-

6-MSA-7-deoxypactamycin has the highest cytotoxicity, with an IC50 value 

of 5.6 nM, while pactamycin  and  7-deoxypactamycin exhibiting IC50 

values of 95 nM and 29.5 nM, respectively (Iwatsuki et al., 2012). In vivo 

pactamycin toxicity experiments were performed with mice, rats and dogs.  

The oral and intravenous LD50 in mice were 10.7 mg/kg and 15.6 mg/kg, 

repectively. The IV LD50 in rats was 1.4 mg/kg. The lethal dose to dogs was 

only 0.75 mg/kg, meaning dogs were more sensitive than mice and rats 

(Bhuyan et al., 1961). 7-Deoxypactamycin showed higher in vivo toxicity 

than other analogs, with LD50 in mice 0.76 mg/kg intraperitoneally, 0.84 

mg/kg intravenously and 8.6 mg/kg per oral. The percutaneous LD50 value 

in pigs was lower than 10 mg/kg (Kondo et al., 1964). Another study 

showed the intraperitoneal LD100 in mice of 8"-hydroxypactamycin and 7-
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deoxypactamycin were 25 mg/kg and 1.57 mg/kg, respectively (Dobashi et 

al., 1986). 

 

1.5. Mechanism of action 

 

Pactamycin, like streptomycin and tetracyclines, binds to the 30S ribosomal 

subunit of bacteria. However, in contrast to the other antibiotics, it also 

interacts with the 40S ribosomal subunit of eukaryotic cells (Wettenhall and 

Wool, 1974). Further studies have shown that pactamycin is a potent 

inhibitor of translation in all three kingdoms of life: eukarya, bacteria and 

archaea. This suggests that the inhibition mechanism of pactamycin is 

identical across the three phylogenetic kingdoms (Vazquez, 1979). 

Although a number of comprehensive mechanism studies have been carried 

out, the actual mechanism of action of pactamycin has not been clearly 

defined. Chemical probing experiments showed pactamycin protects two 

universally conserved bases (G693 and C795) in 16S rRNA from chemical 

modification, which are the same as bases that are typically shown to be 

protected by P-site-bound tRNA (Woodcock et al., 1991). Moreover, the 

presence of A694G, C795U and C796U mutations in the 16S rRNA gene 

confer the Halobacterium halobium pactamycin resistance, indicating the 

corresponding rRNA sites might be involved in pactamycin binding 
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(Mankin, 1997). Zonal centrifugation analyses also showed that pactamycin 

inhibits initiation factor-dependent P site binding of tRNA during initiation 

(Cohen et al., 1969). All above mentioned studies suggest that pactamycin 

inhibits the initiation step of protein synthesis, which could be attributed to 

the conformational changes in the 30S subunit, preventing the tRNA from 

binding (Mankin, 1997).  In addition, pactamycin also inhibits the 

elongation step in prokaryotic ribosome at high concentration (Tai et al., 1973).  

 

Crystallographic studies on Thermus thermophilus 30S ribosomal subunits 

with pactamycin revealed the two crucial bases G693 and C795 lie at the 

tips of the stem loops H23b and H24a, between which pactamycin is 

effectively sandwiched (Figure 1-6 A,B) (Brodersen et al., 2000). The 

central ring of pactamycin mimics the RNA sugar-phosphate backbone and 

interacts with C795 and C796 in H24a, while the two aromatic rings stack 

against each other on G693 at the tip of H23b, mimicking an RNA 

dinucleotide (Brodersen et al., 2000). The analysis of the atomic structure of 

the 30S suggested pactamycin binds to the ribosomal E site, rather than P 

site as proposed previously (Carter et al., 2000). The two aromatic rings 

stay in the position normally occupied by the last two bases of the E site 

codon, which result in a remarkable distortion leading to a displacement of 

the mRNA path (Figure 1-6 B).  This would not only hamper the initiation 
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step, but also block the mRNA movement through the 30S and preclude any 

interactions with E site bound tRNA. Moreover, the displacement would 

prevent the interaction between the Shine-Dalgarno sequence of mRNA and 

the corresponding anti- Shine-Dalgarno region at the 3’ end of 16S RNA 

near the 5’ end of the E-site codon. Another possibility is that pactamycin 

might interfere with the function of initiation factor 3, and thus block the 

formation of 70S ribosomes (Brodersen et al., 2000). 

In a most recent mechanism of action study, pactamycin was tested on 

individual steps of translation initiation and elongation in vitro. The results 

showed that there was no inhibition up to the first translocation event, no 

inhibition on binding of fMet-tRNA to 30S subunit, or on the binding of 

Figure 1-6. Mechanism of action study of pactamycin. The binding site of pactamycin (red) 
on 30S ribosome (A). E site of the native structure of 30S long with the original path of 
mRNA mimic (upper), pactamycin bound complex with the altered position of the mRNA 
mimic (B). Pactamycin inhibits translocation by preventing tRNA movement into the E site 
(C). (Brodersen et al., 2000; Dinos et al., 2004). 



27 
 

preinitiation complex with 50S subunit (Dinos et al., 2004). The 

displacement of the path of the mRNA through the E site may hinder the 

movement of the mRNA-tRNA complex from the P site to the E site, thus 

preventing translocation (Figure 1-6 C) (Dinos et al., 2004). It was 

concluded that pactamycin inhibits translocation, not initiation step, in 

protein synthesis (Dinos et al., 2004). 

 

1.6. Resistance mechanisms 

 

Since pactamycin is a potent inhibitor of protein synthesis, obviously, 

pactamycin producing organisms are faced with the threat of auto-toxicity. 

Therefore they should utilize a successful defense strategy. Typically, 

microorganisms acquire resistance to antibiotics through either mutating the 

sites for antibiotic binding, or inactivating antibiotic itself via structure 

modification or degradation, or increasing efflux and preventing the 

accumulation of the antibiotics in the cell. A proposed mechanism for 

acquiring ribosomal resistance to pactamycin is through methylation of 16S 

RNA. Ribosomes from S. pactum were shown to be insensitive to 

pactamycin in vitro. A pactamycin resistance determinant DNA fragment 

from S. pactum had been isolated and cloned in S. lividans genome (Calcutt 

and Cundliffe, 1990). The resulting S. lividans strain successfully gained 



28 
 

pactamycin resistance. It was shown that the A-941 residue in S. lividans 

16S rRNA (A-964 in the homologous Escherichia coli sequence) was 

converted to 1-methyladenosine, and the ribosomal ability to bind 

pactamycin was reduced or abolished (Ballesta and Cundliffe, 1991). In a 

later study, pactamycin resistant mutants of an archaeon Halobacterium 

halobium were isolated. Three types of mutations were found in A694G, 

C795U and C796U (Escherichia coli 16 S rRNA numeration) in 16S rRNA, 

conferring the pactamycin resistance (Mankin, 1997). 

 

1.7. Drug metabolism 

 

Pactamycin showed a broad spectrum of antibiotic and antitumor activity 

both in vitro and in vivo, therefore drug metabolism studies had been carried 

out clinically in cancer patients, as well as in the animal models (Bhuyan 

and Johnston, 1963). After intravenous administration of pactamycin in 

various animal species, the serum drug level decreased rapidly and 

disappeared within 30 minutes, which was not attributable to inactivation by 

blood or irreversible binding by tissues. Only approximately 1% of the total 

pactamycin was recovered in the urine, ruling out the possibility of rapid 

excretion. In vitro study showed pactamycin was degraded by liver slices of 

dog at the rate of 487 µg/hr/g liver slices, which could explain the rapid 
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inactivation of pactamycin and low recoveries in vivo. Rapid disappearance 

of pactamycin from blood and poor recovery from urine were also observed 

in cancer patients. However, patients suffering from extensive liver 

metastasis had higher blood levels and excreted more pactamycin, which 

could be attributed to the inability of the metastatically involved liver to 

degrade the antibiotic (Bhuyan and Johnston, 1963). On the other hand, 

previous animal experiment showed pactamycin caused nearly 90% 

inhibition of the growth of human choriocarcinoma in hamsters. In view of 

the low blood levels of pactamycin, its antitumor activity is surprising. It is 

also possible that the pactamycin metabolic products have the antitumor 

activities in vivo, which need further study with radioactive pactamycin  

(Bhuyan and Johnston, 1963). 

 

1.8. Total synthesis 

 

Pactamycin, which is known to be one of the most complex and densely 

functionalized aminocyclitol antibiotics, presents great synthetic challenges.  

Over the years, a number of synthetic organic chemistry groups have spent 

significant efforts to synthesize pactamycin (Knapp and Yu, 2007; 

Tsujimoto et al., 2005). Very recently, pactamycin, as well as its naturally 

occurring congener pactamycate, have finally succumbed to total synthesis 
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(Hanessian et al., 2011) (Figure 1-7 and Figure 1-8). Considering the 

densely functionalized aminocyclitol harboring three contiguous tertiary 

centers, the Hanessian group chose L-threonine as a starting material, 

representing C1, C2, C7, and C8, and ensuring the position of the amine 

group at C1 and the configuration of the secondary hydroxy group in the 

hydroxyethyl appendage. The cyclopentenone core was generated through 

an intramolecular aldol condensation (Hanessian et al., 2011). 

 

Figure 1-7. Retrosynthesis of pactamycin. 

 

As shown in Figure 1-8, the seemingly straightforward total synthesis route had 

32 linear steps from L-threonine. The overall yield is less than 3.0 %.  
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Figure 1-8. Total synthesis of pactamycin from L-threonine. (Hanessian et al., 2011) 
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1.9. Biosynthetic study 

 

1.9.1. The biosynthetic origin of pactamycin 

Since the structure of pactamycin is unique among known antibiotics, the 

biosynthetic origin of pactamycin had been an interesting topic for study 

since several decades ago. Previously, biosynthetic studies of pactamycin 

were performed by conventional feeding experiments with isotopically 

labeled precursors. The first studies were designed to determine appropriate 

precursors by detecting which 14C-labeled compounds were incorporated 

into pactamycin. The results showed that acetic acid, glucose, and 

methionine are well incorporated, whiles other potential precursors were 

much less so (Weller and Rinehart, 1978).  

 

The next experiments include assignment of 13C spectrum of pactamycin 

and incorporation of 13C-labelled precursors. As shown in Figure 1-9, result 

of 13C labeling experiments showed that 6-MSA moiety is derived from 

acetic acid, with C-1′, C-3′, C-5′ and C-7′ labeled by the methyl carbon of 

acetate and C-2′, C-4′, C-6′ and C-8′ by the carboxyl carbon. The 

aminoacetophenone moiety is derived in part from acetate, only C-8′′ being 

labeled by the methyl carbon of acetate. Another three carbons, C-2′′, C-6′′ 

and C-8′′ are labeled by [6-13C] glucose. Presumably, similar to 6-MSA, C-



33 
 

8′′ labeling is via acetate. Moreover, the labeling at C-2′′ and C-6′′ is 

unequal. C-2′′ labeling by [6-13C] glucose is much greater than C-6′′, 

meanwhile, C-6′′ labeling by [1-13C] glucose is much greater than C-2′′, in 

ratios similar to the biosynthetic origin of shikimic acid. Subsequently, after 

feeding of 3-amino[ring-U-14C]benzoic acid into growing S. pactum culture, 

labeled pactamycate was isolated. These experiments suggest that 3-

aminobenzoic acid is the precursor of 3-aminoacetophenone. Both of them 

are from an unknown branch of the amino-shikimate pathway. It has been 

suggested that the five-member ring aminocyclitol moiety of pactamycin is 

derived from glucose, C-3 of cyclopentane ring labeling with [1-13C] 

 

Figure 1-9. Biosynthetic origin of pactamycin (Rinehart et al., 1981). 
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glucose, while C-9 labeling with [6-13C] glucose. The four-methyl groups 

and the hydroxymethine carbon in the molecule are derived from 

methionine (Rinehart et al., 1981). 

 

1.9.2. Biosynthetic gene cluster 

Based on its unique chemical structure and results from the feeding studies, 

it is tempting to speculate that the pactamycin biosynthetic machinery may 

consist of unusual enzymes that catalyze unique chemical transformations. 

Therefore, to study pactamycin biosynthesis at the genetic and enzymatic 

level, our group has identified the biosynthetic gene cluster of pactamycin 

within an 86-kb sequenced region of DNA from S. pactum ATCC 27456 

(Ito et al., 2009). Sequence analysis revealed the presence of 53 open 

reading frames, some of which (ptmA-Z) are predicted to be involved in the 

biosynthesis of pactamycin (Figure 1-10 and Table 1-3). Kudo et al. have 

independently reported the biosynthetic gene cluster of pactamycin from S. 

pactum NBRC 13433, which turns out to be identical with the strain ATCC 

27456. The previously reported 34 kb DNA sequence consists of 26 open 

reading frames (ORFs) believed to be involved in the biosynthesis of 

pactamycin (Kudo et al., 2007). Our group also identified a number of 

additional genes upstream and downstream of the core cluster which may be 

involved in the transcriptional regulation of the pathway and/or in resistance. 
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Figure 1-10. Genetic organization of the pactamycin biosynthetic gene cluster. 
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Table 1-3. Proposed function of genes in the ptm cluster and the flanking regions 

protein aa Proposed function (homologous protein and/or source organism) Identi. % Sim.% Accession no. 

Orf1 483 phosphoribosylformylglycinamidine synthase subunit [S. coelicolor] 86 92 NP_628260 

Orf2 295 hypothetical protein SAV4137 [S. avermitilis] 59 68 NP_825314 

Orf3 524 N-acetylgalactosamine-6-sulfate sulfatase [Thermobifida fusca] 53 65 YP_289414 

Orf4 527 amidophosphoribosyltransferase [S. coelicolor] 89 96 NP_628267 

Orf5 356 phosphoribosylaminoimidazole synthetase [S. coelicolor] 84 90 NP_628268 

Orf6 364 valine dehydrogenase [S. avermitilis] 85 93 NP_825309 

Orf7 272 hypothetical protein [S. avermitilis] 71 82 NP_825308 

Orf8 211 hypothetical protein [Bradyrhizobium japonicum] 37 44 NP_767161 

Orf9 1328 ATP-dependent helicase [S. avermitilis] 79 88 NP_825305 

Orf10 328 integral membrane protein [S. coelicolor] 76 84 NP_625346 

Orf11 575 putative sigma factor [Saccharopolyspora erythraea] 48 62 YP_001104010 

Orf12 385 putative oxidoreductase [Saccharopolyspora erythraea] 49 60 YP_001103666 

Orf13 156 hypothetical protein [S. coelicolor] 93 96 NP_628275 

Orf14 255 translation initiation factor IF-2 [Frankia alni] 32 35 YP_715913 

Orf15 150 translation initiation factor IF-2 [S. avermitilis] 40 40 NP_823727 

Orf16 788 ATP-dependent RNA helicase [S. avermitilis] 69 76 NP_825300 

PtmY 397 Cytochrome P450 monooxygenase (S. tubercidicus) 59 71 AAT45281 

PtmZ 162 Glutathione peroxidase (Mycobacterium vanbaalenii) 60 72 YP_955911 

PtmA 391 
L-alanine:N-amidino-3-keto-scyllo-inosamine aminotransferase (StsC, S. 

griceus) 
37 50 CAH94315 

PtmB 570 Carbamoyltransferase (MmcS, S. lavandulae) 47 59 AAD32743 

PtmC 367 Fe-S Radical SAM oxidoreductase (MitD, S. lavandulae) 32 50 AAD32720 

PtmD 358 HemK family methyltransferase (S. ambofaciens) 35 49 CAJ88518 

PtmE 178 Hypothetical protein SACE-5647 (Saccharopolyspora erythreae) 38 59 YP_001107758 

PtmF 216 DNA-binding winged-HTH domain (Silicibacter sp.) 38 52 YP_611468 

PtmG 378 Putative deacetylase (MitC, S. lavandulae) 38 46 AAD32721 

PtmH 661 Radical SAM + B12 binding domain (Salinispora arenicola) 53 69 YP_001537758 

PtmI 94 Putative acyl carrier protein (Clostridium perfringens) 33 61 YP_473450 

PtmJ 318 Glycosyltransferase (MitB, S. lavandulae) 34 43 AAD32722 

PtmK 562 3-oxoacyl-(ACP) synthase (Saccharopolyspora erythreae) 44 55 YP_01102877 

PtmL 575 Radical SAM + B12 binding domain (Rhodospeudomonas palustris) 32 47 YP_485691 

PtmM 578 Radical SAM + B12 binding domain (R. palustris) 31 46 YP_485691 

PtmN 351 Oxidoreductase (YcjS, Escherichia coli) 33 50 P77503 

PtmO 257 Hydrolase or acyltransferase (Rhodococcus sp.) 40 52 YP_706151 

PtmP 211 Phosphopantetheinyltransferase (PptA, Silicibacter pomeroyi) 43 55 YP_166099 

PtmQ 1844 PKS (6-methylsalicylic acid synthase) (ChlB1, S. antibioticus) 53 63 AAZ77673 

PtmR 357 3-oxoacyl-(ACP) synthase (CalO4, Micromonospora echinospora) 41 59 AAM70354 

PtmS 505 Acyl-CoA synthetase (HbmAI, S. hygroscopicus) 29 37 AAY28225 
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PtmT 444 Glutamate-1-semialdehyde aminotransferase (Blastopirellula marina) 41 57 ZP_01092129 

PtmU 279 NAD+-dependent oxidoreductase (SimJ1, S. antibioticus) 40 53 AAL15603 

PtmV 226 Phosphoglycerate mutase (Chlorflexus aurantiacus) 37 53 YP_001636926 

PtmW 271 Hypothetical protein SAV3686 (S. avermitilis) 46 55 NP_824863 

PtmX 431 Integral membrane protein (S. coelicolor) 58 68 NP_628287 

Orf17 488 peptidase [Streptomyces avermitilis] 56 66 NP_825295 

Orf18 193 Nourseothricin acetyltransferase [S. noursei] 57 67 CAA51674 

Orf19 1043 ATP-dependent helicase [S. avermitilis] 67 80 NP_826379 

Orf20 360 hypothetical protein [Leuconostoc mesenteroides subsp. mesenteroides] 28 45 YP_818486 

Orf21 549 membrane protein [S. avermitilis] 61 72 NP_825293 

Orf22 134 hypothetical protein [S. coelicolor] 37 45 NP_629419 

Orf23 430 tRNA methyltransferase [S. avermitilis] 79 85 NP_825292 

Orf24 394 FAD dependent oxidoreductase [hypothetical protein, S. coelicolor] 80 84 NP_628292 

Orf25 492 sporulation associated protein [S. coelicolor] 90 93 NP_825290 

Orf26 720 secreted protein [S. coelicolor] 69 77 NP_733627 

 

 

 

 

1.9.3. Proposed biosynthetic pathway to pactamycin 

Based on previous feeding experiments along with the bioinformatic 

information, we proposed biosynthesis pathway to the 3-

aminoacetophenone unit and pactamycin core unit as shown in Figure 1-11 

(Ito et al., 2009) . 
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 Figure 1-11. Proposed biosynthetic pathways to pactamycin. 
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1.9.4. 3-Aminoacetophenone formation 

Despite its relatively simple chemical structure, little is known about the 

biosynthesis of 3-aminoacetophenone or its corresponding acid, 3-

aminobenzoic acid. As proposed by Rinehart and co-workers, the 3-

aminoacetophenone unit is derived from the shikimate pathway, possibly 

diverging at the dehydroquinate (DHQ) or dehydroshikimate (DHS) 

intermediate steps (Rinehart et al., 1980). One of the aminotransferase 

genes within the pactamycin cluster (ptmA or ptmT) was believed to play a 

role in the formation of 3-aminobenzoic acid, whereas the other may be 

involved in the introduction of an amino group to the C-3 position of the 

cyclopentitol core unit (Figure 1-12 A). Inactivation of either ptmA or ptmT 

completely abolished pactamycin biosynthesis. However, chemical feeding 

complementation with 3-aminoacetophenone, or its precursor 3-

aminobenzoic acid and [1-13C]-3-aminobenzoic acid could only rescue the 

production of pactamycin in the ptmT mutant (Figure 1-12 B), not in ptmA 

mutant (data not shown), suggesting that ptmT is the aminotransferase gene 

responsible for 3-aminobenzoic acid formation. 
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Figure 1-12. Aminotransferase PtmT is involved in 3-amino benzoic acid formation. Proposed 
functions of aminotransferase PtmA/PtmT (A). MS spectrometry analysis of PtmT gene 
inactivation and chemically feeding complementation (B). 
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As shown in Figure 1-11, further processing of this molecule by PtmI, 

PtmK or PtmR, and PtmS are predicted to complete the biosynthesis of the 

aminoacetophenone precursor. PtmK is similar to -ketoacyl-ACP synthase 

(KAS) I and II, whereas PtmR is similar to KAS III, which are responsible 

for the elongation steps in fatty acid biosynthesis (Ahlert et al., 2002; Bibb 

et al., 1994). Since feeding experiments have shown that the methyl group 

present in the aminoacetophenone subunit is derived from C-2 of acetate, 

PtmK or PtmR may be involved in this extension. In this scenario, the 

putative acyl-CoA synthetase (PtmS) is proposed to activate 3-

aminobenzoic acid to 3-aminobenzoyl-CoA. Alternatively, PtmS may also 

function as an adenylation domain, converting 3-aminobenzoic acid to its 

AMP derivative. If PtmK (a KAS I/II homolog) is involved in the chain 

extension, it would require two ACP-bound substrates, whereas if PtmR 

(KAS III) is involved, it may require a CoA-ester starter unit and an ACP-

bound extender unit. Given that only one discrete acyl carrier protein (ACP) 

gene (ptmI) is present in the cluster, it is predicted that PtmR is the enzyme 

that catalyzes the condensation reaction. The extender unit malonyl-CoA 

may be loaded onto the discrete ACP (PtmI) by the putative 

hydrolase/acyltransferase PtmO. PtmO may also be involved in the release 

of the product from the ACP-bound intermediate, although it is not clear if 

the same enzyme can catalyze both reactions. Finally, decarboxylation of 
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the product is predicted to yield the aminoacetophenone precursor. This 

decarboxylation may occur spontaneously or may be catalyzed by a yet to 

be identified dedicated enzyme. On the other hand, Kudo et al. proposed 

that 3-aminobenzoic acid is activated to its AMP derivative by PtmS (PctU) 

and the product is directly condensed with acetyl-CoA to form a -ketoacyl 

intermediate, which is then hydrolyzed and decarboxylated to give 3-

aminoacetophenone (Kudo et al., 2007). However, no enzymes were 

proposed for the condensation of 3-aminobenzoyl-AMP and acetyl-CoA or 

for the decarboxylation reaction. Further investigations are necessary to 

reveal the mode of formation of 3-aminoacetophenone in S. pactum. 

 

1.9.5. Cyclopentitol ring formation 

Analysis of PtmC has revealed that this enzyme lacks a B12-like binding 

motif and more closely resembles the subfamily of Radical SAM enzymes 

involved in redox chemistry. Based on BLAST similarity with the 

mitomycin biosynthetic genes and preliminary experiments by Kudo et al., 

it is predicted that PtmC, PtmJ (putative glycosyltransferase), and PtmG 

(putative deacetylase) may be involved in the formation of the cyclopentitol 

core, and that this process may be similar to the formation of the mitosane 

core structure during mitomycin biosynthesis (Mao et al., 1999). 
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Interestingly, the radical SAM enzyme MitD, the glycosyltransferase MitB, 

and the putative N-deacetylase MitC from the mitomycin biosynthetic gene 

cluster are close homologs of PtmC, PtmJ, and PtmG respectively. During 

mitomycin biosynthesis, D-glucosamine is assembled into the mitosane core 

structure via condensation with an AHBA unit. Although the details of this 

reaction mechanism have not been elucidated, it was proposed that MitB 

would mediate the condensation reaction between the two units followed by 

an unknown mechanism to complete the C-C bond formation (Mao et al., 

1999). In order to confirm the involvement of these genes in pactamycin 

biosynthesis, we inactivated both ptmC and ptmJ in S. pactum and analyzed 

the phenotypes. HPLC analysis of the culture broths revealed that the 

mutant strains lack the ability to produce pactamycin (Figure 1-13).  

 

Figure 1-13. HPLC analysis of the wild-type and the ptmC and ptmJ mutant products. 
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In addition, in vitro enzymatic assay using recombinant PtmJ and in vivo 

feeding experiment with E. coli harboring the ptmJ gene both demonstrated 

that the glycosyltransferase PtmJ is capable of coupling UDP-N-acetyl-D-

glucosamine and 3-aminoacetophenone (Figure 1-14). This result is 

consistent with report by Kudo et al. (Kudo et al., 2007). The coupling 

reaction was proposed to occur prior to a cyclopentane ring formation. The 

resulting intermediate would then need to undergo deacetylation, possibly 

by the N-deacetylase homologue PtmG followed by radical-mediated 

rearrangement by PtmC to form the cyclopentitol ring structure.  

Figure 1-14. In vitro and in vivo characterization of the recombinant PtmJ enzyme. 
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Alternatively, cyclopentitol formation could also be mediated through an 

NAD+-dependent oxidoreductase reaction mechanism involving PtmN or 

PtmU.  

 

1.9.6. 6-MSA formation 

PtmQ shares high similarity with the iterative type I PKS, ChlB1, that is 

involved in the biosynthesis of 6-MSA in Streptomyces antibioticus (Jia et 

al., 2006) . PtmQ was heterologously expressed in Streptomyces lividans T7 

and the resulting transformants were found to produce 6-methylsalicylic 

acid (6-MSA) (Figure 1-10 A). Inactivation of the ptmQ gene in S. pactum 

also impaired the production of pactamycin and pactamycate, but led to 

production of two new pactamycin analogs, de-6-MSA-pactamycin and de-

6-MSA-pactamycate (Figure 1-15 B). The new compounds showed 

equivalent antibacterial and cytotoxic activities with the corresponding 

parent molecules, suggesting that the 6-MSA moiety is not essential for 

their antibacterial and cytotoxic activities (Ito et al., 2009).  
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(A)

 

(B) 

 

Figure 1-15. Heterologous expression of ptmQ in S. lividans T7 (A) and LC-MS analysis 
of the ptmQ mutant (B). 
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6-MSA may be converted to 6-MSA-CoA and subsequently ligated with the 

pactamycin core structure(s). As there is only one acyl-CoA synthetase gene 

(ptmS) present in the pactamycin cluster, it is not clear if PtmS catalyzes the 

activation of 3-aminobenzoic acid or 6-MSA or both. Similarly, the putative 

acyltransferase, PtmO, which was proposed to be involved in the loading of 

malonyl-CoA to the ACP (PtmI) in the formation of 3-aminoacetophenone, 

may instead catalyze the attachment of 6-MSA to the core cyclopentitol 

moiety (Ito et al., 2009). 

 

1.9.7. Tailoring process 

While the order of tailoring reactions that include C-methylation, 

carbamoylation, N-methylation and hydroxylation is currently unclear, 

putative enzymes that mediate these processes are all accounted for within 

the ptm cluster. PtmB is predicted to catalyze the N-carbamoylation of the 

cyclopentitol core unit. The SAM-dependent N-methyltransferase homolog 

PtmD is then predicted to convert the carbamoyl group into the N-dimethyl 

functionality seen in the final product. The radical SAM homologs, PtmH, 

PtmL, and PtmM, all contain conserved B12-like binding domains, 

suggesting that they play a role in the three C-methylation reactions 

involved in pactamycin biosythesis. PtmY, which shares high identity with 
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cytochrome P450 monooxygenases, is proposed to play a role in the 

hydroxylation reaction  (Ito et al., 2009). 

 

1.9.8. Putative regulatory and resistance proteins 

In addition to the core biosynthetic genes required for pactamycin 

biosynthesis, we have sequenced additional flanking regions that were not 

previously reported by Kudo et al. A number of these additional ORFs may 

be involved in the regulatory and resistance mechanisms of pactamycin 

biosynthesis. 

Orf11 shares high homology with the extracytoplasmic function (ECF) 

subfamily of RNA polymerase sigma factors. Sigma factors are known to 

enhance the transcriptional initiation processes of RNA polymerase by 

increasing specific binding of the polymerase to gene promoters. ECF 

sigma factors are often the most numerous sigma factors present in complex 

prokaryotic genomes and are quite divergent from most other sigma factors 

(Helmann, 2002). Interestingly, many of the characterized ECF sigma 

factors are co-transcribed with one or more negative regulators. These can 

include transmembrane proteins that bind with the sigma factor and inhibit 

its activity until the appropriate stimulus activates the transmembrane 
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protein and releases the sigma factor so that it can bind to and activate RNA 

polymerase at the appropriate gene targets. In the ptm cluster, the 

neighboring open reading frame, Orf10, shares high homology with integral 

membrane proteins, and thus, may serve as the negative regulator for the 

Orf11 sigma factor. The positioning of Orf11 near the biosynthetic enzymes 

in the pactamycin gene cluster suggests that this factor may be involved 

with the regulation of pactamycin gene expression.  

Orf14 and Orf15 are hypothetical proteins that have low identity to 

translation initiation factor IF-2 from Frankia alni ACN4a and 

Streptomyces avermitilis MA-4680, respectively. Their function related to 

pactamycin biosynthesis is unclear, but may be involved in regulating the 

biosynthetic enzyme production. 

Orf9, Orf16, and Orf19 are highly related to the family of ATP-dependent 

(DEAD-box) RNA helicases. The primary function of RNA helicases is to 

facilitate the unwinding of secondary structures in mRNA and promote 

ribosome assembly. Thus, Orf16 and/or Orf19 may play a role in the 

translational regulation of pactamycin biosynthetic proteins. 

Orf18 shares high homology with nourseothricin acetyltransferase from 

Streptomyces noursei. Nourseothricin is a nucleoside peptide that has potent 

antifungal and antibacterial activity due to its ability to inhibit translation 
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and ultimately, protein synthesis. In the producing strain, S. noursei, the 

nourseothricin acetyltransferase gene confers resistance to the compound by 

mediating N-acetylation at the C-16 position (Haupt et al., 1986; Zahringer 

et al., 1993). Similarly, pactamycin resembles a nucleoside moiety, which 

alters tRNA binding at the P-site of the ribosome and inhibits the 

translocation of translated products (Dinos et al., 2004). Thus, Orf18 may 

mediate host resistance via the acetylation of pactamycin or an intermediate 

structure during pactamycin biosynthesis. However, no acetylated 

pactamycin derivatives have ever been isolated from S. pactum. 

Alternatively, Orf18 is more distantly related to ribosomal-protein-alanine 

acetyltransferases, which may be important in self-defense strategy to the 

producing strain by modifying its own ribosome. 

Orf23 is highly homologous with the tRNA methyltransferase from S. 

avermitilis. A common strategy that bacteria use in resistance mechanisms 

involves the alteration of cellular target molecules so that they will no 

longer interact with the antibacterial agent (Wright, 2003). Thus, Orf23 may 

be involved in the methylation/modification of the cellular tRNA binding 

site of pactamycin, inhibiting or reducing the toxicity of pactamycin in the 

producing strain.  
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PtmF, which was previously reported by Kudo et al. as PctH, demonstrates 

weak homology to DNA binding response regulators or two-component 

transcription regulators (i.e., DNA winged) (Kenney, 2002). Thus, this 

protein may be involved in the transcriptional regulation of the pathway and 

was selected as a target for gene inactivation described below.  

 

1.10. Research Objectives 

 

Determine the function of the putative structural genes within the 

pactamycin gene cluster by in vivo gene inactivation and phenotypic 

analysis. 

[1] To identify a minimal set of genes that is required for pactamycin 

biosynthesis. 

[2] To identify genes involved in the formation of amino cyclopentane ring 

structure. 

[3] To identify gene responsible for the biosynthesis of 3-amino benzoic acid 

and to reveal its mode of formation. 

[4] To investigate genes involved in the tailoring process, e.g., N-

carbamoylation,  N-methylations, C-methylations, hydroxylation, and 6-

MSA attachment. 
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Generate pactamycin analogs by combined molecular genetic and 

mutasynthesis approaches and determine their biological activities. 

[1] To explore the production of pactamycin analogs by in vivo gene 

inactivation. 

[2] To generate novel compounds by feeding mutant strain with alternative 

precursors. 

[3] To isolate, purify and structurally elucidate the resulting novel analogs. 

[4] To test the biological activities of novel compounds against bacteria, 

malarial parasites and multiple cancer cell lines.   

 

Study the transcriptional regulations involved in pactamycin biosynthesis  

[1] To identify pathway specific regulatory genes by in vivo gene 

inactivation. 

[2] To explore the environmental signals responsible for pactamycin 

biosynthesis. 

[3] To determine the timing and network of transcriptional regulation 

involved in pactamycin biosynthesis. 

[4] To improve the production yield of pactamycin analogs by 

overexpressing the positive regulators. 
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2.1. Abstract 

Pactamycin, one of the most densely functionalized aminocyclitol 

antibiotics, has pronounced antibacterial, antitumor, antiviral, and 

antiplasmodial activities, but its development as a clinical drug was 

hampered by its broad cytotoxicity. Efforts to modulate the biological 

activity by structural modifications using synthetic organic chemistry have 

been difficult due to the complexity of its chemical structure. However, 

through extensive biosynthetic studies and genetic engineering, we were 

able to produce novel analogs of pactamycin that show potent antimalarial 

activity, but lack significant antibacterial activity, and are about 10-30 times 

less toxic than pactamycin toward mammalian cells. The results suggest that 

distinct ribosomal binding selectivity or new mechanism(s) of action may 

be involved in their plasmodial growth inhibition, which may lead to the 

discovery of new antimalarial drugs and identification of new molecular 

targets within malarial parasites. 
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2.2. Introduction 

Pactamycin is a structurally unique antitumor antibiotic isolated from the 

soil bacterium Streptomyces pactum (Bhuyan, 1962). It shows potent 

antimicrobial (Bhuyan, 1962), antitumor (White, 1962), antiviral (Taber et 

al., 1971), and anti-protozoal (Otoguro et al., 2010) activities, and literally 

affects cell growth of all three phylogenetic domains, eukarya, bacteria, and 

archaea. Its broad-spectrum growth inhibitory activity is mainly due to its 

ability to bind a conserved region within the 30S ribosomal subunit of most 

organisms, inhibiting the translocation of certain mRNA-tRNA complexes 

and blocking protein synthesis (Brodersen et al., 2000; Dinos et al., 2004). 

Although pactamycin was first reported by the Upjohn Company in the 

1960’s (Bhuyan, 1962; White, 1962) and its various biological activities 

have been extensively investigated (Bhuyan, 1967; Bhuyan et al., 1961; 

Cohen et al., 1969; Lima and Kierszenbaum, 1982; Otoguro et al., 2010; 

Taber et al., 1971; White, 1962), further development of this compound was 

hampered by its wide-ranging cytotoxicity. Moreover, its complex chemical 

structure has rendered its structural modification via synthetic organic 

chemistry difficult. The density of stereocenters within its core unit has 

seemingly posed significant challenges to its total synthesis (Knapp and Yu, 

2007), and, in fact, no such accomplishments have been reported thus far. 
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The biosynthetic origin of pactamycin had been studied by Rinehart and co-

workers by feeding experiments with isotopically labeled precursors 

(Rinehart et al., 1981; Weller and Rinehart, 1978). It has been suggested 

that the five-member ring aminocyclitol moiety of pactamycin is derived 

from glucose, whereas 6-methyl salicylic acid (6-MSA) is derived from 

acetic acid. The 3-aminoacetophenone moiety is derived from an unknown 

branch of the shikimate pathway (Rinehart et al., 1981). More insights into 

the biosynthesis of pactamycin have emerged from the recent identification 

of the biosynthetic gene cluster of pactamycin in S. pactum (Ito et al., 2009; 

Kudo et al., 2007). Based on the latter study, it was postulated that PtmC (a 

radical SAM enzyme), PtmJ (a glycosyltransferase), and PtmG (a putative 

deacetylase) are involved in the formation of the cyclopentitol core (I) 

(Figure 2-1), and that this process is similar to the formation of the mitosane 

core structure during mitomycin biosynthesis (Mao et al., 1999). In fact, the 

radical SAM enzyme MitD, the glycosyltransferase MitB, and the putative 

N-deacetylase MitC from the mitomycin biosynthetic gene cluster are close 

homologues of PtmC, PtmJ, and PtmG, respectively (Ito et al., 2009). The 

cyclopentitol I may be converted to compound II through isomerization and 

aminotransferation. However, little is known about the mode of formation 

of this interesting aminocyclopentitol core structure.  
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No less intriguing an aspect of pactamycin biosynthesis is its high degree of 

tailoring modifications, e.g., N-carbamoylation, N-methylation, C-

methylation, hydroxylation, and 6-MSA attachment, which are all confined 

within the highly compacted core structure  (Figure 2-1 A). Feeding 

experiments using 13C-methionine revealed that five methylation events are 

involved in pactamycin biosynthesis, three of which are C-methylations and 

two are N-methylations (Weller and Rinehart, 1978). Most remarkably, the 

C-7/C-8 hydroxyethyl moiety is derived from two units of methionine 

through ‘tandem’ C-methylations. C-Methylation also occurs at the 

 

Figure 2-1. Biosynthesis of pactamycin. (A) A synopsis of the proposed biosynthetic pathway 
to pactamycin is shown. (B) The core biosynthetic gene cluster of pactamycin and the putative 
tailoring genes are shown. 
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neighboring C-5 position of the core cyclopentitol unit. In silico analysis of 

the biosynthetic gene cluster of pactamycin suggests that these C-

methylations may be catalyzed by radical SAM-dependent enzymes. 

Similar enzymes have been proposed to play a role in the biosynthesis of 

chlorobiocin (CloN6) (Westrich et al., 2003), fortimicin KL1 (Kuzuyama et 

al., 1995), fosfomycin (Fom3) (Higgins et al., 2005), mitomycin (MitD) 

(Mao et al., 1999), nikkomycin (Jia et al., 2000), and many other important 

primary and secondary metabolites (Figure 2-2) (Sofia et al., 2001). Such 

tailoring enzymes are certainly important from a pharmaceutical point of 

view, as inactivation of these enzymes may result in pactamycin analogs 

that have been deemed inaccessible by synthetic organic chemistry. Herein, 

we describe the functional analysis of the putative ‘tailoring genes’ in S. 

pactum ATCC 27456 and postulate their roles in pactamycin biosynthesis 

(Figure 2-1B). In addition, the study resulted in a number of new 

pactamycin analogs that showed potent antimalarial activity, but in contrast 

to pactamycin have no significant antibacterial activity and reduced 

cytotoxicity against mammalian cells. The results suggest that the 

compounds either have higher selectivity towards the plasmodial ribosome, 

or new mechanism(s) of action are involved in their plasmodial growth 

inhibition. The study also highlights the importance of biosynthetically- 
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based structural modification methodologies in generating novel 

pactamycin analogs with promising biological activity. 

 

2.3. Materials and methods 

Bacterial strains and plasmids: Pactamycin producing S. pactum ATCC 

27456 was purchased from American Type Culture Collection (ATCC). 

Figure 2-2. Radical SAM enzymes in primary and secondary metabolisms. A) Examples of 
reactions catalyzed by radical SAM enzymes in vitamins and co-factors biosyntheses; a) 
biotin synthase catalyzes the insertion of a sulfur atom into two C-H bonds to form the 
thiophane ring; b) MoaA catalyzes the conversion of 5´-GTP to precursor Z in 
molybdoterin biosynthesis; c) ThiC catalyzes a complex rearrangement of 5-
aminoimidazole ribonucleotide (AIR) to form 4-amino-5-hydroxymethyl-2-
methylpyrimidine phosphate (HMP-P) in thiamine pyrimidine biosynthesis; d) HemN 
catalyzes the oxidative decarboxylation of coproporphyrinogen III. B) Chemical structures 
of antibiotics whose biosyntheses involve Radical SAM enzymes. Some of known or 
proposed structural changes as a result of radical SAM enzyme catalysis are drawn in red.  
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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. pBlueScript II (SK-) (Stratagene) and pGEM-T 

Easy (Promega) were used as cloning vectors. pJTU695 (a gift from Dr. L. 

Bai), and pSET152 were used for construction of integrative shuttle 

plasmids for complementation experiments and pOJ446 was used for 

amplification of AprR gene  (Kieser et al., 2000). pHZ1358 is a pIJ101 

derivative containing an OriT transfer element required for conjugation 

(Sun et al., 2002). Other bacterial strains and plasmids used in this study are 

listed in Table 2-1. 

Table 2-1. Strains and plasmids used in this study 

Strains Relevant genotype/comments Source/Ref 

Escherichia coli 
DH10B 

F- mcrA (mrr-hsdRMS-

mcrBC)80lacZM15 lacX74 recA1 endA1 

araD139 (ara, leu)7697 galU galK - rspL 
nupG 

GibcoBRL 

E. coli 
ET12567(pUZ8002) 

dam dcm hsdS, pUZ8002 
(Paget et al., 
1999) 

Streptomyces pactum 
ATCC 27456 

Wild-type pactamycin producing strain ATCC 

S. pactum MT-ptmB ptmB disruption mutant This study 

S. pactum MT-ptmD ptmD disruption mutant This study 

S. pactum MT-ptmH ptmH disruption mutant This study 



61 
 

S. pactum MT-ptmL ptmL disruption mutant This study 

S. pactum MT-ptmM ptmM disruption mutant This study 

S. pactum MT-ptmY ptmY disruption mutant This study 

S. pactum MT-
ptmH-ptmQ 

ptmH and ptmQ double mutant This study 

S. pactum MT-
ptmB/TMW051 

ptmB mutant complementation with 
pTMW051 

This study 

S. pactum MT-
ptmD/TMW052 

ptmD mutant complementation with 
pTMW052 

This study 

S. pactum MT-
ptmH/TMW057 

ptmH mutant complementation with 
pTMW057 

This study 

S. pactum MT-
ptmL/TMW053 

ptmL mutant complementation with 
pTMW053 

This study 

S. pactum MT-
ptmM/TMW054 

ptmM mutant complementation with 
pTMW054 

This study 

Staphylococcus 
aureus ATCC 12600 

Marker strain for antibacterial assay ATCC 

Bacillus subtilis 
ATCC 6081 

Marker strain for antibacterial assay ATCC 

Pseudomonas 
aeruginosa ATCC 
9721 

Marker strain for antibacterial assay ATCC 

E. coli ATCC 11775 Marker strain for antibacterial assay ATCC 

Plasmids   

pBlueScript II SK(-) 
ColE1-based phagemid vector with f1 (-) and 
pUC origins; T3, T7 and lac promoters; bla. 

Stratagene 
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pGEM-T 

High copy number PCR cloning vector 
containing T7 and SP6 RNA polymerase 
promoters flanking a multiple cloning region 
within the alpha-peptide coding region of the 
enzyme beta-galactosidase; bla. 

Promega 

pOJ446 
E. coli-Streptomyces shuttle cosmid for 
conjugal transfer; aac(3)IV 

(Kieser et al., 
2000) 

pHZ1358 tsr, bla, oriT, ori(pIJ101) (Sun et al., 2002)

pJTU1278+ 
pHZ1358 derivative containing lacZ and 
MCS  

(Ito et al., 2009) 

pTMN002 

pJTU1278+ derivative containing a 1 kb 
aac(3)IV 

apramycin resistance cassette from pOJ446 

(Ito et al., 2009) 

pTMW025 
Two 1 kb PCR fragments upstream and 
downstream of the ptmB gene in pTMN002 

This study 

pTMN003 
Two 1 kb PCR fragments upstream and 
downstream of the ptmD gene in pTMN002 

This study 

pTMW026 
Two 1 kb PCR fragments upstream and 
downstream of the ptmH gene in pTMN002 

This study 

pTMW027 
Two 1 kb PCR fragments upstream and 
downstream of the ptmL gene in pTMN002 

This study 

pTMN004 
Two 1 kb PCR fragments upstream and 
downstream of the ptmM gene in pTMN002 

This study 

pTMN005 
Two 1 kb PCR fragments upstream and 
downstream of the ptmY gene in pTMN002 

This study 

pTMN101 
1 kb aac(3)IV apramycin resistance cassette 
in ptmQ gene 

(Ito et al., 2009) 

pTMN001 
ptmQ-aac(3)IV fragment from pTMN101 in 
pHZ1358 

(Ito et al., 2009) 
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pSET152 
lacZα, ori(pUC19), oriT(RP4), int-
attP(φC31), aac(3)IV 

(Kieser et al., 
2000) 

pTMX12b 
pSET152 derivative containing ampicillin  
resistance gene bla 

This study 

pJTU695 tsr,bla,oriT ,ori , pI J101 derivative, PermE* (Bai et al., 2006) 

pTMW050 
pTMX12b derivative containing PermE* 
promoter from pJTU695 and MCS 

This study 

pTMW051 
pTMW050 containing complete structural 
gene of ptmB 

This study 

pTMN052 
pTMW050 containing complete structural 
gene of ptmD 

This study 

pTMW057 
pTMW050 containing complete structural 
gene of ptmH 

This study 

pTMW053 
pTMW050 containing complete structural 
gene of ptmL 

This study 

pTMN054 
pTMW050 containing complete structural 
gene of ptmM 

This study 

TIP3 
Fosmid clone containing part of the ptm 
cluster 

(Ito et al., 2009) 

5A7 
Fosmid clone containing part of the ptm 
cluster 

(Ito et al., 2009) 

 

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 



64 
 

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 and Russell, 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 2-2. 

The nucleotide sequences of the gene fragments were determined at the 

Center for Genome Research and Biocomputing (CGRB) Core Laboratories, 

Oregon State University. ORFs were analyzed by FramePlot analysis 

(Ishikawa and Hotta, 1999) and BLAST programs (Altschul et al., 1990). 

Table 2-2. Primers used in this study 

Primer Sequence(a) 

ptmB-F1 5’- CCCAAGCTTCGTCGTAGCGTTCCAGCAGC -3’ 

ptmB-R1 5’- CCGGAATTCGAGACCCAGAGCCAGCATACA -3’ 

ptmB-F2 5’- CCGGAATTCTTCCTGGAGGACTTCCTGGTGG -3’ 

ptmB-R2 5’- TGCTCTAGACGGTGAAGAAGGTGAGGTCGC -3’ 

ptmB-P1 5’- ACATTTCGTAGTGCTGGTGCTTG -3’ 

ptmB-P2 5’- GATGGTGTCCACGTCCTCGTC -3’ 

ptmB-C1 5’- ATCATATGCTGGCTCTGGGTCTCGGCG -3’ 
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ptmB-C2 5’- CGGAATTCTCACTCGGTCTCCTCCGTC -3’ 

ptmD-F1 5’- CCCAAGCTTGCTGAAGGGCTCCACCGA -3’ 

ptmD-R1 5’- CCGGAATTCGGCCGAAATCCCGTCCAC-3’ 

ptmD-F2 5’- CCGGAATTCGTCGGCCGGTTCAGCTGA -3’ 

ptmD-R2 5’- TGCTCTAGACAGGAGCTGAAGGAGATC -3’ 

ptmD-P1 5’- GCGACGGACAGAACCGCCTCAA -3’ 

ptmD-P2 5’- ACGCCCTGCTGGTCTCCTTCCA -3’ 

ptmD-C1 5’- CGCATATGATATCCGTGGACGGGATTTCGGC -3’ 

ptmD-C2 5’- TAGAATTCTCAGCTGAACCGGCCGACG -3’ 

ptmH-F1 5’- CCCAAGCTTGCTCGGCGTAGTAGGGGTCC -3’ 

ptmH-R1 5’- CCGGAATTCTCCCCAGACGCCTTGCTGTA -3’ 

ptmH-F2 5’- CCGGAATTCCCCAACACCGAGTACCACGA -3’ 

ptmH-R2 5’- TGCTCTAGACGTCGCTTCCATCTTCGTCA -3’ 

ptmH-P1 5’- TGAAGCCCAGCAGCTCCACC -3’ 

ptmH-P2 5’- CGACCAGGATGACCTCGAACC -3’ 

ptmH-C1 5’- ATCATATGGCCCCATTGCGTGGGAGAT -3’ 

ptmH-C2 
5’- ATGGATCCAATTGTCAAACGCGCGTGAACTGGTG 
-3’ 

ptmL-F1 5’- CCCAAGCTTTCGGGGAGATCGCCCTGGAA -3’ 

ptmL-R1 5’- CCGGAATTCCACCTTCTCGTAGAACAGGC -3’ 

ptmL-F2 5’- CCGGAATTCGTCAGCGACCGCAAGGAGGA -3’ 

ptmL-R2 5’- TGCTCTAGAGTGGATCAGGACGTCACGGG -3’ 

ptmL-P1 5’- CCTTCTGGCGGAACCTGCTC -3’ 
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ptmL-P2 5’- GTGGATCAGGACGTCACGGG -3’ 

ptmL-C1 5’- TACATATGGCTGACGCGGTGCTGCTGACGC -3’ 

ptmL-C2 5’- ATGAATTCTCATCCGGCCAGGGCCCGTG -3’ 

ptmM-F1 5’- CCCAAGCTTGCTACAACCACGCCGTGG -3’ 

ptmM-R1 5’- CCGGAATTCGGGTGTCAGCAGGACCAC -3’ 

ptmM-F2 5’- CCGGAATTCCTGATCAACCGGGCCATC -3’ 

ptmM-R2 5’- TGCTCTAGAGCGGAACGGCATGTTCAC -3’  

ptmM-P1 5’- CTTCTGCTACGTGCCGCGGGCCC -3’ 

ptmM-P2 5’- GCGGTCAGCGAGTGGCAGCGGAACG -3’ 

ptmM-C1 5’- TTCATATGTCGGACGTGGTCCTGCTGACAC -3’ 

ptmM-C2 5’- ATGAATTCTCAGCCCCTCACCTGTGCCA -3’ 

ptmY-F1 5’- CCCAAGCTTGCGCACACCATGTACCAG -3’ 

ptmY-R1 5’- CCGGAATTCGAGGGTGGGGGTGTGCAT-3’ 

ptmY-F2 5’- CCGGAATTCCTGATGCGCGGCCTGCAC -3’ 

ptmY-R2 5’- TGCTCTAGAGCTCGCCTACTACGACAG -3’ 

ptmY-P1 5’- CGGCGGCGACCTCACCTTCTTC -3’ 

ptmY-P2 5’- CCCCGGAACAGCCGCAGGACGG -3’ 

              (a) nucleotides underlined refer to restriction sites 
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Construction of the ptmB, ptmD, ptmH, ptmL, ptmM, and ptmY 

knockout mutants: Two ~1 kb PCR fragments upstream (HindIII/EcoRI) 

and downstream (EcoRI/XbaI) of the ptmB, ptmD, ptmH, ptmL, ptmM, and 

ptmY genes were fused and cloned into the HindIII/XbaI site of pBluescript 

II SK(-) vector. For ptmB, the products were subsequently excised with 

HindIII and XbaI, Klenow treated, and ligated with pTMW018 (predigested 

with BamHI and Klenow-treated) to create pTMW025. For ptmD, ptmH, 

ptmL, ptmM, and ptmY, the products were excised and cloned into the 

HindIII/XbaI site of pTMN002 to create pTMN003, pTMW026, pTMW027, 

pTMN004, and pTMN005, respectively. All plasmids were then 

individually introduced into S. pactum ATCC 27456 by conjugation using 

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 10 mM 

magnesium sulfate (MS-Mg) to induce the formation of double crossover 

recombinants. Apramycin sensitive colonies were counter-selected by 

replica plating on MS-Mg agar with and without apramycin (50 g/mL). 

The resulting double-crossover candidate strains were confirmed by PCR 

amplification with external primers flanking the respective targeted gene. 

The resulting PCR fragment from putative double crossover mutants was 
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subcloned into the pGEM-T vector and sequenced to confirm that part of 

the gene has been removed from the chromosome. 

Analysis of metabolites from the ptmB, ptmD, ptmH, ptmL, ptmM, ptmY, 

and ptmH/ptmQ mutants: The mutant strains of S. pactum were grown 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. Single 

colonies were used to inoculate the BTT seed cultures and incubated at 

30 °C for 3 days. Production cultures were prepared in modified Bennet 

medium (Sakuda et al., 2001) (25 mL) and inoculated with seed cultures [10% 

(V/V)]. The production cultures were incubated at 30 °C for five days under 

vigorous shaking (200 rpm). The mycelia were centrifuged and the 

supernatants were extracted twice with equal volumes of ethyl acetate. The 

organic solvent was evaporated in vacuo and the residues were dissolved in 

MeOH and analyzed by reverse-phase HPLC or LC-MS. 

Analysis of the metabolites of the mutants was carried out by reverse-phase 

HPLC on an octadecyl silica gel column (Cosmosil 5C18AR-II 3.0 × 250 

mm, Nacalai Tesque, flow rate 0.20 mL/min). The following solvent 

gradient program [solvent A (H2O) and B (MeOH)] was used: 0-30 

min, % B=50-100; 30-45 min, % B=100; and 50-60 min, % B=50. Peaks 
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eluting from the column were monitored at 260 nm. The molecular weight 

of each compound was determined by electrospray mass spectrometry.  

Purification and characterization of TM-025 and TM-026: The mutant 

strains of S. pactum were cultivated in the production medium as described 

above. The supernatant from 10 L of culture was extracted three times with 

an equal volume of ethyl acetate. The organic solvent was evaporated in 

vacuo to give a yellow solid, which was subsequently dissolved in a small 

amount of ethyl acetate-toluene (2:1). The sample was loaded onto a silica 

gel column (1.4 cm x 20 cm), which was eluted with ethyl acetate-toluene 

(2:1) (250 mL) and then with methanol (600 mL) to give fractions that 

contain TM-025 or TM-026. For TM-025, fractions containing the 

compound were pooled and evaporated to dryness, and the product was 

further purified by HPLC using a C-18 silica gel column (YMC-pack ODS-

A, 4.6X250 mm, Kyoto, Japan) and 0.015 M NH4OAc buffer (pH 5.5) – 

MeOH (65:35) as the mobile phase at a flow rate of 2.2 mL/min and UV 

detection at 240 nm to give pure TM-025 17 mg. Similar HPLC conditions 

were used for the purification of TM-026, except that the mobile phase was 

0.015 M NH4OAc buffer (pH 5.5) – MeOH - MeCN (40:48:12) and the 

flow rate was 0.9 mL/min to yield 150 mg of TM-026.    
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TM-026: Yellowish powder, 1H NMR (300 MHz, CD3OD):  7.27 (1H, br 

s, H-2´´), 7.12 (1H, t, J = 8 Hz, H-4´´), 7.01 (1H, t, J = 8 Hz, H-5´´), 6.96 

(1H, m, H-4´´, H-6´´), 6.62 (1H, d, J = 8 Hz, H-3´), 6.58 (1H, d, J = 8 Hz, 

H-5´), 4.78 (1H, d, J = 12 Hz, H-8a), 4.42 (1H, d, J = 12 Hz, H-8b), 4.15 

(1H, d, J = 9 Hz, H-3), 3.72 (1H, d, J = 9 Hz, H-2), 2.96 (6H, s, N(CH3)2), 

2.42 (3H, s, -COCH3), 2.22 (3H, s, 7´-CH3), 1.65 (3H, s, 7-CH3), 1.42 (3H, 

s, 6-CH3). 
13C NMR (75.5 MHz, CD3OD):  201.1 (s, C-7´´), 170.6 (s, C-

8´), 160.6 (s, C-9), 159.2 (s, C-2´), 149.4 (s, C-3´´), 140.8 (s, C-6´), 138.6 (s, 

C-1´´), 133.3 (d, C-4´), 130.0 (d, C-5´´), 123.1 (d, C-5´), 119.4 (d, C-6´´), 

118.8 (d, C-4´´), 118.0 (s, C-1´), 115.1 (d, C-3´), 112.5 (d, C-2´´), 83.9 (s, 

C-4), 82.9 (s, C-5), 66.7 (s, C-1), 66.6 (d, C-3), 66.2 (t, C-8), 65.5 (d, C-2), 

36.8 (q, C-10, C-11), 26.7 (q, C-8´´), 21.8 (q, C-7´), 16.3 (q, C-6), 15.0 (q 

C-7). (+)-ESIMS: m/z = 529 [M+H]+. HR-ESIMS m/z 529.2670 [M+H]+, 

calcd. for C27H37N4O7 m/z 529.2662. 

TM-025: Yellowish powder, 1H NMR (300 MHz, CD3OD):  7.40 (1H, br 

s, H-2´´), 7.25 (2H, m, H-4´´, H-5´´), 7.01 (1H, m, H-6´´), 4.10 (1H, d, J = 

12 Hz, H-8a), 4.06 (1H, br d, J = 9 Hz, H-3), 3.70 (1H, br d, J = 9 Hz, H-2), 

3.47 (1H, d, J = 12 Hz, H-8b), 2.95 (6H, s, N(CH3)2), 2.55 (3H, s, -COCH3), 

1.63 (3H, s, 7-CH3), 1.43 (3H, s, 6-CH3).  
13C NMR (75.5 MHz, CD3OD):  

201.4 (s, C-7´´), 160.7 (s, C-9), 150.0 (s, C-3´´), 139.2 (s, C-1´´), 130.3 (d, 
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C-5´´), 119.3 (d, C-6´´), 118.6 (d, C-4´´), 113.1 (d, C-2´´), 83.7 (s, C-4), 

82.8 (s, C-5), 66.7 (s, C-1), 66.7 (d, C-3), 65.1 (d, C-2), 63.5 (t, C-8), 36.8 

(q, C-10 and C-11), 26.8 (q, C-8´´), 17.0 (q, C-6), 14.8 (q, C-7). (+)-ESIMS: 

m/z = 395 [M+H]+. HR-ESIMS m/z 395.2314 [M+H]+, calcd. for 

C19H31N4O5 m/z 395.2294. 

Antimalarial activity assay: Antimalarial activity assay was carried out at 

the Oregon Translational Research and Drug Development Institute 

(OTRADI). Two strains of P. falciparum were used. The chloroquine-

sensitive clone D6, and chloroquine-resistant and MDR clone Dd2 was 

obtained from the Malaria Research and Reference Reagent Resource 

Center (MR4) (Manassas, VA). The parasites were cultured according to 

the method of Trager and Jensen (Trager and Jensen, 1976), with minor 

modifications. The cultures were maintained in human erythrocytes 

(Lampire Biological Laboratories, Pipersville, PA), suspended at 2% 

hematocrit in RPMI 1640 (Sigma) containing 0.5% Albumax (Invitrogen), 

45 μg/L hypoxanthine (Lancaster), and 50 μg/L gentamicin (Invitrogen), 

and incubated at 37 °C under a gas mixture of 5% O2, 5% CO2, and 90% N2. 

In vitro antimalarial activity was determined by a SYBR Green I 

fluorescence-based method described previously by Smilkstein et al. 

(Smilkstein et al., 2004). Frozen stock solutions of each test drug (1 mM in 

DMSO) were thawed, warmed to 37 °C, and mixed thoroughly prior to use. 
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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 pipeting and dilution was carried using 

programmable Precision XS (Bio-Tek, Winooski, VT) and Sciclone 

ALH3000 (Caliper, Hopkinton, MA) robotic stations. The plates then were 

incubated for 72 h at temperature and gas conditions described above. After 

incubation, 100 μL of lysis buffer with SYBR Green I (Smilkstein et al., 

2004; Winter et al., 2006) was added to each well. The plates were 

incubated at room temperature for 1 h and then placed in a 96-well 

fluorescence plate reader (Synergy4, BioTek, Winooski, VT) with 

excitation and emission wavelength at 485 nm and 528 nm, respectively, for 

measurement of fluorescence. The 50% inhibitory concentration (IC50) was 

determined by non-linear regression analysis of logistic dose-response 

curves (GraphPad Prism software).  

Antibacterial activity assay: Antibacterial activity of pactamycin and its 

analogs was determined by agar diffusion and micro-dilution assays. E. coli, 

P. aeruginosa, B. subtilis, and S. aureus 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 
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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 

analogs (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. 

Micro-dilution assays were performed in 96-well plates. The compounds 

were serially diluted and added to the bacterial suspension at final 

concentrations of 1 (or 0.5) mM – 10 nM. After incubation at 37 °C for 24 h, 

0.25% MTT developing dye (50 µL) was added. Each assay was done in 

triplicate.    

Cell viability by the WST-8 assay: HCT116 cells were seeded onto a 96-

well plate at 10,000 cells per well. Cells were treated with either 5, 50, 500 

or 5000 nM TM-025, TM-026, N-acetylglucosaminyl-3-aminoacetophenone 

or 5, 25, 50, 100 nM pactamycin in triplicate for 48 h. For the narrow range 

concentration assays, cells were treated with either 0.5, 1, 2 or 4 µM TM-

025; 1, 2, 3 or 5 µM TM-026; 0.5, 2, 5 or 7 µM N-acetylglucosaminyl-3-

aminoacetophenone or 12.5, 25, 50, 100 nM pactamycin in triplicate for 24 
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or 48 h. WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H-tetrazolium, monosodium salt] (Dojindo, Rockville, 

Maryland) was added to each well to give an orange colored formazan 

product, which is soluble in tissue culture medium. Absorbance was 

measured at 450 nm. Percent viable cells was calculated relative to the No 

Treatment and Solvent Only wells.  

 

2.4. Results and discussion 

2.4.1. Inactivation of the carbamoyltransferase PtmB 

Structurally, pactamycin consists of a 5-membered ring aminocyclitol unit, 

two aromatic rings, and a 1,1-dimethylurea (Rinehart et al., 1980; Wiley et 

al., 1970) The urea moiety has been predicted to be derived from N-

carbamoylation of the C-1 amino group. While O-carbamoylation is 

relatively common in the biosynthesis of secondary metabolites, e.g., 

mitomycins (Hata et al., 1956), novobiocin (Xu et al., 2002), maytansine 

(Yu et al., 2002), polyoxins (Isono and Suzuki, 1968), cephamycin 

(Aharonowitz et al., 1992), and irumamycin (Nakagawa et al., 1985), very 

few examples were found for N-carbamoylation leading to an urea moiety 

(Kevany et al., 2009). In fact, N-carbamoylation more prominently occurs 
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in primary metabolism, involving enzymes such as aspartate 

carbamoyltransferases and ornithine carbamoyltransferases (de Las Rivas et 

al., 2009; Rabinowitz et al., 2008), than in secondary metabolism. In 

pactamycin biosynthesis, a gene encoding a protein with high identity to 

carbamoyltransferases has been identified within the cluster and is predicted 

to mediate the carbamoylation of the C-1 amino group (Ito et al., 2009). 

Interestingly, the protein (PtmB) is more similar to carbamoyltransferases 

that catalyze O-carbamoylation, e.g., MmcS from the mitomycin pathway 

(Mao et al., 1999),than those that catalyze N-carbamoylation, such as ZmaT 

from zwittermicin biosynthesis (Kevany et al., 2009) (Figure 2-3).  

Figure 2-3. Amino acid sequence alignment of PtmB with multiple carbamoyltransferases. 
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To investigate if PtmB is involved in pactamycin biosynthesis, the gene was 

inactivated by targeted in-frame deletion. This was achieved by cloning 

upstream and downstream flanking regions surrounding the functional 

domain of the gene into pTMW018, a pHZ1358 (Sun et al., 2002) 

derivative containing the oriT transfer element, the thiostrepton resistant 

gene thioR, and the apramycin resistance gene aac(3)IV, to give pTMW025 

(Figure 2-4). This vector is suitable for conjugation with S. pactum. The 

recombinant plasmid was transferred into E. coli ET12567/pUZ8002 and 

conjugation was carried out as reported previously (Ito et al., 2009). After 

conjugation, double crossover recombinants lacking part of the ptmB gene 

sequence were screened and cultured in Bennet medium (Sakuda et al., 

2001). The mutant strain (ptmB) was confirmed by PCR amplification 

(Figure 2-4C) and DNA sequencing of the PCR product. Analysis of the 

culture broth of the ptmB strain revealed that the mutant was not able to 

produce pactamycin, suggesting a direct involvement of ptmB in 

pactamycin biosynthesis. However, no other pactamycin-related products 

could be detected in the samples, which led us to assume that the 

intermediate compounds are either unstable or not excreted from the cell or 

produced at a very low level due to negative feedbacks. In addition, 

obstruction of pactamycin biosynthesis may also be due to polar effects as a 

result of the gene deletion. 



77 
 

To confirm that there is no polar effect involved in the mutant, we carried 

out a complementation experiment by introducing into the ptmB strain an 

integrative plasmid harboring the intact ptmB gene. The gene was cloned 

into pTMW038, which was derived from pJTU695 (Bai et al., 2006) by 

inserting the apramycin resistance gene aac(3)IV, and the product was 

transferred into the mutant strain by conjugation. Analysis of the culture 

 

Figure 2-4. Genetic engineering of S. pactum. A) Plasmid used for ptmB gene inactivation. B) 
Plasmid used for ptmB complementation experiment; C) Gel electropheresis of PCR products 
obtained from the wild-type and the ptmB, ptmD, ptmY, ptmH, ptmL, and ptmM strains 
of S. pactum (M, 1 kb DNA marker; WT, wild-type; MT, mutant). 
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broths of the conjugant strains, however, revealed that the expression 

system did not work properly in S. pactum. No recovery of pactamycin 

production was observed in all tested conjugants. Therefore, the gene 

together with the ermE* promoter was retrieved from the plasmid and 

introduced into the EcoRV/EcoRI site of pWUX12a, which is derived from 

the integrative vector pSET152 containing the ampicillin resistance gene 

(bla), to give pTMW051 (Figure 2-4B). The new plasmid was then 

introduced into the ΔptmB strain and pactamycin production was examined 

by MS. The results showed that the conjugant was able to produce 

pactamycin, albeit in low yields, eliminating the possibility of polar effects 

in the ΔptmB strain. Therefore, the PtmB enzyme indeed plays an important 

role in pactamycin biosynthesis.  

 

2.4.2. Formation of the N,N-dimethylurea unit 

Further modification of the urea functionality to N,N-dimethylurea may be 

catalyzed by SAM-dependent N-methyltransferases. However, since PtmD 

is the only N-methyltransferase gene present in the cluster, it is predicted to 

play a role in both N-methylation reactions. To test this hypothesis we 

inactivated ptmD in S. pactum and analyzed the antibiotic production by 

LC-MS. The inactivation experiment was carried out by cloning upstream 
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and downstream flanking regions surrounding the ptmD gene into 

pTMN002, a pJTU1278+ derivative (He et al., 2010) containing the 

apramycin resistance cassette aac(3)IV. The plasmid was then transferred 

into E. coli ET12567/pUZ8002 and introduced into S. pactum by 

conjugation (Ito et al., 2009). The ptmD mutants (ptmD) were screened 

and their secondary metabolite productions were analyzed by LC-MS. As 

expected, the ptmD strains were not able to produce pactamycin or 7-

deoxypactamycin, but instead produced two new metabolites with m/z 531 

(M+H)+ and m/z 515 (M+H)+, which are consistent with the anticipated 

products that lack both methyl groups, N,N-didemethylpactamycin and N,N-

didemethyl-7-deoxypactamycin, respectively (Figure 2-5B). ESI MS/MS 

analysis of N,N-didemethylpactamycin and N,N-didemethyl-7-

deoxypactamycin showed unique fragmentation patterns that are consistent 

with the loss of a carboxamide (43 amu) and 6-methylsalicylic acid (134 

amu) unit (Figure 2-6C and 2-6D). The patterns are distinctive from those 

of pactamycin and 7-deoxypactamycin, which contain a dimethylurea 

moiety. In the latter compounds, fragmentation occurs at the C-N bond 

between the dimethylamino and the carbonyl groups, leading to the 

formation of a lactam (Figure 2-6G), whereas in the absence of the methyl 

groups, fragmentation occurs at the C-N bond between the carbonyl group 

and the C-1 nitrogen (Figure 2-6H).  
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Figure 2-5. Partial mass spectra of the ethyl acetate extracts obtained from the culture broths of the 
wild-type and the mutant strains of S. pactum. A) wild-type, B) ptmD, C) ptmH, D) ptmQ, E) 
ptmH/ptmQ. Pactamycate and 7-deoxypactamycin were also observed in the wild-type strain. 
Thick arrows indicate positions at which modifications take place. 
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Interestingly, complementation experiments with the ptmD strain using the 

intact ptmD gene could only restore one of the methyl groups to give N-

demethylpactamycin (m/z 545). A comparable phenomenon has previously 

been observed in the complementation of the bhaA mutant with intact bhaA 

(Puk et al., 2002). BhaA is a halogenase that catalyzes two different 

halogenation reactions in balhimycin biosynthesis. Wohlleben and co-

worker discovered that the addition of a functional bhaA gene to the bhaA 

mutant could only produce a mixture of fully chlorinated balhimycin, and 

 

Figure 2-6. MS/MS analysis of pactamycin analogs. A) pactamycin, B) 7-deoxypactamycin, C) 
N,N-didemethylpactamycin, D) N,N-didemethyl-7-deoxypactamycin, E) 7-demethyl-7-
deoxypactamycin, F) de-6-MSA-7-demethyl-7-deoxypactamycin, G) fragmentation pattern of 
pactamycin, H) fragmentation pattern of N,N-didemethylpactamycin. 
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its partially and nonchlorinated variants (Puk et al., 2002). It was then 

postulated that the failure of a complete restoration of chlorination might be 

due to a positional effect or differential expression issues. In the case of 

PtmD, however, the first methylation seemed to be very efficient and the 

second methylation was completely lacking. Therefore, a positional effect 

or differential expression issues alone may not be sufficient to explain this 

interesting result.  

 

2.4.3. The roles of the Fe-S radical SAM C-methyltransferases (PtmH, 

PtmL, and PtmM) 

Of the four radical SAM C-methyltransferase genes within the pactamycin 

cluster, three are believed to be involved in the decoration of the 

aminocyclopentitol core unit of pactamycin. Although radical SAM C-

methyltransferases have been implicated in numerous C-C bond formations 

in nature, only very few of them have been properly characterized (Frey et 

al., 2008). The involvement of those enzymes in pactamycin biosynthesis is 

particularly fascinating, as they catalyze methylation of non-reactive 

carbons within a fairly crowded five-member ring structure. Moreover, one 

of the enzymes was predicted to catalyze methylation of a methyl group (C-

7), which itself is derived from methionine involving another radical SAM 
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C-methyltransferase enzyme. These ‘tandem’ methylations result in an ethyl 

moiety, which is then hydroxylated to form the hydroxyethyl side chain. 

Identification of these genes may facilitate structural modification through 

genetic engineering, as selective removal of those methyl groups has been 

deemed unfeasible to achieve by synthetic organic chemistry.  

Of the three radical SAM C-methyltransferases (PtmH, -L, and -M) in the 

pactamycin pathway, PtmL and PtmM share high sequence identity (79%) 

with one another, whereas they share only modest identity with PtmH 

(Figure 2-7). BLAST analysis of PtmL and PtmM has revealed that in 

addition to the iron-sulfur binding motif, they also contain a B12-like 

binding domain. Several members of this subfamily of radical SAM 

enzymes have been shown to act as methyltransferases. Thus, we predicted 

that PtmL and PtmM would mediate C-methyltransferase activity during 

pactamycin biosynthesis. Although PtmH shares low sequence homology 

with PtmL or PtmM, it also retains a conserved B12-like binding domain 

and is predicted to act as a C-methyltransferase as well.  
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We then explored the roles of those enzymes in pactamycin biosynthesis by 

inactivating the three genes individually. The targeted in-frame deletions of 

ptmH, ptmL, and ptmM were achieved by cloning upstream and 

downstream flanking regions surrounding the functional domain of the 

genes into pTMN002. The plasmids were transferred into E. coli 

ET12567/pUZ8002 and the conjugation was carried out as described above. 

After conjugation, double crossover recombinants lacking part of the ptmH, 

ptmL, and ptmM gene sequences were screened, confirmed by PCR (Figure 

2-4C), and cultured in Bennet medium (Sakuda et al., 2001).  

LC-MS analysis of the culture broths of the mutants revealed the lack of 

pactamycin production in those strains, suggesting the involvement of ptmH, 

ptmL, and ptmM in pactamycin biosynthesis. Whereas ptmL and ptmM 

Figure 2-7. Amino acid sequence alignment of radical SAM enzymes PtmH, PtmL, and PtmM. 
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did not give any detectable amount of pactamycin or its analogs, ptmH 

produced a new compound with m/z 529 [M+H]+ (Figure 2-5C). Based on 

the NMR and MS/MS analyses, the new compound was determined to be 7-

demethyl-7-deoxypactamycin (TM-026) (see structure elucidation below). 

The results suggest that the radical SAM enzyme PtmH is responsible for 

the second methylation in the formation of the hydroxyethyl unit and that 

hydroxylation occurs after the second methylation. PtmY, which shares 

high identity with cytochrome P450 monooxygenases, is proposed to play a 

role in the hydroxylation reaction. However, inactivation of the ptmY gene 

in S. pactum resulted in mutant strains that not only produced 7-

deoxypactamycin as the major product but also produced a small amount of 

pactamycin (data not shown). The result thus, unfortunately, did not provide 

solid evidence for the catalytic function of PtmY, as both compounds are 

routinely found in different ratios in the culture broths of the wild-type 

strain. Therefore, either PtmY is not directly involved in the hydroxylation 

of C-7 or its function in ptmY strain was complemented by another 

monooxygenase. Nevertheless, as no other candidate monooxygenase genes 

are found within the pactamycin cluster, the latter notion is more likely to 

be correct. On the other hand, PtmL and PtmM may catalyze the attachment 

of C-6 and C-7. Inactivation of these genes may have blocked the 

methylation reactions and as in the case of ptmB the intermediate 
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compounds may be unstable, not excreted from the cells, or produced at low 

levels due to negative feedbacks.  

To confirm that there is no polar effect involved as a result of the gene 

inactivation, complementation experiments were performed by introducing 

expression plasmids harboring the intact ptmH, ptmL, or ptmM genes into 

the corresponding mutant strains of S. pactum. The genes together with the 

ermE promoter were individually cloned into pWUX12a, the plasmids were 

introduced into the corresponding mutant strains, and pactamycin 

production was examined by MS analysis. The results showed that all 

conjugants were able to produce pactamycin, suggesting that there was no 

polar effect that obstructed pactamycin biosynthesis in the mutants. 

 

2.4.4. Double knockout of ptmH and ptmQ  

Although the production of TM-026 by the ptmH strain revealed the 

function of the ptmH gene in pactamycin biosynthesis, the result was 

somewhat unexpected. Previously, we had demonstrated that inactivation of 

the iterative type I polyketide synthase gene ptmQ within the cluster 

effectively halted the formation of 6-methylsalicylic acid (6-MSA), and the 

mutant strain produced pactamycin analogs without 6-MSA (Ito et al., 
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2009). The result had led us to conclude that the attachment of 6-MSA 

occurs last in the pathway. However, the formation in the ptmH strain of 

TM-026 that lacks a methyl and a hydroxy group yet retains the 6-MSA 

moiety suggests otherwise. Moreover, it is also quite puzzling that the 

product of the ptmD strain contains, except for the two N-methyl groups, 

all other functionalities, such as the 6-MSA, C-7 hydroxy and C-8 methyl 

groups. These results suggest that some tailoring enzymes involved in 

pactamycin biosynthesis, including the acyltransferase that attaches the 6-

MSA unit, have relaxed substrate specificity. The promiscuity of some of 

these enzymes, not only makes the sequence or the timing of the tailoring 

processes unclear, but also hinders the production of smaller analogs of 

pactamycin. In order to generate less decorated pactamycin analogs, we 

constructed a double gene knockout mutant, in which both ptmH and ptmQ 

are inactivated. As the strategy used for the ptmH double crossover 

inactivation does not introduce any antibiotic resistance marker into the 

chromosome, construction of additional gene deletions using the same 

vector backbone is possible. Thus, the plasmid pTMN001, which is a 

pHZ1358 derivative containing ptmQ-AprR used for the ptmQ gene 

knockout (Ito et al., 2009), was transferred into E. coli ET12567 (pUZ8002), 

and subsequently introduced into S. pactum ptmH by conjugation on 

mannitol-soy flour (MS) agar plates to screen for AprR/ThioR exconjugants. 
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After one round of nonselective growth without thiostrepton, the 

AprR/ThioS colonies were counter-selected with the antibiotic and the 

resulting ptmH/ptmQ double gene knockout strains were confirmed by 

PCR amplification (data not shown). As expected, mutant strains resulting 

from this double gene knockout produced another new analog of 

pactamycin with m/z 395 [M+H]+, which, based on the careful structural 

characterization described below, was identified as de-6-MSA-7-demethyl-

7-deoxypactamycin (TM-025) (Figure 2-5E). 

 

2.4.5. Structure characterization of TM-025 and TM-026 

To fully elucidate the chemical structures of TM-025 and TM-026, the 

compounds were subjected to tandem mass spectrometric and NMR 

spectroscopic analyses. ESI MS/MS analysis of TM-026 gave fragment ions 

m/z 483.93, 395.07, 350.07, and 332.00, which are consistent with the 

cleavage of the dimethylamino (45 amu) and the 6-methylsalicylic acid 

(134 amu) moieties, as well as the loss of water (18 amu) (Figure 2-6E). On 

the other hand, the fragment ions of TM-025 only showed the cleavage of 

the dimethylamino group and the loss of water (Figure 2-6F), indicating that 

there is no 6-methylsalicylic acid moiety in TM-025. 
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The 1H NMR spectrum of TM-026 showed signals similar to those of 

pactamycin, except that signals corresponding to the C-7 and C-8 

hydroxyethyl unit in pactamycin are missing. In addition, a new methyl 

signal (H 1.65 ppm) is observed in the 1H NMR spectrum of TM-026, 

suggesting that the hydroxyethyl unit in pactamycin has been replaced by a 

methyl group in TM-026.  

 

The 13C NMR spectrum of TM-026 showed 27 carbon signals. In 

combination with the DEPT135 spectrum, there are fifteen methyl and 

methine, one methylene, and eleven quaternary carbons, which are 

consistent with those expected for TM-026. Complete assignments of the 

resonances to specific protons and carbons of TM-026 were carried out 

using information from the HMBC and HSQC spectra. 

 

The 1H and 13C NMR spectra of TM-025 showed signals similar to those of 

de-6-MSA-pactamycin (Ito et al., 2009), with the exception that no signals 

related to the hydroxyethyl functionality were observed. Also, as in TM-026, 

the missing hydroxyethyl moiety is replaced by a methyl group (H 1.63 

ppm, C 14.8 ppm). In addition, the C-7´ methyl signal and some signals in 
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the aromatic region are missing, indicating the absence of 6-MSA in TM-

025. This is supported by the upfield shifts of the C-8 methylene proton 

signals from 4.42 (d, J=12 Hz) and 4.78 (d, J=12 Hz) in TM-026 to 3.47 (d, 

J=12 Hz) and 4.10 (d, J=12 Hz) in TM-025, and of the C-8 methylene 

carbon from 66.2 ppm in TM-026 to 63.5 ppm in TM-025. The 13C NMR 

spectrum of TM-025 showed 18 carbons, one signal less than expected for 

the 19 carbons of TM-025. Besides the loss of the 6-MSA carbons, also 

missing in the spectrum is the C-1 signal, which based on HMBC 

experiment was located at C 66.7 ppm, overlaps with the C-3 signal.  

All together the data provided convincing evidence that TM-026 is 7-

demethyl-7-deoxypactamycin and TM-025 is de-6-MSA-7-demethyl-7-

deoxypactamycin.  The NMR spectra are shown in Figure 2-8, 2-9, 2-10, 2-

11, 2-12, 2-13, 2-14, and 2-15. 
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Figure 2-11. HSQC spectrum of TM-026. 

 

Figure 2-10. HMBC spectrum of TM-026. 



93 
 

 

 

Figure 2-13. 13C-NMR spectrum of TM-025. 

 

Figure 2-12. 1H-NMR spectrum of TM-025.   
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Figure 2-15. HSQC spectrum of TM-025. 

 

Figure 2-14. HMBC spectrum of TM-025. 
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It is suspected that one of the reasons for the inherently low production 

yields of pactamycin in S. pactum cultures is its relatively low stability, as 

the free C-7 hydroxy group may attack the neighboring 1,1-dimethylurea to 

form a 2-oxazolidone ring, resulting in the loss of the dimethylamino group, 

and thus the antibiotic activity. The inactive product, pactamycate (Figure 

2-5A), is commonly found in S. pactum culture broths, sometimes as the 

major product. The lack of the C-7 hydroxy group in TM-025 and TM-026 

eliminates the intramolecular cyclization problem, rendering these 

compounds more stable than pactamycin. In fact, the production yields of 

TM-026 (~15 mg/L) in un-optimized cultures of the ptmH strain were 

consistently higher than those of pactamycin (<1 mg/L) in the wild-type 

strain, underscoring the utility of a biosynthetic approach for selective 

removal of undesirable functional groups in natural products. Interestingly, 

the production yield of TM-025 was unexpectedly low compared to that of 

TM-026. Whereas the reason for this low production yield is not completely 

understood, it is believed that the attachment of 6-MSA may facilitate 

secretion of the compound from the cells. 
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2.4.6. Antimalarial activity of TM-025 and TM-026 

During our initial screening for new antimalarial natural products, we found 

that de-6-MSA-pactamycin, which was generated by the ptmQ mutant (Ito 

et al., 2009), demonstrated a potent activity against both chloroquine-

sensitive and chloroquine-resistant strains of P. falciparum at low nM 

concentrations (data not shown). However, similar to pactamycin, de-6-

MSA-pactamycin also showed significant antimicrobial activity and high 

cytotoxicity against mammalian cells (Ito et al., 2009). More recently, 

Omura and co-workers reported a similar finding, in which pactamycin and 

7-deoxypactamycin showed high activities against both the drug-resistant 

K1 and drug-susceptible FCR3 strains of P. falciparum (Otoguro et al., 

2010). They noted that 7-deoxypactamycin, which lacks a hydroxy group at 

C-7, was 40 times more active than pactamycin. However, its cytotoxicity 

was also much higher than that of pactamycin. The new compounds TM-

025 and TM-026, which were subjected to testing against P. falciparum D6 

(chloroquine-sensitive) and Dd2 (chloroquine-resistant) strains, showed 

pronounced antimalarial activity with IC50 between 25 – 30 nM against both 

strains, on a par with pactamycin (Figures 2-16B, C, and E). However, the 

IC90s for TM-025 and TM-026 (62 – 77 nM) were significantly lower than 

for pactamycin (124 nM and 187 nM), particularly against the Dd2 strain, 

indicating some superiority of the new analogs in their antimalarial activity 
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over the parent compound. The results also suggest a possible acquired 

resistance within the parasites against pactamycin (Figure 2-16E). As a 

comparison, the less active analog pactamycate showed IC50 and IC90 at 

around 300 nM and 800 nM, respectively, against both strains. Moreover, 

the inhibitory patterns of TM-025 and TM-026 appeared to be somewhat 

different from that of pactamycin, which suggests that the new analogs may 

inhibit plasmodial growth via a distinct mechanism of action. The putative 

pactamycin biosynthetic precursor N-acetylglucosaminyl-3-

aminoacetophenone was also tested, and its lack of activity suggests that the 

antimalarial activity is not due to the aminoacetophenone moiety. 

 

2.4.7. Antibacterial activity of TM-025 and TM-026 

Most surprising results emerged from the antibacterial assays. While 

pactamycin demonstrates a strong antibacterial activity against both Gram-

positive and Gram-negative bacteria, e.g., Staphylococcus aureus, Bacillus 

subtilis, Pseudomonas aeruginosa, and E. coli, neither TM-025 nor TM-026 

showed any significant activity in the agar diffusion and micro-dilution 

assays at the concentrations used (Figures 2-17A-H). The IC50 of 

pactamycin was about 10 M against S. aureus, 500 M against P. 

aeruginosa and B. subtilis, and 100 M against E. coli, whereas the IC50s of 
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TM-025 and TM-026 were consistently higher (mostly >1 mM) against all 

tested bacterial strains. The results suggest that the new analogs have less 

affinity to the bacterial ribosome or interact with it in a less damaging 

fashion than pactamycin. This might also contribute to the relatively high 

production yield of TM-026 in S. pactum ptmH. 

 

Figure 2-16. Antimalarial activity assay of pactamycin analogs against the chloroquine-sensitive 
(D6) and chloroquine-resistant (Dd2) strains of P. falciparum. A) chloroquine, B) TM-025, C) 
TM-026, D) pactamycate, E) pactamycin, F) N-acetylglucosaminyl-3-aminoacetophenone. The 
inhibitory patterns of TM-025 and TM-026 were different from that of pactamycin. 
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2.4.8. Cytotoxic activity of TM-025 and TM-026 

To determine the effect of TM-025 and TM-026 on mammalian cells, their 

cytotoxic activity was evaluated and compared to that of pactamycin in a 

WST-8-based assay using HCT116 human colorectal cancer cells. The 

results revealed that the new analogs are significantly less toxic than 

pactamycin with estimated IC50 values between 1,000 and 3,000 nM, or 

about 10-30 times higher than that of pactamycin (IC50 ~100 nM) (Figures 

2-17I-K). The results support the notion that the new analogs have less 

affinity towards the ribosome of mammalian cells, or their antimalarial 

activity is due to a different mechanism of action. Also, it is important to 

note that the improved selectivity towards the malarial parasites is mainly 

due to the lack of methyl and hydroxy groups at the C-7 position. On the 

other hand, the 6-MSA moiety seems to have no significant role in their 

biological activity. This is consistent with our earlier observation with de-6-

MSA-pactamycin, which showed no substantial differences from 

pactamycin in its antibacterial and cytotoxicity profiles (Ito et al., 2009). 

Further work is currently underway to determine the structure-activity 

relationship of this untapped class of natural products and to unveil their 

mechanism(s) of action against plasmodium parasites. 
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Figure 2-17. Antibacterial and cytotoxicity assays of pactamycin analogs. A-D) Agar-diffusion 
assay of pactamycin analogs against S. aureus (A), B. subtilis (B), P. aeruginosa (C), and E. coli 
(D). 1, 20 μL 10 mM TM-025; 2, 20 μL 1 mM TM-025; 3, 20 μL 10 mM TM-026; 4, 20 μL 1 mM 
TM-026; 5, 20 μL 10 mM pactamycin; 6, 20 μL 1 mM pactamycin; 7, 20 μL 10 mM N-acetyl-
glucosaminyl-3-aminoacetophenone; 8. 5 μL 1 mg/mL ampicillin; E-H) Micro-dilution assay of 
pactamycin analogs against S. aureus (E), B. subtilis (F), P. aeruginosa (G), and E. coli (H). TM-
025: 1 mM – 10 nM; TM-026: 1 mM – 10 nM; Pct (pactamycin): 0.5 mM – 10 nM; Amp 
(ampicillin): 10 mg/mL – 0.1 μg/mL; Apra (apramycin): 5 mg/mL – 50 ng/mL. Molar 
concentrations were used for pactamycin analogs to reflect more accurate comparisons between 
those compounds; I-J) Cytotoxicity assay of pactamycin analogs against HCT116 human colorectal 
cancer cells using broad-range concentrations at 48 h (I), narrow-range concentrations at 24 h (J); 
and narrow-range concentrations at 48 h (K). Blue triangles represent pactamycin, black circles 
represent TM-025, red squares represent TM-026, and green triangles represent N-acetyl-
glucosaminyl-3-aminoacetophenone. TM-025 and TM-026 were 10-30 folds less toxic that 
pactamycin. 
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2.4.9. Significance  

Pactamycin is one of the most densely functionalized aminocyclitol 

antibiotics with pronounced antibacterial, antitumor, antiviral, and 

antiplasmodial activities. Literally, it affects cell growth of all three 

phylogenetic domains, eukarya, bacteria, and archaea, therefore, despite its 

potent biological activity it was not considered to be a viable drug lead. 

However, the identification of the pactamycin biosynthetic gene cluster and 

the development of gene inactivation methodologies in S. pactum in our 

laboratory has made it possible for us to investigate the biosynthesis of 

pactamycin at the molecular level and to employ genetic engineering 

technologies to produce novel analogs with improved biological properties. 

The data presented here highlight the importance of biosynthetically-based 

structure modification methodologies in generating novel pactamycin 

analogs that have been deemed inaccessible by synthetic organic chemistry. 

The new analogs are structurally less complex and more stable than 

pactamycin, and show potent antimalarial activity, but, in contrast to 

pactamycin, have significantly reduced antibacterial activity and 

cytotoxicity against mammalian cells. The results suggest that the 

compounds either have higher selectivity towards the plasmodial ribosome, 

or new mechanism(s) of action in plasmodial growth inhibition are involved, 

which could lead to a new direction in the discovery and development of 
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drugs against malaria and other life-threatening protozoal infections (e.g., 

trypanosomiasis and leishmaniasis). In addition, the new compounds may 

be used as probes for the identification of new molecular targets within 

disease-causing protozoa.  
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3.1. Abstract 

 

A new pactamycin analog, TM-035, has been isolated from the culture 

broths of the ptmH mutant strain of Streptomyces pactum. Its chemical 

structure was characterized to be 7-demethyl-7-deoxypactalactam. TM-035 

is chemically more stable than pactamycin and TM-026. However, it 

showed no activity against Plasmodium falciparum, Staphylococcus aureus, 

Escherichia coli, and murine splenic lymphocytes, and no protein synthesis 

inhibitory activity. However, interestingly, TM-035 showed potent growth 

inhibitory activity against two well-established human head and neck 

squamous cell carcinomas (SCC025 and SCC104) in an in vitro assay. The 

compound is significantly less active against human primary epidermal 

keratinocytes (HPEK) than TM-025 and TM-026, demonstrating cell type 

selectivity, which may lead to the development of new anticancer 

chemotherapy. Further structure activity relationship investigations using 

antimalarial and protein synthesis inhibitory assays suggest that the free C-2 

NH2 group as well as the N,N-dimethyl carbamoyl functionality are critical 

for antimalarial and protein synthesis inhibitory activities.  On the other 

hand, the 7-OH and the 6-MSA moieties may not be directly involved in 

ribosomal binding and protein synthesis inhibition. 
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3.2. Introduction 

 

Pactamycin, a bacterial-derived natural product discovered by Upjohn 

Company in the early 1960’s, 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 protein synthesis inhibition (Brodersen et al., 2000; 

Dinos et al., 2004). Consequently, its wide-ranging cytotoxicity, coupled 

with chemical stability issues and the difficulties to generate analogs 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, recently, 

this densely functionalized aminocyclitol antibiotic has surrendered to total 

synthesis (Hanessian et al., 2011). Nevertheless, long synthetic routes and 

low overall yields remain major limitations of synthetic approach to 

generate pactamycin analogs for clinical uses. 

On the other hand, using biosynthetic engineering technology, we recently 

generated a number of mutant strains of Streptomyces pactum ATCC 27456 
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that were able to produce novel analogs of pactamycin, as shown in Figure 

3-1 (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, 

produces TM-026, a novel analog of pactamycin. This compound showed 

potent antimalarial activity (IC50 25 nM), but in contrast to pactamycin have 

no significant antibacterial activity and reduced cytotoxicity against human 

colorectal HCT-116 cells (Lu et al., 2011). When both ptmH and ptmQ (a 

polyketide synthase gene) were inactivated, the mutant produces TM-025, 

which is structurally similar to TM-026 but lacks the 6-methylsalicylic acid 

(6-MSA) moiety. Similar to TM-026, TM-025 also demonstrated potent 

antimalarial activity and less active against bacteria and mammalian cells 

(Lu et al., 2011), suggesting that the 6-MSA moiety does not play a 

significant role in their biological activity.  

In contrast to the parent compound pactamycin, which is intrinsically 

unstable, TM-025 and TM-026 are chemically more stable. Pactamycin can 

easily transform to pactamycate, a less active derivative, through non-

enzymatic cyclization by a nucleophilic attack of C-7 OH to the carbonyl 

group of the dimethylurea moiety to give a carbamate ring. As a result, 

pactamycate is routinely isolated from the culture broths of S. pactum as a 

major product. Although the wild-type strain of S. pactum also produces 7-

deoxypactamycin (TM-036), the yield is relatively low. Inactivation of a 
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cytochrome P450 monooxygenase gene (ptmY) within the pactamycin 

biosynthetic gene cluster (Ito et al., 2009), whose product was predicted to 

catalyze the C-7 hydroxylation reaction, neither prevented the formation of 

pactamycate nor significantly increased the production of TM-036 (Lu et al., 

2011), suggesting that another enzyme may be responsible for this 

hydroxylation reaction. The lack of C-7 OH in TM-025 and TM-026, 

however, circumvented the intramolecular cyclization problem, resulting in 

an improved purification process and isolation yields (~ 10 fold). To a 

lesser extent, pactamycin may also convert to pactalactam, another inactive 

derivative that is sometimes detected in the culture broths of S. pactum 

ATCC 27456. This conversion occurs via an intramolecular cyclization of 

the C-2 NH2 and the carbonyl group.  

More recently, during the process of analyzing the metabolites from the 

culture broths of the ptmH mutant, we found and isolated a new analog of 

pactamycin, TM-035. Careful characterization of its chemical structure 

using mass spectrometry, and 1D and 2D NMR revealed that TM-035 is 7-

demethyl-7-deoxypactalactam. We then submitted the compound into a 

series of biological activity assays, i.e., in vitro antimalarial activity assay, 

in vitro cytotoxicity assay, in vitro anti-cancer activity assay, antibacterial 

activity assay, and protein synthesis inhibitory assay. We found that TM-
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035 showed no activity against bacteria, malarial parasites, and most tested 

mammalian cells, but it has potent growth inhibitory activity against two 

well-established human head and neck squamous cell carcinomas (SCC025 

and SCC104). More intriguingly, the compound is significantly less active 

against human primary epidermal keratinocytes (HPEK), demonstrating an 

interesting biological phenomenon and outstanding cell type selectivity, 

which may lead to the development of new anticancer chemotherapy. 

 

 

 

Figure 3-1. Chemical structure of pactamycin and its analogs. Pactamycin, pactamycate, 
pactalactam, and 7-deoxypactamycin are produced by S.pactum wildtype strain. TM-007 is 

produced by ptmQ mutant strain.TM-026 and TM-035 are produced by ptmH mutant strain. 

TM-025 is produced by ptmH & ptmQ double mutant strain. 
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3.3. Materials and methods 

Analysis of metabolites from the ptmH mutant: The ptmH mutant strains 

of S. pactum were grown 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. Single colonies were used to inoculate the BTT seed 

cultures and incubated at 30 °C for 2 days. Production cultures were 

prepared in modified Bennet medium (50 mL)(Ito et al., 2009) and 

inoculated with seed cultures [10% (V/V)]. The production cultures were 

incubated at 30 °C for five days under vigorous shaking (200 rpm). The 

mycelia were centrifuged and the supernatants were extracted twice with 

equal volumes of ethyl acetate. The organic solvent was evaporated in 

vacuo and the residues were dissolved in MeOH and analyzed by reverse-

phase HPLC or LC-MS. Analysis of the metabolites of the Streptomyces 

pactum was carried out by reverse-phase HPLC with a C-18 silica gel 

column (YMC-ODS A 5 µM, 4.6 × 250 mm, flow rate 0.40 mL/min). The 

following solvent gradient program [solvent A (5 mM NH4OAc solution) 

and B (MeOH:MeCN=4:1)] was used: 0-45 min, % B=60; 45-48 

min, % B=60-98; 48-60 min, % B=98; 60-63 min, % B=98-60; and 63-80 

min, % B=60. Peaks eluting from the column were monitored at 240 nm. 

The molecular weight of each compound was determined by electrospray 

mass spectrometry.  
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Purification and characterization of TM-035: The ptmH mutant strain of 

S. pactum was cultivated in the production medium (modified Bennet 

medium).(Ito et al., 2009) The supernatant, which was obtained from 10 L 

of culture, was extracted three times with an equal volume of ethyl acetate. 

The organic solvent was evaporated in vacuo to give a yellow solid, which 

was subsequently dissolved with a small amount of ethyl acetate-toluene 

(2:1). The sample was subjected to a silica gel column (1.4 cm x 20 cm) and 

eluted with ethyl acetate-toluene (2:1) (250 mL), and then with acetate-

methanol-5%NH4OH (20:5:1) (600 mL) to give fractions that contain TM-

035. Fractions containing the compound were pooled, evaporated to dryness, 

and separated by Sephadex LH-20 column (MeOH). The product was then 

purified by preparative RP-HPLC using a C-18 silica gel column 

(Phenomenex Luna RP-100, 5 μ, 20.0 X 250 mm) and 5 mM NH4OAc 

buffer (pH 5.5) – MeOH – MeCN (41:47:12) as the mobile phase at a flow 

rate of 3.2 mL/min and UV detection at 240 nm to give pure TM-35 20 mg. 

TM-035: Yellowish powder, [α] D=-3.2° (c=0.25, MeOH, 22°C). 1H NMR 

(300 MHz, CD3OD):  7.10-7.20 (3H, m, H-2´´, H-4´´, H-5´´), 7.13 (1H, d, 

J = 8.1 Hz, H-4´), 6.87 (1H, d, J = 6.3 Hz, H-6´´), 6.67 (1H, d, J = 8.4 Hz, 

H-3´), 6.60 (1H, d, J = 7.5 Hz, H-5´), 4.83 (1H, d, J = 11.7 Hz, H-8a), 4.52 

(1H, d, J = 11.4 Hz, H-8b), 3.93 (1H, s, H-3), 3.60 (1H, s, H-2), 2.45 (3H, s, 
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-COCH3), 2.28 (3H, s, 7´-CH3), 1.38 (3H, s, 7-CH3), 1.38 (3H, s, 6-CH3).  

13C NMR (75.5 MHz, CD3OD):  200.0 (s, C-7´´), 170.2 (s, C-8´), 162.6 (s, 

C-9), 159.1 (s, C-2´), 147.3 (s, C-3´´), 139.9 (s, C-6´), 137.8 (s, C-1´´), 

132.4 (d, C-4´), 129.1 (d, C-5´´), 121.9 (d, C-5´), 118.3 (d, C-6´´), 117.5 (d, 

C-4´´), 115.7 (s, C-1´), 114.1 (d, C-3´), 112.0 (d, C-2´´), 84.2 (s, C-4), 83.7 

(s, C-5), 71.0 (d, C-2), 69.6 (d, C-3), 67.2 (t, C-8), 65.8 (d, C-1), 25.4 (q, C-

8´´), 21.1 (q, C-7), 20.5 (q, C-7´), 15.8 (q C-6).  

In vitro antimalarial activity assay: Plasmodium falciparum strains D6, 

Dd2, and 7G8 were cultured in human erythrocytes at 2% hematocrit in 

RPMI 1640 containing 0.5% Albumax, 45 g/L hypoxanthine, and 50 g/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 
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station (Bio-Tek, Winooski, VT). The 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 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).  

In vitro cytotoxicity assay using murine splenic lymphocytes (MSLC): 

The general cytotoxic effect of TM compounds on host cells was assessed 

by functional assay as described previously,(Ahmed et al., 1994; Kelly et 

al., 2007; Zhi-Jun et al., 1997) using murine splenic lymphocytes induced to 

proliferate and differentiate by concanavalin A. Splenic lymphocytes 

isolated from C57B1/6J mice were washed twice in RPMI 1640 medium, 

and resuspended in complete RPMI containing 10% FBS, 50 μg/mL 

penicillin/streptomycin, 50 M -mercaptoethanol, and 1 g/mL 

concanavalin A. Cells (100 l/well) were then seeded into 96-well flat-

bottom tissue culture plates containing drug solutions (100 l) serially 

diluted with complete culture medium to a final cell density 2x105 per well. 
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The plates were incubated for 72 h in a humidified atmosphere at 37 C and 

5% CO2. An aliquot of a stock solution of resazurin (Alamar Blue, prepared 

in 1X PBS) was then added at 20 l per well (final concentration 10 M), 

and the plates were returned to the incubator for another 24 h. After this 

period, fluorescence in each well was measured in a Gemini EM plate 

reader with excitation wavelength at 560 nm and emission wavelength at 

590 nm. IC50 values were determined by non-linear regression analysis of 

logistic concentration-fluorescence intensity curves (GraphPad Prism 

software).  

In vitro anti-cancer activity assay: Anti-cancer activity of compounds 

TM-025, TM-026, and TM-035 were tested against human head and neck 

squamous cell carcinomas (SCC025 and SCC104). Human primary 

epidermal keratinocytes (HPEK) served as control. 

Antibacterial activity assay: Antibacterial activity of pactamycin and its 

analogs was determined by agar diffusion and micro-dilution assays. 

Staphylococcus aureus and Escherichia 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 
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were allowed to solidify and dry for 30 min before assay. Sterile blank 

paper disks (Becton-Dickinson) were impregnated with pactamycin and its 

analogs (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. 

Protein synthesis inhibitory assay: In vitro transcriptions and translations 

of the bicistronic FF/HCV/Ren mRNA reporter were performed as 

previously described (Novac et al., 2004). Firefly (FF) and renilla (Ren) 

luciferase (Luc) activity (RLU) was measured using a Berthold Lumat LB 

9507 luminometer. Translations were performed in a Krebs’ S10 extract and 

compounds were tested at 50 mM. To eliminate Luc quenchers, in vitro 

translation reactions were performed with FF/HCV/Ren in the absence of 

compounds, following which compounds were added to the translation 

products and FF and Ren Luc activity measured.  
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3.4. Results  

3.4.1. Isolation and characterization of TM-035  

TM-035 was isolated as a yellowish powder. High-resolution ESI-MS 

analyses of TM-035 showed the quasi-molecular ion peak at m/z 506.1903 

[M+Na]+, calculated for C25H29O7N3Na1 m/z 506.1898. MS/MS analysis of 

TM-035 was carried out using the [M+H] + quasi molecular ion peak (m/z 

484), and was compared with that of TM-026 (m/z 529). Whereas TM-026 

gave fragment ions m/z 483.93, 395.07, 350.07, and 331.93, which are 

consistent with the cleavage of the dimethylamino (45 amu) and the 6-

methylsalicylic acid (134 amu) moieties, as well as the loss of water (18 

amu), TM-035 gave fragment ions m/z 350.07, resulting from the loss of the 

6-methylsalicylic (134 amu), and 332.00, resulting from the further loss of 

water (18 amu), which indicated that there is no dimethylamino moiety in 

TM-035 (Figure 3-2).  

The 1H NMR spectrum of TM-035 (Figure 3-3) showed signals similar to 

those of TM-026 (Figure 2-8), except that signals corresponding to the C-10 

and C-11 dimethylamino moiety in TM-026 are missing, suggesting the 

absence of dimethyl urea in TM-035. In addition, the C-7 methyl signal 

shifted upfield and overlaps with C-6 methyl signal. The 13C NMR 

spectrum of TM-035 showed only 25 carbon signals (Figure 3-4), missing 
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the signal corresponding to the C-10 and C-11 dimethylamino moiety in 

TM-026 (Figure 2-9) (Lu et al., 2011). Moreover, the upfield shift of the C-

1 signal and downfield shift of the C-2 signal support the lack of 

dimethylamino moiety in TM-035. The structure of TM-035 and the 

assignments of the proton and carbon signals were confirmed by HMBC 

(Figure 3-5) and HSQC (Figure 3-6) experiments. All together the data 

provided convincing evidence that TM-035 is 7-demethyl-7-

deoxypactalactam.   

 

 

Figure 3-2. MS/MS and HPLC analysis of pactamycin analogs. A) TM-035 MS/MS, B) TM-026 
MS/MS, C) fragmentation pattern of TM-035, D) fragmentation pattern of TM-026, E) HPLC profile 
of S.pactum wildtype and ΔptmH mutant.  
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Figure 3-4. 13C-NMR spectrum of TM-035. 

 

Figure 3-3. 1H-NMR spectrum of TM-035. 
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Figure 3-6. HSQC spectrum of TM-035. 

 

Figure 3-5. HMBC spectrum of TM-035. 
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Dr. Jane Kelly at the Portland VA Medical Center. Seven pactamycin 

analogs along with chloroquine were tested against chloroquine sensitive 

and chloroquine resistant P. falciparum. The results showed that 7-

deoxypactamycin (TM-036) has stronger activity than pactamycin against 

malarial parasites and murine splenic lymphocytes (MSLC) (Table 3-1). On 

the other hand, pactamycate (TM-008) and de-6-MSA pactamycate (TM-

007) have significantly reduced antimalarial and cytotoxic activities. As 

reported previously, TM-025 and TM-026 demonstrated comparable 

antimalarial activity as pactamycin, but showed significantly reduced 

cytotoxicity against MSLC. Of particular interest is TM-026, which has 

therapeutic index of 1822, almost two orders of magnitude higher than 

pactamycin. This compound posses high potential to be developed as new 

antimalarial drug leads.  

Finally, 7-demethyl-7-deoxypactalactam showed completely no growth 

inhibitory activity against chloroquine-sensitive (D6) and –resistant (Dd2 

and 7G8) strains of P. falciparum (IC50 > 2500 nM) as well as against 

murine splenic lymphocytes (IC50 > 125000 nM) (Figure 3-8, Table 3-1).  
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However, in vitro anti-cancer activity assay against two well-established 

human head and neck squamous cell carcinomas (SCC025 and SCC104) 

revealed that TM-035 is highly potent against these cancer cells, stronger 

than TM-025 and TM-026 (Figure 3-9). More intriguingly, compared with 

TM-025 and TM-026, TM-035 is significantly less active against human 

primary epidermal keratinocytes (HPEK). 

 

 

 

 

Figure 3-9. In vitro anti-cancer activity assay against human head and neck squamous cell 
carcinomas. Cancer cell lin SCC025 (A) and human primary epidermal keratinocytes (B). 
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Compared to pactamycin and TM-026, TM-035 is superior in its chemical 

stability. However, this may come at the expense of its biological activity, 

as free NH2 group at C-2 has been postulated to be important for activity. In 

fact, biological activity assay results showed that TM-035 had no activity or 

cytotoxicity against P. falciparum, S. aureus,  E. coli and MSLC cells. 

Pactamycin interacts with 30S ribosomal subunit and inhibits translation by 

disrupting the ability of mRNA to translocate from the P to the E site 

(Brodersen et al., 2000; Dinos et al., 2004). However, TM-035 shows no 

protein synthesis inhibitory activity, which means that the activity against 

head and neck cancer is not related to protein synthesis inhibition. New 

mechanism(s) of action may be involved in the head and neck cancer cell 

inhibition.  

Based on the results of protein synthesis inhibitory assay, the presence of a 

lactam substitute in TM-035 significantly impairs the ability of this 

compound to inhibit protein synthesis in vitro (Figure 4-10). It is postulated 

that the N-dimethyl carbamoyl functionality is also critical for activity. In 

fact, the crystal structure of pactamycin bound to the 30S ribosomal subunit 

shows that pactamycin mimics a dinucleotide RNA structure and binds in 

the E-site cleft of the ribosome. Hydrogen bonding is predicted to occur 

with both the carbonyl oxygen of the carbamoyl moiety and the primary 
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amine at the C-2 position on the cyclopentitol ring structure.  Both of these 

moieties are critical for the function of pactamycin.  

Among the pactamycin analogs tested, TM-036 (7-deoxypactamycin) 

showed the strongest biological activities against bacterial, malarial and 

mammalian cells. It also strongly inhibits protein synthesis in vitro. 

Comparing with parent compound pactamycin, the loss of hydroxy 

functionality at C-7 position of the cyclopentitol ring increases the 

biological activity of the compound, suggesting that this position is very 

important and related with ribosomal binding. 

Genetically engineered compounds TM-025 and TM-026 have potent 

antimalarial activity, but, in contrast to pactamycin, have significantly 

reduced antibacterial activity and cytotoxicity against mammalian cells (Lu 

et al., 2011). The lack of a methyl and a hydroxyl group at the C-7 position 

may play a significant role in its selectivity towards plasmodial ribosomes.  

Protein synthesis inhibitory assay was carried out using a Krebs’ S10 

extract, an eukaryotic translation system that can be initiated in a cap-

dependent fashion, as well as internally on the HCV IRES. TM-025 and 

TM-026 showed protein synthesis inhibitory activity in Krebs’ S10 extract, 

but much lower than that of TM-036. Further protein synthesis inhibitory 

assays with malarial ribosome extract, as well as prokaryotic cells, are 
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4.1. Abstract 

Pactamycin, a structurally unique aminocyclitol isolated from Streptomyces 

pactum ATCC 27456, has potent antibacterial, anti-tumor and anti- 

protozoa activities.  Its genetically engineered congeners, TM-025 and TM-

026, show strong antimalarial activity, but less toxic. However, their 

production yields are relatively low. To deepen our understanding of 

pactamycin biosynthesis and engineer mutant strains with improved 

production yield, we investigated the pathway specific regulatory genes, 

ptmF and ptmE. In vivo inactivation of ptmF or ptmE resulted in mutant 

strains that are not able to produce pactamycin. Based on our transcriptional 

analysis, PtmF-PtmE system appears to control the transcription of the 

whole biosynthetic gene cluster. However, attempts to overexpress these 

two genes in S. pactum did not improve the production yield. Moreover, 

pactamycin biosynthesis is very sensitive to phosphate regulation. 

Concentration of inorganic phosphate higher than 2 mM abolished both the 

production of pactamycin and the transcription of the biosynthetic genes. 

Genome scanning results showed the existence of global regulators, two-

component PhoR-PhoP system and A-factor related genes. Further gene 

disruption and overexpression experiments may provide important 

information about the transcription regulatory system in S. pactum.  
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4.2. Introduction 

 

The Gram-(+), filamentous, soil bacteria Streptomyces are notable for their 

ability to produce a wide variety of secondary metabolites with interesting 

pharmacological activities. The actinomycetes, the family to which the 

streptomycetes belong, are attributed to the production of over two-thirds of 

known antibiotics (Berdy, 2005). Antibiotic production in streptomycetes 

exhibits in a growth-phase-dependent manner, which is controlled by both 

global and pathway specific regulatory genes whose expression frequently 

depends on physio-chemical factors including nutrient supply, cell density, 

oxygenation, temperature and pH (Bibb, 1996).  

 

A number of regulatory systems with pleiotropic effects on antibiotic 

production in streptomycetes have been identified and studied extensively 

(Bibb, 1996; Martin and Liras, 2010; Martin et al., 2011). Bacterial 

hormones, ᵧ-butyrolactones, are active at nanomolor concentrations and 

induce expression of multiple biosynthetic gene clusters by modulating the 

DNA binding activity of cognate receptors (Kitani et al., 2011). Another 

example is the two-component PhoR-PhoP system, which is well studied 

for regulation of antibiotic biosynthesis induced by phosphate starvation 
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(Martin and Liras, 2010; Martin et al., 2011).  The genes required for 

assembly of secondary metabolites in Streptomyces are usually clustered 

together with pathway-specific regulatory genes that control the onset of 

biosynthesis (Bibb and Hesketh, 2009). Numerous pathway-specific 

regulators have been identified in Streptomyces (e.g., ActII-ORF4, RedD, 

CdaR), many of which belong to the SARP-family proteins with a typical 

OmpR-like conserved domain in the N-terminus, specifically regulate the 

transcription of certain biosynthetic genes (Sheldon et al., 2002; Wietzorrek 

and Bibb, 1997). Analysis and proper manipulations of these regulatory 

systems is crucial for understanding the mechanism of regulation and 

rationally enhance secondary metabolite production. 

 

Pactamycin, a cyclopentitol-derived protein synthesis inhibitor was isolated 

from S. pactum var. pactum by Upjohn Company in the early 1960’s 

(Bhuyan, 1962). It 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). 

Recently, a series of mutant strains of S. pactum ATCC 27456 were 

generated using biosynthetic engineering technology. Many of them were 

able to produce novel analogs of pactamycin (Ito et al., 2009; Lu et al., 
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2011). To date, there are more than twenty pactamycin analogs have been 

isolated from wild-type strain or generated by biosynthetic engineering 

(Figure 4-1) (Dobashi et al., 1986; Hara et al., 1964; Hurley et al., 1986; Ito 

et al., 2009; Iwatsuki et al., 2012; Kondo et al., 1964; Lu et al., 2011; 

Rinehart et al., 1980; Wiley et al., 1970). A number of pactamycin analogs, 

i.e. TM-025 and TM-026, showed superiority to the parent compound in 

terms of chemical stability and selectivity toward malarial parasites (Lu et 

al., 2011). However, the production yield of pactamycin from S. pactum 

ATCC 27456 under laboratory conditions is relative low (about 2-3 mg/L). 

Although the genetically engineered strain ΔptmH can produce TM-026 

about 20 mg/mL, the yield is still far from optimal. The low production 

yield has hampered both mechanistic and preclinical studies of these 

promising compounds. Therefore, it is desirable to generate strains with 

high production capability, and extensive studies of the transcriptional 

regulation of pactamycin biosynthesis by both global and pathway-specific 

regulatory genes may pave the way for creating the strains through genetic 

engineering. 
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The biosynthetic gene cluster of pactamycin has been identified within an 

86-kb sequenced region of DNA from S. pactum ATCC 27456 (Ito et al., 

2009). Armed with the tools needed to genetically disrupt target genes in S. 

pactum, we were able to determine the boundaries and identify the 

 

Figure 4-1. Chemical structures of currently identified pactamycin and its congeners. 
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regulatory genes. Our initial attempts to disrupt upstream genes orf9-ptmZ 

and downstream gene orf19 gave no phenotypic differences, compared to 

the wild-type (data not shown). Based on the gene inactivation experiments 

and bioinformatics analysis, we predict that the pactamycin gene cluster is 

located between ptmZ and ptmW (Figure 4-2A).  

Within the pactamycin biosynthetic gene cluster, there is a gene (ptmF) that 

encodes a putative transcription regulatory protein, which contains DNA-

binding winged-HTH domain. This protein belongs to the family of 

Trans_reg_C. PtmF shows some similarity to DNA binding response 

regulators or two-component transcription regulators (i.e., DNA winged) 

(Kenney, 2002). Amino acid sequence alignment of PtmF with other 

response regulators revealed that it shares high similarity with OmpR-like 

motif of two-component regulators (Figure 4-2B). Thus, this protein may be 

involved in the transcriptional regulation of the pathway and was selected as 

a target for gene inactivation.  

Right downstream of ptmF is a gene (ptmE) that codes for a hypothetical 

protein. The deduced product of ptmE belongs to a P-loop containing 

ATPase superfamily, which contains a nucleotide-binding motif (p-loop) at 

the N-terminal. Therefore, we propose that the products of ptmF and ptmE 

may cooperatively control the biosynthesis of pactamycin.  
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In the present study, we investigated the role of ptmF and ptmE in 

pactamycin biosynthesis through in vivo gene inactivation and 

complementation experiments. In addition, we investigated the effects of 

phosphate starvation on pactamycin biosynthesis. Through genome mining, 

we identified a number of genes involved in the formation of the global 

Figure 4-2. Pactamycin biosynthetic gene cluster (A) and alignment of PtmF with other response 
regulators (B). AmrA from Amycolatopsis mediterranei, AfsQ1 from Streptomyces coelicolor, 
MtrA from Mycobacterium tuberculosis, PhoP from Bacillus subtilis, S.a-OmpR. from S. 
avermitilis MA-4680, S.c.-OmpR from S. coelicolor A3(2) and Orf23 from S. clavuligerus . 



135 
 

regulators A-factors, as well as the two component PhoR-PhoP system in S. 

pactum. As part of our ongoing study on pactamycin biosynthesis, multiple 

approaches will be carried out to generate strains with high antibiotic 

production yields.  

 

4.3. Materials and methods 

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. pBlueScript II (SK-) (Stratagene) and pGEM-T 

Easy (Promega) were used as cloning vectors. pTMN002 is a pIJ101 

derivative containing an OriT transfer element required for conjugation (Ito 

et al., 2009). pTMW050 is a pSET152 derivative containing ermE promoter. 

pIJ6902 is another pSET152 derivative containing Ptip promoter. Other 

bacterial strains and plasmids used in this study are listed in Table 4-1. 
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Table 4-1. Strains and plasmids used in this study 

Strains Relevant genotype/comments Source/Ref 

Escherichia 
coli DH10B 

F- mcrA (mrr-hsdRMS-mcrBC)80lacZM15 

lacX74 recA1 endA1 araD139 (ara, 

leu)7697 galU galK - rspL nupG 

GibcoBRL 

E. coli 
ET12567(p
UZ8002) 

dam dcm hsdS, pUZ8002 
(Paget et al., 
1999) 

Streptomyce
s pactum 
ATCC 
27456 

Wild-type pactamycin producing strain ATCC 

S. pactum 
ΔptmF 

ptmF disruption mutant This study 

S. pactum 
ΔptmE 

ptmE disruption mutant This study 

S. pactum 
ΔptmF 
/TMW069 

ptmF mutant complementation with pTMW069 This study 

S. pactum 
ΔptmE 
/TMW070 

ptmE mutant complementation with pTMW070 This study 

S. pactum 
/TMW069 

S.pactum wild-type introduced with pTMW069 This study 

S. pactum 
/TMW070 

S.pactum wild-type introduced with pTMW070 This study 

S. pactum S.pactum wild-type introduced with pTMW071 This study 
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/TMW071 

S. pactum 
/TMW072 

S.pactum wild-type introduced with pTMW072 This study 

S. pactum 
/TMW073 

S.pactum wild-type introduced with pTMW073 This study 

S. pactum 
/TMW074 

S.pactum wild-type introduced with pTMW074 This study 

Staphylococ
cus aureus 
ATCC 
12600 

Marker strain for antibacterial assay ATCC 

Plasmids   

pBlueScript 
II SK(-) 

ColE1-based phagemid vector with f1 (-) and 
pUC origins; T3, T7 and lac promoters; bla. 

Stratagene 

pGEM-T 

High copy number PCR cloning vector 
containing T7 and SP6 RNA polymerase 
promoters flanking a multiple cloning region 
within the alpha-peptide coding region of the 
enzyme beta-galactosidase; bla. 

Promega 

pTMN002 

pJTU1278+ derivative containing a 1 kb 
aac(3)IV 

apramycin resistance cassette from pOJ446 

(Ito et al., 
2009) 

pTMW065 
Two 1 kb PCR fragments upstream and 
downstream of the ptmF gene in pBlueScript II 
SK(-) 

This study 

pTMN066 
Two 1 kb PCR fragments upstream and 
downstream of the ptmE gene in pBlueScript II 
SK(-) 

This study 
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pTMW067 
Two 1 kb PCR fragments upstream and 
downstream of the ptmF gene in pTMN002 

This study 

pTMW068 
Two 1 kb PCR fragments upstream and 
downstream of the ptmE gene in pTMN002 

This study 

pTMW050 
pTMX12b derivative containing PermE* 
promoter from pJTU695 and MCS 

This study 

pIJ6902 pSET152 derivative containing Ptip promoter This study 

pTMW069 
pTMW050 containing complete structural gene 
of ptmF 

This study 

pTMN070 
pTMW050 containing complete structural gene 
of ptmE 

This study 

pTMN071 
pTMW050 containing complete structural gene 
of ptmE and ptmF 

This study 

pTMW072 
pIJ6902 containing complete structural gene of 
ptmF 

This study 

pTMN073 
pIJ6902 containing complete structural gene of 
ptmE 

This study 

pTMN074 
pIJ6902 containing complete structural gene of 
ptmE and ptmF 

This study 

TIP3 Fosmid clone containing part of the ptm cluster 
(Ito et al., 
2009) 

 

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 
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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 and Russell, 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 4-2. 

The nucleotide sequences of the gene fragments were determined at the 

Center for Genome Research and Biocomputing (CGRB) Core Laboratories, 

Oregon State University.  

Table 4-2. Primers used in this study 

Primer Sequence(a) 

ptmF-F1 5’- CCCAAGCTTGCACGCCCGTGATCGTCTCC -3’ 

ptmF-R1 5’- CCGGAATTCCAGGGTCAGCCCCACTTCGG -3’ 

ptmF-F2 5’- CCGGAATTCGCGGGCTTGCTGCGGATGCT -3’ 

ptmF-R2 5’- TGCTCTAGATGGACGGGCTGGAGTTCTTCTGG -3’ 

ptmF-P1 5’- AGACGGGACCGCTTCTTCGC -3’ 

ptmF-P2 5’- CGAGGGCGACATCATGTCCC-3’ 

ptmF-C1 5’- TACATATGAAGGGGTTCCCCGTGTACGTACTG -3’ 
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ptmF-C2 5’- ATATTCTAGATCAGCGGGCGTCCTGTCGCA -3’ 

ptmE-F1 5’- CCCAAGCTT CCGGCTGCGCTTCTACGAGG -3’ 

ptmE-R1 5’- CCGGAATTCCTGGTGCCCCAGGCGGGTCTT-3’ 

ptmE-F2 5’- CCGGAATTCGCCGAGTTCGCCGATCTGGG -3’ 

ptmE-R2 5’- TGCTCTAGACATGTCAGAAGCAGTGCATCCGAG-3’ 

ptmE-P1 5’- GGAGGAGCCGGAGCTGTTCG-3’

ptmE-P2 5’- GTCTGCGGGAGCTGAAGTCGG -3’ 

ptmE-C1 5’-AGAATTCATATGCGCGTGGTGGTGATCACCGGTGCC -3’ 

ptmE-C2 5’- TATATCTAGATCAGCTGATCACCCGGGGGTCCGG -3’ 

ptmA-RT1 5’- GATGGTGTCCACGTCCTCGTCGGTC -3’ 

ptmA-RT2 5’- CGGCGGCGACCTCACCTTCTTC -3’ 

ptmB-RT1 5’- GTTGGCGACCGAGTTGAGC -3’ 

ptmB-RT2 5’- CGACCACTCGCTGGGCTTCA -3’

ptmC-RT1 5’- ACAGAACCGCCTCAAACTCC -3’ 

ptmC-RT2 5’-CCCTTCAGCCAGAAGAACTCA -3’ 

ptmD-RT1 5’- CGAGGGCGACATCATGTCCC  -3’ 

ptmD-RT2 5’- GAACCCGTAGTAGTGCGTGGC -3’ 

ptmE-RT1 5’- GCCAGCGTCAGCTCGGTGGT -3’ 

ptmE-RT2 5’- CCCCTCCACCGGGTCTTCGC -3’ 

ptmF-RT1 5’- GTACTGGCCCAGTCCCTGAC-3’

ptmF-RT2 5’- TGAAGCTGTAGCCGTTCGTG-3’

ptmG-RT1 5’- CGACAAGCCCTGGTCGGA -3’ 
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ptmG-RT2 5’- GCGGAGGAGAACAGCGAGTAC-3’

ptmH-RT1 5’- CAACACCGAGTACCACGACAAGC -3’ 

ptmH-RT2 5’- CATCGCCTCGTCCCACCACT -3’ 

ptmK-RT1 5’- CCTTCTGGCGGAACCTGCTC -3’ 

ptmK-RT2 5’- ACCCCGGCGTACACCAGC -3’

ptmO-RT1 5’- CAGTCGAACAGATGGAGCGG -3’ 

ptmO-RT2 5’- CGAGTGCCCCACCAGGTC -3’ 

ptmP-RT1 5’- CGCCGACGAGACCACCCT-3’

ptmP-RT2 5’-CACCGCCCAGGCCAGTT -3’ 

ptmT-RT1 5’-TACGTTCCCTGCCCGATCT -3’ 

ptmT-RT2 5’- AGTACACGCCCTCCTTCTGC-3’ 

ptmU-RT1 5’- GCCGTACATTGCCGCGAAGG-3’

ptmU-RT2 5’- GTCAGACTCTGGCCCGTGAT -3’ 

16S rRNA-RT1 5’- AGCGAACAGGATTAGATACCC-3’

16S rRNA-RT2 5’- ACGACAGCCATGCACCA -3’ 

              (a) nucleotides underlined refer to restriction sites 

 

Construction of the ptmF and ptmE knockout mutants, genetic 

complementation, and overexpression: Two ~1 kb PCR fragments 

upstream (HindIII/EcoRI) and downstream (EcoRI/XbaI) of the ptmF and 

ptmE genes were fused and cloned into the HindIII/XbaI site of pBluescript 

II SK(-) vector. The products were excised and cloned into the HindIII/XbaI 
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site of pTMN002 to create pTMW067 and pTMW068, respectively. All 

plasmids were then individually introduced into S. pactum ATCC 27456 by 

conjugation using 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 10 

mM magnesium sulfate (MS-Mg) to induce the formation of double 

crossover recombinants. Apramycin sensitive colonies were counter-

selected by replica plating on MS-Mg agar with and without apramycin (50 

g/mL). The resulting double-crossover candidate strains were confirmed 

by PCR amplification with external primers flanking the respective targeted 

gene. The resulting PCR fragment from putative double crossover mutants 

was subcloned into the pGEM-T vector and sequenced to confirm that part 

of the gene has been removed from the chromosome. 

The ptmF, ptmE and ptmF&ptmE genes were amplified by PCR and cloned 

into the EcoRV site of pBluescript II SK(-) vector. The products were 

excised and cloned into the NdeI/XbaI site of pTMW050 to create 

pTMW069, pTMW070 and pTMW071, respectively. The products were 

excised and cloned into the NdeI/XbaI site of pIJ6902 to create pTMW072, 

pTMW073 and pTMW074, respectively. pTMW069 and pTMW070 were 

then individually introduced into ΔptmF and ΔptmE mutants. Genetic 



143 
 

complementation strains were obtained based apramycin resistance. All the 

six plasmids were individually introduced into S. pactum wild-type to 

generate over-producing strains. 

RNA isolation and reversed-transcription PCR (RT-PCR): Wild-type 

and mutant strains of S. pactum were inoculated into production medium 

and cells were harvested for RNA extraction after 1-6 days incubation. 

RNAs were extracted from the cells using Trizol (Invitogen) after a 30 min 

treatment of the cells with lysozyme. RNAs were precipitated by an equal 

volume of isopropanol and washed with 70% ethanol. The RNA samples 

were then treated with DNase (RNase-free, Invitrogen) to remove residual 

genomic DNA. After quantification, 1 μg RNA was reverse-transcribed into 

20μL cDNA using random primers and SuperScript II reverse transcriptase 

(Invitrogen). 0.5μL cDNA products were then subjected to PCR 

amplification (25 cycles). RT-PCR primers are listed in Table 4-2. Primers 

for 16S rRNA gene were used as an internal control. PCR conditions were: 

template DNA denatured at 94 °C for 4 min, then 94 °C 30 sec, 60 °C 30 

sec, 72 °C 30 sec, for 25 cycles. 

Analysis of metabolites from S. pactum wild-type strain, and the ptmF 

and ptmE mutant strains: S. pactum were grown on BTT agar [glucose 

(1%), yeast extract (0.1%), beef extract (0.1%), casein hydrolysate (0.2%), 
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agar (1.5%), pH 7.4] at 30 °C for 3 days. Single colonies were used to 

inoculate the BTT seed cultures and incubated at 30 °C for 2 days. 

Production cultures were prepared in modified Bennet medium (Sakuda et 

al., 2001) (50 mL) and inoculated with seed cultures [10% (V/V)]. 5 µg/mL 

apramycin was added for strain introduced with pTMW050 derived 

plasmids. 5 µg/mL thiosrepton was added if need induce Ptip promoter. The 

production cultures were incubated at 30 °C for six days under vigorous 

shaking (200 rpm). The mycelia were centrifuged and the supernatants were 

extracted twice with equal volumes of ethyl acetate. The organic solvent 

was evaporated in vacuo and the residues were dissolved in 1.8 mL MeOH 

and analyzed by reverse-phase HPLC or LC-MS. Analysis of the 

metabolites of the Streptomyces pactum was carried out by reverse-phase 

HPLC with a C-18 silica gel column (YMC-ODS A 5 µ, 4.6 × 250 mm, 

flow rate 0.30 mL/min for quantification the production yield or 0.40 

mL/min for comparison of S. pactum growth in different phosphate 

concnetration). The following solvent gradient program [solvent A (5 mM 

NH4OAc solution) and B (MeOH:MeCN=4:1)] was used: 0-45 

min, % B=60; 45-48 min, % B=60-98; 48-60 min, % B=98; 60-63 

min, % B=98-60; and 63-80 min, % B=60. Peaks eluting from the column 

were monitored at 240 nm. The molecular weight of each compound was 

determined by electrospray mass spectrometry.  
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As shown in Figure 4-3, three pactamycin analogs de-6-MSA-pactamycate, 

7-deoxypactamycin, and pactamycate are corresponding to peaks at 12min, 

23.5 min and 25.5 min, respectively.  For quantification of pactamycin 

analogs in the wild-type and the mutant strains, standard curves and 

equation were generated according to the correlation between areas under 

the curves of HPLC peaks and injection amount of authentic pactamycin 

analogs. The yields of pactamycin analogs produced by the wild-type and 

the mutant strains were calculated accordingly. 

Figure 4-3. Generation of standard curve for quantification of yield of pactamycin analogs. HPLC 
profiles of crude extract from S. pactum wild-type, and authentic pactamycin analogs (A). HPLC 
profile of different amount of pactamycate (B). Standard curve for calculating pactamycate yield (C). 
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Growth measurement in S. pactum: We used a protein extraction protocol 

to measure cell growth over time. Cells treatment procedures were modified 

from a previous report (Meyers et al., 1998). 10 mL of S. pactum cell 

cultures were centrifuged at 5,000 rpm for 15 min. The pellets were washed 

with 1 mL of phosphate-buffered saline (PBS), pH 7.0 (without 

resuspending the cells), and were centrifuged at 14,000 rpm for 5 min. The 

pellets were resuspended in 0.2 mL of 1 M NaOH and the sealed tubes were 

placed in boiling water for 10 min. The samples were neutralized by adding 

0.04 mL of 5 M HCl, and the volumes were adjusted to 1 mL by adding 

0.76 mL of PBS, pH 7.0. Samples were centrifuged for 30 min, and 0.8 mL 

of each supernatant was removed for protein determination. Ultra-violet 

(UV) absorptions at 230 nm and 260 nm were measured using a Nanodrop 

1000, and protein concentration was calculated using the equation: Total 

protein (μg/mL) = (183 x A230) – (75.8 x A260). The dilution factor is 10. 

Antibacterial activity assay: Antibacterial activity of pactamycin and its 

analogs was determined by agar diffusion assay. Staphylococcus aureus 

was 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 
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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 5 μL of crude extract of S. pactum 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. 

 

4.4. Results 

4.4.1. Genetic analysis of the putative regulatory genes in the 

pactamycin biosynthetic gene cluster 

Bioinformatics analysis of the pactamycin biosynthetic gene cluster 

indicated that the putative response regulator PtmF and the putative ATPase 

containing PtmE may cooperatively control the biosynthesis of pactamycin. 

To determine the involvement of these putative regulatory genes in 

pactamycin biosynthesis, we inactivated the genes individually. Targeted 

in-frame deletion of ptmF was achieved by cloning upstream and 

downstream flanking regions of ptmF into pTMN002, transferring the 
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plasmid into S. pactum via conjugation, and selecting for double crossover 

recombinants lacking the ptmF gene sequence. PtmF mutant strains were 

confirmed by PCR amplification and DNA sequencing of the subcloned 

products (Figure 4-4A, B). The same approach was applied to generate 

ptmE mutant.  

Figure 4-4. Generation and analysis of ptmF and ptmE mutants. Cloning strategy for construction 
of ptmF mutant (A). PCR analysis of wild-type, ptmF and ptmE mutant strains of S. pactum (B). 
HPLC (C) and MS (D) comparison between wild-type and the ptmF and ptmE mutants. 
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The effect of ptmF and ptmE inactivation on pactamycin production was 

determined by cultivation of the resulting mutant and the wild-type strains 

of S. pactum and analyzing their metabolic profiles by HPLC and LC-MS. 

As shown in Figure 4-4C and D, mutant strains lacking ptmF or ptmE were 

no longer able to produce pactamycin, suggesting that PtmF and PtmE are 

essential regulators, most likely involved in the transcriptional initiation of 

structural genes, or act as switches specific for pactamycin production.  

To confirm that there is no polar effect involved, complementation 

experiments were performed by cloning ptmF or ptmE genes into 

integration vector pTMW50, a pSET152 derivative containing the aac3(IV) 

gene and an ermE promoter, and then introducing into the corresponding 

mutant strains of S. pactum. The results showed that all conjugants were 

able to produce pactamycin, albeit in low yield, suggesting that there was 

no polar effect that obstructed pactamycin biosynthesis in the mutants. 

Partial rather than full restoration of pactamycin production was presumably 

due to the low efficiency of the ermE promoter in S. pactum strain. Similar 

results have been observed in other S. pactum mutants as well (Lu et al., 

2011). 
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4.4.2. Transcriptional control of pactamycin biosynthetic genes 

To better understand the timing of pactamycin gene expression, we 

compared the growth of S. pactum, the production yield of pactamycin 

analogs, as well as the expression of a set of genes representing operons in 

the cluster (Figure 4-5). The growth of the wild-type S. pactum and the 

ΔptmF mutant strains were determined by a rapid and simple protein 

extraction protocol to measure cell growth over time. Compared with the 

 

Figure 4-5. Growth-dependent biosynthesis of pactamycin. Growth curve of S.pactum wild-type 
(red) and ΔptmF mutant (blue) (A). Measurement of pactamycin analogs production at different 
growth stages (B). Time courses of antibiotic production in S.pactum wild-type and ptmF mutant 
strains as evaluated by bioassay against Staphylococcus aureus (C). Time courses of transcription of 
representative pactamycin biosynthetic genes (D). 
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wild-type strain, the ΔptmF mutant shows no differences in morphology 

and cell growth rate (Figure 4-5A).  

Pactamycin production in S. pactum occurs in a growth-phase-dependent 

manner. In the wild-type strain, the production of pactamycin and its 

congeners begin at Day 1, however, it becomes more pronounced during the 

late exponential growth stage around 48 hours, and ultimately reached the 

highest production at Day 5 (Figure 4-5B). Bioassay against Staphylococcus 

aureus also demonstrated that the production of the antibiotics increased 

from day 1 to day 3, whereas ΔptmF mutant strain was not able to produce 

the antibiotics (Figure 4-5C).  

To analyze the time course of the transcription of the pactamycin 

biosynthetic genes, we initially choose five genes and carried out RT-PCR 

analysis. Those genes include ptmF and ptmE, which are putative regulatory 

genes, and ptmT, ptmC and ptmH, which are structural genes involved in 

different stages of pactamycin biosynthesis: 3-aminobenzoic acid formation, 

cyclopentitiol ring formation and tailoring process, respectively. The RT-

PCR results revealed that transcription of pactamycin genes all starts at 

around 36 hours (the late exponential stage), and continued to express until 

the decline phase (Day 6). This somewhat contradicts with the fact that the 

some pactamycin congeners were detected in Day 1, as showed in HPLC 



152 
 

analysis and bioassay.  However, the antibiotic detected in Day 1 may be 

originated from the seed cultures. To obtain good seed cultures, we grew 

the strain in liquid BTT medium for 2 days under vigorous shaking. 

Subsequently, 10% (v/v) of the seed culture was inoculated into the 

production culture. Therefore, it is unavoidable to get a little amount of 

pactamycin congeners carried over from the seed cultures. Nevertheless, 

based on the current data, we chose samples collected at Day 3 (early 

stationary phase) for further transcriptional analysis.  

The pactamycin biosynthetic gene cluster consists of multiple transcription 

units. The genomic organization of the pactamycin biosynthetic cluster 

suggests the presence of at least six polycistronic transcriptional units 

(ptmB-A, ptmC-D, ptmG-E, ptmH-N, ptmT-Q, and ptmU-V) and two 

monocistronic units (ptmO and ptmP) (Figure 4-2). We selected at least one 

gene from each operon to analyze the effects of ptmF and ptmE disruption 

on pactamycin gene transcription. 
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disrupted. Therefore, it can be concluded that the transcription of the whole 

gene cluster is controlled by the PtmF-PtmE system.  

 

4.4.3. Attempts to increase pactamycin production yield by 

overexpression of PtmF-PtmE system 

The abolishment of pactamycin biosynthesis in the ptmF and ptmE mutants 

underscores the importance of these regulatory genes. Therefore, we carried 

out overexpression experiments with ptmF or ptmE alone or a combination 

of them. The genes were cloned into the integrative vector pTMW50 

(contains ermE promoter) or pIJ6902 (contains Ptip promoter) to give 

pTMW069, pTMW070, pTMW071, pTMW072, pTMW073, pTMW074, 

respectively. The plasmids were then introduced into S. pactum and the 

production of pactamycin and its congeners was analyzed quantitatively by 

HPLC. However, there were no significant differences between the 

engineered and the wild-type strains of S. pactum (data not shown).  
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pactamycin is influenced by phosphate. Increasing concentrations of 

inorganic phosphate added to the cultures at inoculation time drastically 

reduced the production of pactamycin (Figure 4-7). When initial phosphate 

concentration is higher than 0.5 mM, the production yield of pactamycin 

decrease significantly. Almost no pactamycin was produced in cultures with 

the phosphate concentration more than 2 mM. This is consistent with our 

RT-PCR results, in which the transcriptions of pactamycin genes were 

completely inhibited when the phosphate concentration is higher than 2 mM. 

Similarly, the production of other secondary metabolites, such NFAT-133 

and the piericidins also decreased in cultures with high phosphate 

concentrations. In the presence of lower concentrations of phosphate (<2 

mM) significant amplification of the transcripts was observed. However, 

quantitative analyses of the products by HPLC indicate that the production 

yield is best when the concentration of inorganic phosphate is 0.25 mM or 

less. 

The negative effect of inorganic phosphate to antibiotic production has been 

proposed to be mediated by the two-component PhoR-PhoP system (Martin 

and Liras, 2010; Martin et al., 2011). We then obtained a draft genome 

sequence of S.pactum and examined the presence of this two-component 

regulatory genes. We discovered within the genome the phoU-phoR-phoP 

cluster which may be involved in regulating secondary metabolite 
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production in S. pactum. Studies of the role of these genes in pactamycin 

biosynthesis will be part of our further investigation in dissecting the 

transcriptional regulatory system in S. pactum.  

 

4.5. Discussion 

In Streptomyces, biosynthesis genes corresponding to certain secondary 

metabolite are usually clustered together. Most biosynthetic gene clusters 

contain genes that encode pathway specific regulatory proteins that control 

the transcription of structural genes. In addition, global regulatory genes, 

typically outside biosynthetic clusters, pleiotropically control the production 

of multiple metabolites.  The regulation network could be very complex, 

consisting both global and pathway specific regulators. As part of our 

ongoing project, we have been investigating the regulatory network 

involved in the biosynthesis of the antitumor antibiotic pactamycin, and 

developing genetically engineered strains that can produce pactamycin or its 

congeners with better production yields. In the present study, we identified 

two pathway specific regulatory genes, ptmF and ptmE, which play an 

essential role in transcriptional regulation of pactamycin biosynthesis. 
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Many pathway specific regulators belong to the SARP family. They are 

commonly found in actinobacteria and are characterized by the presence of 

OmpR-like DNA binding motif. Sequencing of the pactamycin biosynthetic 

gene cluster revealed the presence of ptmF gene, which contains a DNA-

binding winged-HTH domain and encodes a putative response regulator that 

belongs to the Trans_reg_C family. Phylogenic analysis of PtmF indicates 

that it is closely related to DeoR transcriptional regulators. 

It shares high similarity with the OmpR-like motif of two-component 

regulators. On the other hand, the deduced product of ptmE contains a 

nucleotide-binding motif (p-loop) at the N-terminal and is proposed to have 

kinase activity. We propose that ptmF and PtmE work cooperatively to 

control the transcription of pactamycin biosynthetic genes. Indeed, gene 

inactivation of ptmF and ptmE resulted in mutant strains that were unable to 

produce pactamycin, suggesting that these two regulatory genes are positive 

regulators and essential for pactamycin biosynthesis.  

 

To determine the effects of PtmF and PtmE on transcription of pactamycin 

biosynthetic genes, we examined the expression of 13 genes, which cover 

all 8 putative transcriptional units, in both wildtype, ΔptmF and ΔptmE 

strains of S. pactum by RT-PCR. The results showed that disruption of 
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ptmF or PtmE abolished transcriptional activation of genes from all 8 

operons, which suggest that the PtmF-PtmE system controls the expression 

of the whole gene clusters.  

 

In recent years, targeted manipulation of regulatory genes has become one 

of the major techniques to improve antibiotic production. Using the strategy 

of overexpressing pathway specific regulators, scientists have successfully 

enhanced yields of known natural products or activated “silent” gene 

clusters to identify new natural products (Laureti et al., 2011; Stutzman-

Engwall et al., 1992). However, our attempts to increase the production of 

pactamycin by introducing a second copy of the regulatorory genes were 

unsuccessful. This could be due to the low efficiency of the ermE and ptip 

promoter in S. pactum. Therefore, for future work it is suggested that other 

promoters, such as the promoter of the apramycin resistance gene aac(3)IV , 

are tested.  

 

We found that pactamycin production is affected by inorganic phosphate 

concentration. Almost no pactamycin was produced when phosphate 

concentration is higher than 2 mM. At high phosphate concentrations the 
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transcription of the biosynthetic genes was inhibited as well. The effects of 

phosphate on secondary metabolite biosynthesis mediated by a two 

component PhoR-PhoP system has been reported in many Streptomyces 

species (Martin and Liras, 2010; Martin et al., 2011). Inspection of the draft 

genome sequence of S. pactum revealed the presence of two component 

PhoR-PhoP system. However, it is not clear at this point whether the 

phosphate regulation is mediated by the pathway specific regulatory 

proteins PtmF-PtmE or by a PhoR-PhoP system or both. Further gene 

disruption will be performed to study the phosphate regulation in 

pactamycin biosynthesis. 

The global regulators A-factor receptor protein ArpA and A-factor 

biosynthesis protein AfsA were also found in S. pactum genome. 

Modifications of butyrolactone receptor proteins have been proven to be a 

successful strategy to obtain overproducer strains (Cundliffe, 2008; 

Santamarta et al., 2005). Therefore, further genetic disruption of ArpA and 

AfsA will also be carried out to examine the effect of bacterial hormone on 

pactamycin biosynthesis. 
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    The work presented in this dissertation covers functional analysis of the 

biosynthetic gene cluster of the unique antitumor antibiotic pactamycin 

(5.1), genetically engineered production of new pactamycin analogs with 

improved biological activity (5.2) and investigation of transcription 

regulation of pactamycin biosynthesis (5.3). The results provide valuable 

information to understand the mode and regulation of pactamycin 

biosynthesis. We created a suite of novel pactamycin analogs, some of 

which showed promising biological activity. This work will contribute to 

future studies on deciphering the pactamycin biosynthetic pathway and 

engineered production of more bioactive pactamycin analogs. 

 

5.1. Functional analysis of pactamycin biosynthetic gene cluster 

 

This part of the research is a continuation of the work of former colleagues 

in the group. Our group successfully identified the pactamycin biosynthetic 

gene cluster in S. pactum ATCC 27456, which provides new ways to 

address interesting questions pertaining to pactamycin biosynthesis. One of 

the most interesting questions was about the formation of the unique 

cyclopentitol ring. It has been suggested that this moiety is derived from 

glucose or glucosamine. BLAST analysis of the biosynthetic genes and 

preliminary experiments reported by others suggested that PtmC (Fe-S 
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radical SAM oxidoreductase), PtmJ (putative glycosyltransferase), and 

PtmG (putative deacetylase) might be involved in the formation of the 

cyclopentitol core. In order to confirm the involvement of these genes in 

pactamycin biosynthesis, we inactivated both ptmC and ptmJ in S. pactum 

and analyzed the phenotypes. HPLC analysis of the culture broths revealed 

that the mutant strains lack the ability to produce pactamycin (Figure 1-13). 

In addition, in vitro enzymatic assay using recombinant PtmJ and in vivo 

feeding experiment with E. coli harboring the ptmJ gene both demonstrated 

that the glycosyltransferase PtmJ is capable of coupling UDP-N-acetyl-D-

glucosamine and 3-aminoacetophenone (Figure 1-14). 

Another intriguing question was about the mode of formation of the 3-

aminoacetophenone moiety, which based on feeding experiment has been 

found to be derived from 3-aminobenzoic acid. The later compound has 

been proposed to be derived from dehydroquinate or dehydroshikimate of 

the shikimate pathway. However, no direct experimental evidence available 

to support this notion. Through gene inactivation and feeding experiment, 

we found that the aminotransferase PtmT is responsible for 3-aminobenzoic 

acid formation (Figure 1-12). However, we were not able to demonstrate 

biochemically that PtmT converts DHQ or DHS to 3-aminobenzoic acid. 
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No less intriguing an aspect of pactamycin biosynthesis is its high degree of 

tailoring modifications (e.g.  N-carbamoylation, C-methylation, N-

carbomoylation, hydroxylation, and 6-MSA attachment). Through in vivo 

gene disruption, we identified the genes that are involved in the N-

carbamoylation (ptmB), the N,N-dimethylation (ptmD), the C-methylation  

at the C-7 position (ptmH), and 6-MSA formation (Figure 2-5 and 2-

6).While we proposed that the radical SAM enzymes PtmL and PtmM play 

a role in C-methylation of the cyclopentitol ring, inactivation of the genes 

did not give any expected intermediates. 

 

5.2. Generation of novel pactamycin analogs with improved biological 

activity 

 

Pactamycin has pronounced antibacterial, antitumor, antiviral, and 

antiplasmodial activities, but also has broad cytotoxicity. Efforts to 

modulate the biological activity by structural modifications using synthetic 

organic chemistry have been difficult due to the complexity of its chemical 

structure. However, in this research we were able to produce novel analogs 

of pactamycin using genetic engineering approaches. Some of them 

demonstrated improved chemical stability and biological profiles. 
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TM-025 and TM-026 show potent antimalarial activity, but lack significant 

antibacterial activity, and are about 10-30 times less toxic than pactamycin 

toward mammalian cells (Figure 2-16, Figure 2-17, Table 3-1). The results 

suggest that distinct ribosomal binding selectivity or new mechanism(s) of 

action may be involved in their plasmodial growth inhibition, which may 

lead to the discovery of new antimalarial drugs and identification of new 

molecular targets within malarial parasites. 

TM-035 showed potent growth inhibitory activity against two human head 

and neck squamous cell carcinomas (SCC025 and SCC104) in an in vitro 

assay. It is significantly less active against human primary epidermal 

keratinocytes (HPEK) than TM-025 and TM-026 (Figure 3-9). This 

compound demonstrated improved selectivity, which may lead to the 

development of new anticancer chemotherapy. 

Based on our preliminary structure activity relationship investigation, we 

confimed that the free C-2 NH2 group as well as the N,N-dimethyl 

carbamoyl functionality are critical for antimalarial activity and protein 

synthesis inhibition.  On the other hand, the 7-OH and the 6-MSA moiety 

may not be directly involved in ribosomal binding and protein synthesis 

inhibition. 
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5.3. Investigation of transcription regulation of pactamycin biosynthesis 

 

The production yields of pactamycin and its congeners are relatively low, 

which hamper further mechanistic and preclinical studies of these promising 

compounds. To deepen our understanding of pactamycin biosynthesis and 

engineer mutant strains with improved production yield, we investigated the 

pathway specific regulatory genes ptmF and ptmE. In vivo inactivation of 

ptmF or ptmE resulted in mutant strains that were not able to produce 

pactamycin (Figure 4-4). Transcriptional analysis of a select set of 

biosynthetic genes revealed that the PtmF-PtmE system controls the 

transcription of the whole biosynthetic gene cluster (Figure 4-6).  However, 

further attempts to overexpress the two pathway specific regulatory genes in 

S. pactum did not result in high-production of the pactamycins. We also 

found that pactamycin biosynthesis is affected by the concentration of 

inorganic phosphate in the culture. Concentration of inorganic phosphate 

higher than 2 mM inhibits biosynthetic gene transcription and abolishes the 

production of pactamycin and its congeners. 
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