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There is an urgent and growing need for new antibiotics to treat infections caused 

by emerging multi-resistant bacterial pathogens and to maintain the advanced medical 

procedures that we now take for granted. Since the appearance of penicillin in 1928, 

antibiotic discovery was based on antimicrobial activity-guided screening of thousands 

of microbial isolates from soil samples (Waksman screening platform). These massive 

screening campaigns were conducted mainly by pharmaceutical companies and were very 

successful, resulting in the discovery of most of the major antibiotic classes. The 

corresponding period is in fact known as the “Golden Age of Antibiotics”. Majority of 

newly discovered antibiotics are secondary metabolites –also named specialized 

metabolites – produced from genera belonging to the Actinobacteria phylum, which 

includes high G-C soil-dwelling mycelial organisms with sizable genomes (traditionally 

named actinomycetes). Unfortunately, after this fruitful period, the chance of finding new 

antibiotics started to decrease, and it became more and more evident that new methods 

for accessing and screening still-untapped sources for biologically-active microbial 

metabolites should be invented. Till then, the large majority of antibiotics were 

discovered mainly from actinobacteria belonging to Streptomyces genus, apparently the 

most abundant in soil, and the easier-to isolate and -to cultivate among actinomycetes. 

Thus, unexplored microorganisms (not coming from Streptomyces genus) – the so-named 

“rare” or “uncommon” actinomycetes – were discovered as a rather untapped source of 

chemically diverse specialized metabolites. These bacteria are defined as the 

actinomycete strains less frequently isolated than Streptomyces spp., even though they 

may not actually be so rare in the environment. Undoubtfully, we know less on how to 

handle them and they tend to be more recalcitrant to classical cultivation and manipulation 

methods. Contrary to better-known Streptomyces spp., genetics tools are still much less 

developed for “rare” actinomycetes today. 

Among the most relevant antibiotics produced by “rare” actinomycetes are 

glycopeptides (GPAs) which are drugs of last resort against severe infections caused by 

multidrug-resistant Gram-positive pathogens. Clinically important GPAs include first-

generation vancomycin and teicoplanin – used in clinic for more than 30 years – and 

second-generation antibiotics telavancin, oritavancin and dalbavancin, recently approved 

for medical practice. As for other specialized metabolites, the biosynthetic routes leading 

to the production of GPAs are encoded within an assemblage of genes which are grouped 

in biosynthetic gene clusters (BGCs). BGCs contain not only the biosynthetic genes, but 

also regulatory, resistance or transport genes. All these genes are essential, since 

resistance genes are necessary to avoid suicide during the production, while regulatory 

and transport genes are required to control biosynthetic processes and secretion of the 

molecule at the appropriate lifecycle phase. 

In my PhD thesis, I have used recent technologies for rapid bacterial genome 

sequencing, advanced genetic engineering and bioinformatics prediction tools to identify, 

characterize and improve the production of GPAs in “rare” actinomycetes. First, I 

investigated the role of the positive regulatory genes involved in the biosynthesis of 

clinically relevant GPAs teicoplanin, produced by Actinoplanes teichomyceticus and 

A40926 from Nonomuraea gerenzanensis, this last the precursor of the second generation 

dalbavancin. To perform these studies, I had to develop proper genetic tools to manipulate 

the “rare” actinomycetes producing these molecules, i.e., selecting the best promoter for 

heterologous gene expression from a collection of promoter-probe vectors. One final 

outcome of such work was the improvement of the production yield for teicoplanin and 

40926 by means of genetic engineering, contributing to a possible price reduction of these 

molecules in the future.  
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In a following part of my work, the sequencing and analysis of genomes of “rare” 

actinomycetes producing putative GPAs allowed the identification of a new BGC for the 

synthesis of a novel antibiotic. I was in fact part of the international team which identified 

a new A40926-like antibiotic produced by Nonomuraea coxensis DSM 45129, named 

A50926.  

Finally, I analysed more than 7000 genomes of actinobacteria available in public 

databases to map GPA resistance genes and GPA BGCs. Our bioinformatic analysis 

revealed how these resistance genes are widespread within Actinobacteria phylum and 

pointed to further novel GPA BGCs, awaiting further experimental evaluations. 
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1.- Actinomycetes: soil dwelling bacteria capable to 

produce secondary metabolites 
 

The Actinobacteria phylum is one of the largest taxonomic groups among Bacteria 

domain.1 This phylum is further divided into six different classes: Actinobacteria, 

Acidimicrobiia, Coriobacteriia, Nitriliruptoria, Rubrobacteria and Thermoleophilia. 

Class Actinobacteria is the most diverse and it is divided into many orders, which are: 

Actinopolysporales, Actinomycetales, Bifidobacteriales, Catenulisporales, 

Corynebacteriales, Frankiales, Glycomycetales, Jiangellales, Kineosporiales, 

Micrococcales, Micromonosporales, Propionibacteriales, Pseudonocardiales, 

Streptomycetales, Streptosporangiales, etc. The term “actinomycetes” is a historical way 

to describe members of the Actinobacteria phylum that exhibit mycelial growth (indeed 

not all actinobacteria are mycelial in nature, as in case of Corynebacterium spp. and 

others). The term dates back to 1877, when Carl Otto Harz described Actinomyces bovis, 

the microorganism responsible for a serious cattle disease. Harz observed that this 

microbe grew in thin filaments and the outer layers showed ray-like structures, 

resembling fungal hyphae. In fact, Actinomyces means “ray fungus”. This term was 

derived from the Greek words “aktis” which means ray, and “mykes/mukes” which means 

fungi.  

The first detailed description of an actinomycete was done by Ferdinand Cohn in 

1875, when he published a work where he included a microbe called Streptothrix foersteri 

(later found to actually be a Streptomyces sp.), which was described as a microorganism 

with elongated and branching cells reminiscent of those of fungi, but on a minute scale. 

The next to report on an actinomycete was Robert Koch in 1882, who described the agent 

causing tuberculosis.2 However, actinomycetes were not regarded especially important 

until Selman Waksman discovered numerous clinically-relevant antimicrobial 

compounds coming from them. During his experiments on nitrogen-fixing bacteria from 

soil, he realised that some small colonies on agar plates were similar in appearance to 

those of bacteria but under the microscope observation looked much like fungi. These 

colonies were conical, compact and frequently pigmented, which are characteristic 

features of actinomycete colonies. In the past, some people did believe that actinomycetes 

were fungi and there was much controversy over the classification and origin of these 

organisms. Indeed, actinomycetes classification was a hard process until Selman 

Waksman and Arthur Henrici proposed them to be bacteria in 1943.2 

Thus, modern microbiology views actinomycetes as aerobic spore forming Gram-

positive bacteria with high guanine-plus-cytosine (G-C) DNA content in their genomes. 

Although growing as mycelial hyphae similarly to fungi, cells of actinomycetes lack 

nucleus, with chromosomes being organized into a nucleoid. Their cell membrane is 

covered with a peptidoglycan-containing cell wall. In fact, they are susceptible to 

antibacterial compounds. Actinomycetes are primarily soil inhabitants – especially 

widespread in alkaline and rich for organic matter soils – but have been also found widely 

distributed in a diverse range of aquatic ecosystems.3 Actinomycetes, as the other soil 

bacteria, are mostly mesophilic, with an optimal growth temperature range between 25-
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30 ºC and optimal pH around neutrality (6-9). However, a vast number of actinomycetes 

have been also isolated from extreme environments as well.4  

As mentioned above, actinomycetes have complex lifecycle, developing true aerial 

mycelium and spores from vegetative hyphae. Briefly, lifecycle of a typical actinomycete 

(exemplified here with Streptomyces spp.) starts with the germination of a spore to 

vegetative hyphae, when all required environmental conditions are met. Vegetative 

hyphae grow by tip extension and eventually branch. Under adverse conditions, 

vegetative mycelium differentiates to erected structures called aerial hyphae. During this 

phase of the lifecycle most antibiotics are produced. This event is due to autolytic 

degradation of vegetative mycelium required to acquire enough nutrients (amino acids, 

aminosugars, lipids and nucleotides) needed to erect the aerial hyphae. Therefore, this 

process inevitably attracts competing microorganisms; antibiotics thus protect this pool 

of valuable nutrients. Aerial hyphae eventually differentiate to form spores, which are 

then dispensed and remain dormant until favorable environmental conditions stimulate 

spore germination (Figure 1). All these processes are strictly regulated by different 

genetic regulatory mechanisms.5 

 

 
Figure 1. Schematic representation of the life cycle of sporulating actinomycetes 

(exemplified with Streptomyces spp.).5 Lifecycle goes through vegetative phase, when 

vegetative mycelium is actively growing and consuming available nutrient sources. After 

the nutrients are exhausted, vegetative hyphae differentiate into spores, used for 

reproduction and dispersion. Please see main text for more details. 

 

 

Because of such complex morphology and morphogenesis, as well as due to being 

part of multi-component soil ecosystems, actinomycetes have sizable genomes and 

extensive secondary metabolism, allowing them to produce a large number of natural 
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products. In fact, they produce approximately two-thirds of all naturally derived 

antibiotics used in clinics.5 Secondary metabolites – also called more recently specialized 

metabolites – are molecules that are not required for survival under laboratory conditions, 

but which undoubtedly provide some advantage to the producer in its native environment. 

Since the discovery of actinomycin and streptomycin by the Waksman group, more than 

half a century ago, an enormous number of natural products coming from actinomycetes 

has been isolated and characterized. In general, the main roles of these specialized 

metabolites are defense, regulation and communication within and between different 

species. Their chemical and physiological functions are very diverse. Secondary 

metabolites are nowadays being used in different aspects of human life. Not only 

antibiotics, but also pesticides, antiparasitic drugs, herbicides, anti-inflammatory drugs, 

cardioactive compounds, antitumor drugs, antiviral drugs, antioxidants, immunoactive 

modulators or stimulators are produced by actinomycetes. Peculiarly, these bioactivities 

share a high degree of overlap. Indeed, more than half of all known antibiotics exhibit 

also some other bioactivities.6  

The discovery process of secondary metabolites from actinomycetes requires the 

intervention of several disciplines. This interdisciplinarity was clear since the beginning 

when the group of Waksman was pioneering the natural product screening approach that 

was then used by pharma companies in the last century to discover the natural product 

sourced drugs that are in use today. Thus, microbiologists are interested in the discovery 

of new species that might produce novel molecules through the screening of 

environmental samples or analyzing bacterial genomes in databases, biochemists study 

the characteristics of the molecule in vitro and elucidate the chemical structure, geneticists 

modify BGCs through genetic engineering, bioinformaticians can predict their 

biosynthesis pathway and design new structures with better properties in silico, cell 

biologists test pharmacological properties in vivo of these novel compounds and organic 

chemists develop semi-synthetic derivatives to improve their characteristics. Today the 

classical natural product screening has been integrated with new technologies as the Next 

Generation Sequencing and the advanced bioinformatics tools, which have allowed to 

determine that actinomycetes possess large genomes encoding multiple – mostly silent – 

secondary metabolite biosynthetic gene clusters (BGCs), in a number that ranges from 20 

to 50 per genome.7,8,9,10 The bioiformatic search of BGCs in the actinomycete genomes 

and the prediction of the secondary metabolites that they could produce is named genome 

mining, which represents a powerful tool for discovering novel molecules. Most likely, a 

large number of these novel secondary metabolite BGCs is still hiden in the large 

actinobacterial genomes and requires to be discovered. 

The best studied group of actinomycetes are the members of genus Streptomyces, 

which produce more than 70% of all antibiotics coming from actinomycetes. In fact, 

Streptomyces genus also dominates the soil bacterial populations, and accounts to more 

than 95% of the actinomycete strains isolated from soil.11 However, more and more 

representatives of non-Streptomyces genera are becoming objects of interest in the last 

years, being able to produce novel natural compounds. For example, some successful 

antibiotics have been produced by “rare” actinomycetes such as vancomycin (produced 

by Amycolatopsis orientalis) or erythromycin (produced by Saccharopolyspora 
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erythraea). Thus, the proven capacity of these “rare” or “uncommon” genera to produce 

novel chemical structures have attracted an increasing attention.12 “Rare” actinomycetes 

are defined as the actinomycete strains less frequently isolated than the “common” 

Streptomyces spp. using conventional methods, even though they may not actually be so 

rare in the environment. Since these microorganisms have not been intensively screened 

in the past, they undoubtedly represent an important source of novel specialized 

metabolites. While Streptomyces is a genus relativity easy to handle and to genetically 

manipulate, genetics and physiology of “rare” actinomycetes are still poorly known. 

Some relevant genera from this group include: Actinomadura, Actinoplanes, 

Amycolatopsis, Actinokineospora, Acrocarpospora, Actinosynnema, Catenuloplanes, 

Cryptosporangium, Dactylosporangium, Kibdelosporangium, Kineosporia, Kutzneria, 

Microbiospora, Microtetraspora, Nocardia, Nonomuraea, Planomonospora, 

Planobispora, Pseudonocardia, Saccharomonospora, Saccharopolyspora, 

Saccharothrix, Streptosporangium, Spirilliplanes, Thermomonospora, Thermobifida, and 

Virgosporangium.13 

This thesis is specially focus on the genus Nonomuraea (belonging to the 

Streptosporangiaceae family), whose members are considered as “rare” actinomycetes. 

Nowadays, more than 70 species within Nonomuraea genus have been described and they 

are found widely distributed in soil, freshwater and marine environments. A broad range 

of valuable bioactive compounds are produced by Nonomuraea spp., including 

antimicrobial and anticancer drugs. Thus, this genus represents a great potential for 

biotechnological applications. In contrast, only few tools for their genetic manipulations 

have been developed so far.14 Probably, the most important bioactive metabolite produced 

by a Nonomuraea species is A40926 which is the precursor of dalbavancin – a clinically 

relevant glycopeptide antibiotic – produced by N. gerenzanensis ATCC 39727.15 

Recently, the genome of this strain was sequenced and bioinformatics tools allowed to 

identify 32 BGCs of different interesting specialized metabolites.16 For instance, a 

putative BGC for an enediyne-like antibiotic was found. Currently, enediyne-like 

compounds draw big attention, being a very promising molecules for anticancer therapy.  

 

 

2.- Antibiotics: history and overview 
 

The discovery and clinical use of antibiotics are considered as one of the major 

scientific achievements and started with the discovery of penicillin and sulfonamide 

antibiotics at the beginning of 20th century. This gave rise to the so-called “Golden Age 

of Antibiotics” period (1940s-1960s) during which the most of the antibiotic classes used 

in the clinic today were discovered (Figure 2).  
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Figure 2. Chronology of the discovery of some new antibiotics and other relevant natural 

products. Bold type: actinomycete products; italic type: non-actinomycete bacteria 

products, normal type: fungal products (taken from 2). 

 

 

The use of antibiotic-producing microorganisms to prevent some diseases dates 

back thousands of years. Natural products with antimicrobial activity were probably used 

in pre-antibiotic era. One study suggests that people from Roman town Herculaneum 

were protected against some infections due to consumption of dried fruits contaminated 

by antibiotic producers.17 In addition, it has been found that human skeletal remains from 

several archaeological places in Egypt,18 Sudan19,20 and Jordan21 exhibited histological 

evidence of tetracycline consumption. Others studies suggest that another possibility of 

exposure to antimicrobial compounds in the pre-antibiotic era could be the utilization of 

remedies in traditional or alternative medicine in the past. One relevant example is 

artemisinin which was used in traditional Chinese medicine as an antidote for many 

illnesses for thousands of years. Nowadays, we know artemisinin is a potent anti-malarial 

drug.22  

However, the development of modern antimicrobial drugs started with the synthetic 

arsenic-based Salvarsan, used for the treatment of Treponema pallidum - the causative 

agent of syphilis. Salvarsan was discovered at the beginning of the 1910s by Paul Ehrlich 

group.23 Nevertheless, its toxicity limited the commercialization. Later in 1928, 

Alexander Fleming discovered penicillin.24 Then, chemists at Bayer in Germany 

developed Prontosil in 1931 – a new chemical compound with the ability to treat general 

bacterial infections in humans – while Fleming was still trying to purify penicillin. 

Prontosil was the trade name of the first synthetic commercial antibacterial, being cheap 
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to produce and off-patent. Consequently, it was widely used during World War II saving 

many human lifes.25 

Inspired by these events, Selman Waksman started to study bacteria as producers 

of antimicrobial compounds in the late 1930s. Waksman discovered numerous antibiotics 

produced by soil-dwelling actinomycetes, such as neomycin and streptomycin, this last 

really effective agent against Mycobacterium tuberculosis, the microbe responsible for 

tuberculosis.26 In 1942, Waksman proposed the term “antibiotic” itself, referring to “a 

compound produced by one microorganism which is capable of killing or inhibiting the 

growth of the another.” Works of Waksman’s set a starting point for the Golden Age of 

antibiotic discovery. 

Antibiotics have revolutionized human history and modern medicine in particular. 

Thanks to antibiotics, leading causes of death changed from communicable diseases to 

non-communicable diseases such as cancer, cardiovascular disease and stroke: until the 

beginning of the 20th century, the main causes of mortality worldwide were infectious 

diseases, caused by bacteria, such as: cholera, diphtheria, pneumonia, typhoid fever, 

tuberculosis, typhus, syphilis, etc. As an example, antibiotics allowed to reduce from 25% 

mortality in 1900 to less than 1% in 1945 in England.27 In United Stated, deaths due to 

bacterial illnesses decreased from 277541 (247.7 death per 100000 population) in 1936 

to 93014 (59.7 death per 100000 population) in 1952: life expectancy at birth was 58.5 

years in 1936 and became 68.6 years in 1952, showing an impressive difference of 10.1 

years in just less than two decades.28  

Unfortunately, bacteria have developed many mechanisms of resistance towards 

antibiotics.29 Dramatic increase of antibiotic resistance could be observed in hospitals, 

communities and in the environment due to antibiotic overuse. The fight between 

antibiotics and antibiotic resistance in pathogens has always existed. Penicillin was 

discovered in 1928, and a bacterial penicillinase was identified shortly after – in 1940, 

several years before the introduction of penicillin in clinic.30 In fact, it is currently known 

that occurrence of the resistance genes predates our use of antibiotics by thousands of 

years.31 The current alarm on antibiotic resistance is a complex and relatively old topic 

which remained rather anecdotal for a long time. However, it was not until the end of the 

20th century that consciousness emerged. The massive use by humans has only 

accelerated this natural process. The increase in antibiotic-resistant pathogens is a 

consequence of several factors, including – but not limited to – high proportion of medical 

prescriptions, interruption of therapies and large-scale use as growth promotors in 

livestock farming.32 Another important factor is the vertiginous drop in research and 

development of novel antibiotics in the last years. Presently, only few new molecules are 

in the clinical trial phase.33 Indeed, many companies simply stopped this activity since it 

was not rewarding as before.34 

According to a recent report, commissioned by an interagency group of the United 

Nations, antibiotic-resistant infections are going to kill more people in just over three 

decades. It is estimated that around ten million people are set to lose their lives every year 

due to drug resistant pathogens by 2050 while eight million people are going to die with 

cancer (Figure 3).35 In addition, this problem has been accentuated whith the recent 

emergence of multidrug resistance (MDR) pathogens  – so-called “superbugs” – which 



11 

refers to bacteria with enhanced morbidity and mortality due to high levels of resistance 

to different antibiotics, especially those traditionally used, making the hospital treatment 

of these infections very difficult.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Estimation of the main causes of death by 2050. The greatest cause will be due 

to antimicrobial resistance (AMR) (adapted from 35).  

 

 

3.- Glycopeptide antibiotics 
 

Glycopeptide antibiotics (GPAs) are drugs of last resort for treating severe 

infections caused by Gram-positive pathogens such as Clostridioides difficile, 

Enterococcus spp. and Staphylococcus aureus.36 GPAs are widely used against 

methicillin-resistant S. aureus (MRSA), which is a major cause of community-acquired 

infections and results in serious hospital difficulties so far.37 In addition, S. aureus 

managed to evade not only methicillin, but also a significant number of other classical 

antibiotics such as tetracycline, penicillin and erythromycin B. Thus, it is one of the most 

dangerous bacterial pathogens we face today.  
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Clinically relevant GPAs include first-generation vancomycin and teicoplanin, 

which are natural products. Second generation GPAs include semi-synthetic molecules 

recently approved for clinical use (Figure 4).38 These are dalbavancin, telavancin and 

oritavancin. In addition to clinically relevant GPAs, others related natural products have 

been discovered and a vast number of semi-synthetic analogues has been designed and 

tested.39 

 

Figure 4. Chemical structures of first- and second-generation clinical GPAs. First 

generation includes: vancomycin (approved in 1958) and teicoplanin (approved in 1988). 

Second generation includes: telavancin (trade name Vibativ®, approved in 2013), 

oritavancin (trade name Orbactiv®, approved in 2014) and dalbavancin (trade names 

Dalvance® in the United States and Xydalba® in the European Union, approved in 2014).  

 

 

GPAs inhibit peptidoglycan biosynthesis, thus interrupting the normal formation 

of bacterial cell walls. GPAs bind with high affinity to the D-alanine-D-alanine (D-Ala-D-

Ala) C-terminus of the nascent peptidoglycan chain, blocking the transpeptidation and 

transglycosylation cross-linking.40 After several decades of clinical use, the emergence of 
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GPA-resistant Gram-positive pathogens such as vancomycin-resistant S. aureus (VRSA) 

and vancomycin-resistant enterococci (VRE) has introduced a serious challenge to public 

health when we are in a situation with only few new drugs are under investigation for 

commercial use. This has revived the interest in the search for new effective treatments 

including the development of new GPA derivatives. 

 

 

3.1.- History of the discovery and use of clinically relevant GPAs 

 

Vancomycin was the first clinically relevant GPA to be discovered in 1953 by Eli 

Lilly & Co (Indianapolis, US), produced by an Amycolatopsis orientalis strain found in a 

soil sample collected in Borneo.41 It was approved for the treatment of penicillin-resistant 

staphylococcal infections by Food and Drug Administration (FDA) in 1958. Ristocetin – 

also named ristomycin – comes from Amycolatopsis lurida NRRL 2430 and was reported 

by Abbott Laboratories (Chicago, IL, US) in 1956.42 Ristocetin was introduced in clinics 

in 1957 but removed from the market very soon because of side effects (such as 

thrombocytopenia and platelet agglutination).43 Although ristocetin is no longer used for 

the treatment of bacterial infections, it is still in use as a diagnostic marker to detect some 

genetic disorders like von Willebrand disease or Bernard-Soulier syndrome.44 

Teicoplanin was the second natural GPA, produced by Actinoplanes teichomyceticus 

NRRL B-16726, which was developed as a clinical drug. This GPA is still on duty and is 

successfully used in clinics. Teicoplanin was first reported by Lepetit Research Center 

(Milan, Italy) in 197845 and then introduced to clinical use for treating Gram-positive 

infections in Europe and in Japan in 1988 and 1998, respectively (Figure 5). Teicoplanin 

shows antimicrobial activity comparable to vancomycin but possesses superior activity 

toward enterococci and some other microorganisms.46  

GPAs used in clinic are not the only ones described. There is an extensive number 

of other natural compounds but the majority were reported in the second half of the 20th 

century.39 For instance, avoparcin and actaplanin were described in 196847 and 1976,48 

respectively. Avoparcin was massively used as a growth promoter in animal feeds until 

VRE emergence in cattle halted the further usage in the United States and many other 

countries.49 Other important GPAs, such as balhimycin,50 chloroeremomycin,51 A4793452 

or complestatin53 served as models to investigate GPA biosynthesis, genetics, etc. 

Since the resistance to vancomycin and teicoplanin significantly increased in 

pathogens, some companies focused on the creation of novel synthetic GPAs. As a result, 

semi-synthetic GPAs appeared for use in clinic at the beginning of the 21st century (Figure 

5). The most significant modifications in these new drugs were introductions of 

hydrophobic moieties into the glycopeptide scaffold, which often increased their 

activity.54 Hence, telavancin was launched in 2009, followed with dalbavancin and 

oritavancin being approved in 2014. Telavancin was developed by Theravance 

Biopharma (California, US). It is a vancomycin derivative, modified with 

decylaminoethyl lipophilic tail – attached to the vancosamine sugar – and hydrophilic 

(phosphonomethyl)aminomethyl group attached to the amino acid (AA) 7.55,56,57 



14 

Oritavancin was synthesized by Eli Lilly & Co and it is a derivative of the naturally 

occurring GPA chloroeremomycin, produced by Amycolatopsis orientalis PA-42867. 

Addition of a 4'-chlorobiphenylmethyl substituent to the disaccharide moiety, along with 

the additional 4-epivancosamine moiety attached to the AA6 significantly enhanced the 

activity against VRE and VRSA.58,59 Dalbavancin is a derivative of the natural product 

A40926 which was discovered by Lepetit Research Center in the mid 1980’s. It was 

isolated from the rare actinomycete N. gerenzanensis ATCC 39727 – reported previously 

as Actinomadura sp. strain ATCC 39727 before reclassification – isolated from an Indian 

soil.60 The difference between A40926 and dalbavancin is the amidation of the peptide 

carboxyl group with a dimethylaminopropylamide side chain.61  

Figure 5. Timeline of discovery and the clinical usage of GPAs. Both dates of discovery, 

clinical trials and introduction to clinical practice are shown. 

 

 

3.2.- Classification of glycopeptide antibiotics  

 

Chemically, GPAs consist of a heptapeptide core (aglycone), synthesized by 

nonribosomal peptide synthetase (NRPS) and then cross-linked by P450-like non-heme 

oxygenases to yield a rigid peptide scaffold; aglycone undergoes further tailoring steps, 

which may include attachment of sugar moieties, chlorine atoms, methyl groups, sulfate 

groups and aliphatic side chains.  

The first complete GPA structure to be elucidate was vancomycin in 1982,62 

followed by ristocetin and teicoplanin. Then, crystal structure of vancomycin bound to a 

N-acetate-D-alanyl-D-alanine – which mimics its target – was determined in 1998.63 

Afterwards, a large number of GPA structures were solved. Structural studies of GPAs 

have clarified the biological mode of action and revealed the structural differences, 

summarized in the description of five structural types: I to V (Figure 6). The seven amino 

acids that form aglycone are commonly denoted as AA1 to AA7 from N- to C-terminus 

of the oligopeptide and the five aromatic rings are named from A to E. Type I GPAs (e.g., 
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vancomycin and balhimycin) contain aliphatic amino acids in AA1 and AA3 positions. 

Type I GPAs have aromatic side rings A and B linked (AB cross-link), as well as C and 

D (C-O-D cross-link) together with D and E (D-O-E cross-link). By turn, in type II GPAs 

(e.g., keratinimicin and actinoidin) AA1 and AA3 bear aromatic side rings (F and G, 

respectively), but all cross-links are the same as in type I compounds. Types III (e.g., 

ristocetin and actaplanin) and IV (e.g., teicoplanin and A40926) include amino acids with 

aromatic side chains in AA1 and AA3 positions (like in type II), but here they are cross-

linked, forming a F-O-G cross-link. Additionally, type IV contains a long fatty acid-chain 

attached to a sugar moiety, which type III GPAs lack.39 Type V (e.g., complestatin and 

kistamicin) is a quite divergent and heterogeneous group, that maybe will need a 

reclassification of the molecules actually attributed to in future. Molecules belonging to 

this type uniquely contain a tryptophan residue at position AA2 and are not glycosylated. 

Recently, two new GPAs with nine amino acids forming their aglycone were discovered. 

These molecules, called corbomycin64 and GP673865, were classified into type V. This 

peculiar group also shows variable oxidative cross-linking patterns. All molecules include 

D-E and C-O-D cross-links, but in some cases an additional A-O-B (kistamicin) or A-B 

and F-O-G (corbomycin) cross-linking might be present.  

 
Figure 6: Structural classification of GPAs into five types. Please refer to the main text 

for more details. 
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3.3.- GPA biosynthetic pathways: genes and their functions 

 

GPA NRPSs are multimodular giant enzyme machines that assemble seven amino 

acids in an assembly line manner. They are encoded by three or four genes, oriented in 

one direction – with a single exception of A40926 NRPS genes, which are bizarrely 

rearranged due to unknown reasons. Each NRPS module is typically dedicated to the 

activation and coupling of a single amino acid, and the primary sequence of the peptide 

product depends on the order of NRPS modules. Moreover, each module includes diverse 

domains, playing certain roles in oligopeptide assembly. These domains are: 

condensation (C-domain, responsible for peptide bond formation), adenylation (A-

domain, responsible for amino acid recognition), thiolation (T-domain, also known as 

peptidyl carrier protein – PCP – responsible for the transfer of new amino acids to the 

growing oligopeptide), epimerization (E-domain, changing the stereochemistry of amino 

acids) and thioesterase (TE-domain, responsible for the termination of the biosynthesis) 

domains (Figure 7).66,67  

As in many other natural products, heptapeptide core of GPAs may contain 

proteinogenic (Tyr, Leu, Asn, Ala and Glu) as well as non-proteinogenic amino acids, 

like: 4-hydroxyphenylglycine (Hpg), β-hydroxytyrosine (Bht) and 3,5-

dihydroxyphenylglycine (Dpg).68 Genes necessary for the synthesis of these non-

proteinogenic amino acids are always present within GPA BGCs. Hpg synthesis was 

elucidated in chloroeremomycin producer. Four genes are needed for Hpg production 

from the common bacterial metabolic intermediate chorismate.69 HmaS converts 4-

hydroxyphenylpyruvate into L-4-hydroxymandelate, then oxidized to L-4-

hydroxybenzoylformate by Hmo and finally transformed in the non-proteinogenic amino 

acids by HpgT.69, 70 Dpg requires five genes - DpgA, DpgB, DpgC, DpgD and, once again, 

HpgT – for the biosynthesis from malonyl-CoA, investigated in the examples of 

chloroeremomycin and balhimycin producers.71 DpgA, DpgB and DpgD constitute a 

complex which incorporates malonyl-CoA units. The product – 3,5-

dihydroxyphenylacetate – is converted by DpgC into 3,5-dihydroxyphenylglyoxylate and 

then Dpg synthesis is catalyzed by HpgT.71, 72 Biosynthetic pathways for Bht are different 

among the vancomycin-like GPAs and teicoplanin-like ones. Three genes are involved in 

the in β-hydroxylation of tyrosine in vancomycin-type producers and only one gene in 

teicoplanin-type.73 In vancomycin-like balhimycin biosynthetic pathway, bhp, bpsD and 

oxyD are involved in the synthesis of Bht in its free form in the cytoplasm, which is then 

incorporated into the growing heptapeptide core.74 Indeed, a single β-hydroxylase 

(Dbv28) acts on  tyrosine, when it is already incorporated into the NRPS-bound aglycone, 

to synthesize Bht in teicoplanin-like A40926.75 

The last module of GPA NRPSs always contains a unique domain, known as X-

domain. It is necessary for the recruitment of cross-linking oxygenases to the NRPS-

bound peptide to achieve the final side-chain crosslinking.76,77 These oxygenases belong 

to cytochrome P450 superfamily of non-heme monooxygenases and are divided into four 

functional classes: OxyA, B, C and E. The number of crosslinks and oxygenases depends 

on the GPA type. Two main cross-linking patterns could be differentiated: vancomycin-

type BGCs encode three oxygenases (OxyA, OxyB and OxyC) and corresponding 
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molecules possess three cross-links; whereas teicoplanin-type BGCs encode an additional 

oxygenase (OxyE) and the corresponding molecules contain one additional cross-link 

(Figure 7).73 The succession of cross-linking reactions was established as 

OxyB>OxyA>OxyC in vancomycin-type producers78 and OxyB>OxyE>OxyA>OxyC in 

teicoplanin-type producers.79 Cross-linking patterns and involved enzymes for type V are 

heterogeneous and require further investigation. 

 
Figure 7: Schematic representation of NRPS biosynthesis of teicoplanin aglycone. NRPS 

domains are indicated using the following nomenclature: A (adenylation), PCP (peptidyl 

carrier protein), C (condensation), E (epimerisation), X (domain responsible for P450 

cross-linking oxygenases recruitment) and TE (thioesterase). Incorporated amino acids 

are indicated above the modules: Hpg (4-hydroxyphenylglycine), Dpg (3,5-

dihydroxyphenylglycine), Tyr (tyrosine). Oxidative crosslinking patterns are shown. 

Bonds catalyzed with OxyA are shown in yellow color, with OxyB in sky blue, with 

OxyC in navy blue and with OxyE in purple (taken from 80). 

 

 

As mentioned above, cross-linked aglycone is further decorated with different 

moieties, such as sugar residues, chlorine atoms, methyl groups or lipid chains (Figure 

8). These modifications are carried out by different tailoring enzymes which are coded 

within BGCs, such as: glycosyltransferases, halogenases, methyltransferases, 

acyltransferases and sulfotransferases. These enzymes are regiospecific, modifying only 

certain residues on the aglycone. Tailoring of the GPA scaffolds alter their chemical and 

biological properties. For example, addition of aliphatic side chain improves 

pharmacokinetics of the antibiotics,81 whereas sulfation decreases the induction of 

resistance mechanisms in actinomycetes - and likely will in pathogens.82 
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Figure 8. Schematic representation of post-NRPS assembly line tailoring enzymatic 

modifications to convert teicoplanin aglycone to the final teicoplanin GPA. 

 

 

Glycosylation. As the name suggests, GPA glycosylation is the most notable 

decoration observed for these compounds. Glycosylation enhances the solubility of the 

molecule, playing an important role in the delivery of the antibiotic to its target. 

Glycosylation reactions modify one specific amino acid, mainly amino acids at position 

4 and less frequently at positions 6 and 7. Although glycosylation at position 6 may 

include a range of different sugar moieties, Hpg4 modifications are restricted to glucose 

or glucosamine and Dpg7 is modified only with mannose.83 Different glycosylation 

degrees could be present in GPAs, ranging from two (A40926), three (teicoplanin A2) and 

even up to five (actaplanin A) or six (ristocetin A).39 One exception is A47934, that does 

not undergo any glycosylation52 and its BGC lacks the genes for glycosyltransferases. All 

modifying sugars could be divided into following categories: the hexo- and 6-

deoxyhexopyranosides, such as D-glucose and L-fucose and the 

aminotrideoxyhexopyranosides, such as L-ristosamine and L-vancosamine. Some other 

rare carbohydrates have also been described to decorate GPA aglycone, such as L-

oxovancosamine in balhimycin or D-glucosamine present in teicoplanin.39 

Methylation. GPAs are often methylated, although non-methylated compounds 

also occur. Some GPA BGCs encode proteins that have been shown to have C-, N- or O-

methyltransferase activity. They catalyze the addition of a methyl group in the 

heptapeptide core or sugar moieity.73 N-methylation occurs before glycosylation.84 

Halogenation. Chlorination is another common GPA modification. Only few 

molecules among GPAs lack chlorines attached to the aglycone, for instance ristocetin.83 

The role of chlorination is not understood yet, but the main hypothesis is that it enhances 

positively the antimicrobial activity.85 BGCs contain genes for one or two halogenases, 

responsible for the installment of up to four chlorine atoms. BGCs coding for one 

halogenase commonly produce GPAs chlorinated at Tyr/Bht2 and Bht6, while BGCs 
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coding for two halogenases produce compounds additionally halogenated at Hpg1, Dpg3 

or Hpg5.73 Halogenation occurs before the release of the peptide from the NRPS, probably 

after the first crosslinking by OxyB.84 

Sulfation. Sulfation is relatively rare in GPAs. Only three natural GPAs have been 

characterized to contain sulfate groups: A47934, UK-68,597 and pekiskomycin. Sulfate 

groups were found attached to the residues Hpg1, Dpg3, Hpg4 and Bht6.86,87,88 Sulfation 

is likely one of the last modifications but is not still clear if it occurs before or after 

glycosylation.89 

Acylation. Acylation is the process of adding an acyl aliphatic side chain to GPA 

aglycone. Acylated GPAs such as teicoplanin and A40926 are also called 

lipoglycopeptide antibiotics (LGPAs). This modification adds favorable antibacterial 

characteristics against some VRE strains due to its anchoring membrane ability.81 

Substrate promiscuity of the acyltransferases involved in acylation results in a variety of 

GPA products. For instance, five major teicoplanins (A2-1 to A2-5) and additionally 

sometimes four minor components could be produced having slight differences in the acyl 

chain length and branching.67 Clinical teicoplanin complex component is mainly 

constitute by the 8-methylnonanoic (iso-C10:0) acid, A2-2. Similarly, A40926 is a 

complex of compounds varying in side fatty acid length and branching (A0, A1, B0, B1).
90 

These complex of fatty acyl variants could be found in the natural producer – depending 

on the fermentation condition – but control of the feedstock during industrial fermentation 

yields the commercial antibiotic form. 

 

 

3.4.- Glycopeptide mode of action and of resistance 

 

Bacterial cell wall is crucial for the maintenance of structural integrity and cell 

shape. Gram-positive bacteria are surrounded with a thick (10-40 nm) layer of 

peptidoglycan (PG) which is decorated with lipoteichoic acids and wall-teichoic acids. 

Gram-negative bacteria, indeed, are covered with a thinner (3-6 nm) PG cell wall, which 

itself is surrounded by an outer membrane containing lipopolysaccharides. PG – also 

called murein – has a structure of a layer formed with repeating linear chains of two 

alternating amino sugars: N-acetylglycosamine (GlcNAc or NAG) and N-acetylmuramic 

acid (MurNac or NAM). These monomers are connected with a β-(1,4)-glycosidic bond. 

Each N-acetylmuramic acid is attached to a short peptide unit consisting commonly of L-

Ala-D-Glu-L-Lys-D-Ala-D-Ala oligopeptide (some variations are reported which includes 

peptide substitutions or D-Glu and meso-diaminopimelic acid amidation).91  

PG biosynthesis is a target for numerous antibiotics. They usually inhibit the 

biosynthetic enzymes or directly bind to PG intermediates. GPAs in particular block cell 

wall synthesis by binding to the D-Ala-D-Ala terminus of pentapeptide stem. This binding 

is stabilized by five hydrogen bonds and hydrophobic van der Waals force (Figure 9).54 

GPAs are exclusively effective against Gram-positive bacteria because the external 

membrane in Gram-negative bacteria is impermeable to them, preventing GPAs from 

reaching PG.  

https://en.wikipedia.org/wiki/Acyl
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Since the resistance is an essential prerequisite for the antibiotic producer to ensure 

its survival from the lethal effects of its own product, all producers are resistant to their 

own compounds.92 Self-resistance towards GPAs is determined by the so-named van 

genes and it is co-regulated with GPA biosynthesis to avoid suicide during the antibiotic 

production. In most producers, vanHAX-operon is part of corresponding GPA BGCs. This 

operon, that is similar to one reported in GPA resistant pathogens (enterococci and 

staphylococci),38 was found in all the published GPA producers, except N. gerenzanensis 

ATCC 39727, which employs an alternative mechanism of self-protection based on the 

activity of the only carboxypeptidase VanY.93 Other particular case is present in 

Amycolatopsis balhimycina where vanHAX genes are present in the chromosome, but 

they are not adjacent to the balhimycin BGC.94 The similarity of van gene sequence and 

organization between the resistant pathogens and the GPA producing actinomycetes have 

suggested that the latter might represent the original source of genes involved in the 

formation of resistant PG precursors in pathogens.95,96 

 

 

Figure 9. Interaction of vancomycin with N-acyl-D-Ala-D-Ala and N-acyl-D-Ala-D-Lac 

termini.  Five hydrogen bonds are represented (green lines) between the GPA and the N-

acyl-D-Ala-D-Ala termini while four hydrogen bonds are present in N-acyl-D-Ala-D-Lac 

termini. Red arrow indicates the repulsion of lone electron pairs. 

 

 

The vanHAX genes encode enzymes for the synthesis of modified PG precursors, 

in which the usual D-Ala-D-Ala terminus of the growing PG is replaced with D-alanyl-D-

lactate (D-Ala-D-Lac). This replacement markedly reduces the GPA affinity to their 
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molecular target.97 The most clinically relevant incidence of GPA resistance are reported 

in VanA enterococci and staphylococci, and VanB in enterococci. The first genotype is 

highly resistant to vancomycin and teicoplanin, whereas the second genotype is resistant 

to vancomycin but remains susceptible to teicoplanin. In both of them, van genes, often 

present on Tn1546 transposon or closely related mobile genetic elements, encode for a 

two-component regulatory system (VanR and VanS), for the synthesis of modified PG 

precursors ending in D-Lac (VanH and VanA) and finally for the hydrolysis of normal 

precursors (VanX and VanY). A protein with unknown function (VanZ) is also generally 

encoded.98 Briefly, VanS is a membrane-spanning histidine kinase that undergoes auto-

phosphorylation in response to GPA presence. VanS subsequently phosphorylates VanR, 

the cognate response regulator of VanS. Afterwards, the phosphorylated VanR activates 

the expression of the vanHAXYZ genes. VanH is a D-stereospecific lactate dehydrogenase 

which converts pyruvate to D-Lac.99 VanA is a D-Ala-D-Ala-ligase that ligates D-Ala and 

D-Lac to D-Ala-D-Lac-depsipeptide.97 VanA is a modified form of the traditional D-Ala-

D-Ala ligase, with a preference for D-Lac. VanX is a highly selective D,D-

carboxypeptidase that eliminates the remaining D-Ala-D-Ala-dipeptide but not hydrolyze 

D-Ala-D-Lac.100 The accessory D,D-carboxypeptidase VanY cleaves the terminal D-Ala 

from the already prepared pentapeptide, leaving a tetrapeptide that is not recognized by 

GPAs, and thereby increases the resistance level.93, 101 VanZ – the second possible 

accessory protein within the van cluster – generates low teicoplanin resistance level in 

absence of the other resistance genes by an unknown mechanism.102 Therefore, VanY and 

VanZ are not required resistance proteins – but contribute to high resistance level to 

vancomycin and teicoplanin, respectively.103 

The difference of vancomycin and teicoplanin activity towards VanB enterococci 

is probably due to the difference in their sensor kinase VanS, which is not activated by 

teicoplanin. Thanks to the lipid chain, teicoplanin-like GPAs, unlike vancomycin-like, 

anchor the bacterial cell membrane. These LGPAs with an acyl chain do not induce 

resistance in VanB enterococci. In fact, the addition of a C10 acyl chain to vancomycin 

abolishes its ability to activate the resistance genes in these bacteria.81 However, the 

mechanism by which LGPAs avoid resistance is not clear. One hypothesis is that 

membrane localization of LGPAs makes them inaccessible to the sensor kinase, so the 

induction necessary to start the resistance process does not occur. Another possibility is 

that the sensor kinase interacts not with the GPA itself but with PG intermediates or 

degradation products produced by the metabolic blockade. 

GPA resistance in enterococci could also result from the substitution of the terminal 

D-Ala-D-Ala to D-alanyl-D-serine (D-Ala-D-Ser), but in this case the level of resistance is 

generally lower than in VanA and VanB phenotype. The best study among the D-Ala-D-

Ser operons is the vanC. VanC enterococci are resistant to low levels of vancomycin, but 

sensitive to teicoplanin. VanC-like mechanism was identified in the GPA-resistant 

Enterococcus gallinarum, E. flavescens and E. casseliflavus. Some of the proteins that 

take part in this second resistance route are different from those involved in the previous 

mechanism which conferred high-level resistance, pointing out a second mechanism by 

which resistance has emerged. Here, three proteins are involved: a racemase (VanT) that 

converts L-Ser to D-Ser, a ligase (VanC) that join D-Ala and D-Ser to the final D-Ala-D-
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Lac-depsipeptide and a bi-functional D,D-dipeptidase/D,D-carboxypeptidase (VanXYC) 

that cleaves the D-Ala-D-Ala C-terminal from the mature PG precursors.104 

Besides the phenotypes describes above, van-like gene operons were also found in 

other Gram-positive pathogens such as streptococci,105 Listeria spp.106 or C. difficile107 

and in some nonpathogenic Gram-positive environmental bacteria such as 

Oerskovia turbata, Corynebacterium haemolyticum,108 Bacillus circulans,109 and 

Streptomyces coelicolor.110  

 

 

4.- A40926: a natural precursor of the clinically 
valuable second generation semi-synthetic 
dalbavancin 

 

The World Health Organization (WHO) published in 2017 the list of pathogen 

bacteria, whose level of resistance to antibiotics is such that they represent an important 

challenge to medicine and human health. Both E. faecium and S. aureus are in this list 

and classified as high priority pathogens for research and development of new drugs due 

to vancomycin resistance.111 Novel GPAs are urgently needed for a more efficient action 

against Gram-positive pathogens, and this medical need led to the discovery and 

development of the novel semi-synthetic GPAs dalbavancin, oritavancin and telavancin. 

These second-generation GPAs are now prescribed instead of vancomycin to treat severe 

infections. Among them, dalbavancin is especially efficient due to its potency and once-

a-week dose. As it was mentioned before, dalbavancin is a derivative of naturally 

occurring GPA A40926. 

Structure of A40926. A40926 is a type IV GPA, structurally almost identical to 

teicoplanin. Unlike teicoplanin, A40926 lacks GlcNAc residue at AA6 of the aglycone. 

Another major difference is a presence of N-acylaminoglucuronic group at AA4, where 

teicoplanin has GlcN-Acyl moiety. Smaller structural differences include methylation of 

N-terminal end of A40926 aglycone and differences in chlorination pattern. The length 

and branching pattern of aliphatic side chains at GlcN-Acyl moiety also differs between 

teicoplanin and A40926, but this does not stem to the biosynthetic machinery being rather 

dependent on the structure of cell membrane (where BGC-encoded acetyltransferases 

take substrates).112 These modifications improve antimicrobial activity and 

pharmacokinetic properties of A40926, compared to teicoplanin, maintaining an excellent 

safety profile.61 Its molecular characteristics confer more effective in vitro and in vivo 

activity than teicoplanin. As mentioned above, the difference between A40926 and 

dalbavancin is the amidation of the peptide carboxyl group with a 

dimethylaminopropylamide side chain (Figure 10).61 This modification extends half-life 

of dalbavancin in blood (over 300 h in humans), which concedes a unique once-a-week 

dose by intravenous injection.113  
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Figure 10. Chemical structures of A40926 complex (A) and dalbavancin (B). The 

chemical modification present in dalbavancin is highlighted with red colour. 

 

 

Genes behind A40926 biosynthetic pathway: biosynthesis, regulation and 

resistance. BGC responsible for the biosynthesis of A40926 was characterized in 2003, 

almost 13 years before the sequencing of the full N. gerenzanensis ATCC 39727 genome 

and it was called dbv.77 The name dbv was derived from dalbavancin. Like other GPA 

BGCs, dbv consisted of structural, regulatory, export and self-resistance genes. Overall, 

dbv contains 37 genes organized in 12 transcriptional units (Figure 1A). 27 out of the 37 

dbv genes find homologs in at least one other GPA cluster.77 

Since biosynthesis of all GPAs requires non-proteinogenic amino acids, dbv 

pathway is not an exception. dbv1, dbv2, dbv5, dbv30-34 and dbv37 code for enzymes 

involved in the biosynthesis of non-proteinogenic amino acids Hpg and Dpg. Unlike 

vancomycin-like BGCs, dbv cluster has a single gene (dbv28) for Bht synthesis instead 

of three. With a sufficient pool of non-proteinogenic amino acids, non-ribosomal 

synthesis of A40926 aglycone begins. dbv NRPS is composed of 7 modules and 

sequentially joins Hpg, Tyr, Dpg, Hpg, Hpg, Tyr and Dpg (Figure 11B). NRPS is coded 

with four genes, particularly dbv16-17 and dbv25-26. The organization of dbv NRPS 

genes is unprecedented in other GPA BGCs, since they are not collinear to the NRPS 

assemble line and are coded on the opposite DNA strands. Besides dbv16-17 and dbv25-

26, two other dbv ORFs are likely to participate in heptapeptide synthesis: dbv15, 

encoding for a short, highly conserved MbtH-like protein, working as a NRPS assembly 

chaperone; and dbv36, coding for a type II thioesterase, which might be involved in 

hydrolysis of misprimed or misacylated T domains, thus proofreading the NRPS 

assembly line.77,114 After the synthesis of the linear heptapeptide, the crosslinking of the 

aglycone occurs, involving four P450 monooxygenases encoded by dbv11-14.77  
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Figure 11. Genetic organization of the dbv cluster (A) and A40926 biosynthesis scheme 

(B). A) Thin arrows indicate experimentally established operons.  Black arrows represent 

operons controlled by Dbv3, red arrows indicate operons controlled by Dbv4 and dashed 

arrows indicate operons whose control is unknown. For more details, please refer to the 

main text. 
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Other dbv genes are involved in the further modifications of A40926 aglycone 

(Figure 11B). As most GPAs, A40926 is decorated with sugar residues. Two 

glycosyltranferases – Dbv9 and Dbv20 – are involved in this, attaching GlcNAc and 

mannose, respectively. Then, GlcNAc is oxidized by Dbv29, deacetylated by Dbv21, and 

acylated by Dbv8. Finally, mannose moiety is acetylated by Dbv23, giving O-acetyl-

A40926. Thus, products of dbv8, dbv9, dbv20, dbv21 and dbv29 are involved in the 

attachment and modification of sugars.114,115,116,117 Although A40926 shows two 

chlorination sites in the structure, dbv cluster possesses a single halogenase, encoded by 

dbv10.114 A single methyltransferase, encoded with dbv27, is required for N-methylation 

of the N-terminal Hpg residue.114  

The dbv cluster also contains four genes with export functions. These are dbv18, 

dbv19, and dbv24, coding for ABC transporters and dbv35, coding for a Na+/H+-

antiporter. Functions of Na+/H+-antiporter are so far not clear, although the corresponding 

gene is well conserved throughout other GPA BGCs. At the same time, ABC transporters 

are most likely responsible for the export of A40926. Here once again dbv stands aside 

other GPA BGCs, which usually code only for a single ABC-transporters. Thus, it is not 

clear whether all these ABC-transporters are responsible for the export of A40926, or 

maybe only some of them. These ABC transporters might also contribute to glycopeptide 

resistance through active export of the antibiotic from the cell.  

GPA BGCs typically possess vanHAX resistance genes, which remodel cell wall 

making it GPA resistant, to avoid the producer suicide during antibiotic production. 

Instead, dbv is an exception and lacks this cassette. The only dbv resistant determinant is 

the dbv7 gene, which encodes a D,D-carboxypeptidase belonging to the VanY family.93  

GPA production is usually controlled through the transcriptional regulation of 

biosynthetic gene expression. This is achieved with cluster-situated regulators (CSRs). 

Same transcriptional factors are also often called pathway-specific regulators.118 The dbv 

cluster contains two regulatory genes: dbv3 (coding for a LuxR-like transcriptional 

regulator) and dbv4 (coding for a StrR-like transcriptional regulator). dbv also codes for 

a putative two-component regulatory response system, dbv6 (coding for a response 

regulator) and dbv22 (coding for a sensory histidine kinase).119,120,121 The roles of these 

pathway-specific regulators were experimentally investigated.120 Dbv4 appeared to be 

crucial for A40926 production, since the knock-out of the corresponding gene led to the 

complete abolishment of antibiotic biosynthesis.120 Interestingly, dbv4 orthologues from 

Am. balhimycina (the producer of balhimycin)122 and A. teichomyceticus (the producer of 

teicoplanin)123 – StrR-like regulators Bbr and Tei15*, respectively – also were found to 

be crucial for the corresponding pathways. However, both Bbr and Tei15* were found to 

control the expression of the majority, if not the all, balhimycin and teicoplanin 

biosynthetic genes. Dbv4 is different, since its regulon is rather small and consists of the 

genes responsible for the non-proteinogenic amino acid biosynthesis – dbv14-dbv8 and 

dbv30-dbv35 operons. The second dbv CSR – Dbv3 – belongs to a LuxR-family of 

transcriptional factors. Dbv3 is reported to governs the expression of almost all dbv 

transcriptional units, including Dbv4 – at least other six operons (dbv2-dbv1, dbv14-dbv8, 

dbv17-dbv15, dbv21-dbv20, dbv24-dbv28, and dbv30- dbv35) and four single genes 

(dbv4, dbv29, dbv36, and dbv37).120 Balhimycin BGC lacks the LuxR-like pathway-
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specific regulator, while teicoplanin BGC has one – Tei16*. The latter is also a key 

regulator of teicoplanin biosynthesis, however both Tei16* and Dbv3 are absolutely 

unrelated from evolutionary point of view. Although dbv6 and dbv22 until very recently 

were believed to be vanRS analogues, it was shown that they are involved in the fine 

tuning of dbv-gene expression, possibly interlinking export and resistance. These genes 

have a negative effect on dbv biosynthesis, while having the resistance gene dbv7 under 

positive control.119,120,121 

Ways of improving A40926 production in N. gerenzanensis. The use of second-

generation GPAs reactivated the debate about therapy cost. Dalbavancin has 

demonstrated an efficacy and safety comparable to vancomycin, but the actual problem 

is the high cost compared with traditional antibiotics (Table 1).124 Therefore, numerous 

studies have been carried out to develop genetic modification of N. gerenzanensis in order 

to improve the production of A40926. 

 

 
Table 1. GPA acquisition cost associated with usual adult treatment (modified from 36) 

 

 

Generally, once the antibiotic had been discovered, the producing strains undergo 

a process of genetic engineering and fermentation conditions optimization to obtain the 

highest production for industry. GPAs and A40926 in particular, like all other antibiotics, 

have also undergone this process. However, most of this work has not published in the 

scientific literature, remaining part of the intellectual property rights of producing pharma 

companies. The need to improve the fermentation process (and reduce the cost of a multi-

step process) is particularly demanding for second-generation GPAs that undergo semi-

synthetic modification of natural scaffolds. In addition, fermentation remains the only 

approach to obtain A40926 (and other GPAs) on the industrial scale. Therefore, it is 

particularly important and necessary to improve the yield of production. A low yield of 

the N. gerenzanensis wild-type producing strain is a serious limitation for developing and 

commercializing this drug and their derivatives.  

Actually, industrial fermentation media to produce A40926 and other GPAs 

consists are rich, containing dextrose, malt extract and yeast extract.125 It was reported 

that a low initial concentrations of phosphate and ammonium result in increased 

productivity of A40926126 and calcium has a repressive effect.127 Amino acids are 

important precursors for the production of many secondary metabolites, including GPAs. 
128 L-asparagine and L-glutamine resulted in a dramatic stimulation of production as 

nitrogen sources instead of ammonium salts, although these amino acids are not the direct 

precursors of the heptapeptide scaffold.127 Addition of L-valine also increased A40926 

production, being in the case the precursor of the fatty acid tail incorporated in the most 

produced component of the complex.125 All these improvements were successfully 

applied for the wild type producer. A recent report describes a UV-generated N. 

Drug 1 vial (mg) Unit price ($US) Usual adult dose Total price ($US)

Vancomycin 1000 9.5 15-20 mg/kg (max 2 g) x2  x 7-14 days 133 - 266

Telavancin (Vibativ
®

) 750 309.5 10 mg/kg x 7-14 days 2167 - 4333

Oritavancin (Orbactiv
®

) 400 1160 1200 mg once 2900

Dalbavancin (Dalvance
®

) 500 1490 1000 mg x1, then 500 mg 1 week later 4470
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gerenzanensis mutant to produce high levels of A40926 in an optimized production 

medium. In this strain, A40926 production was markedly promoted by using poorly 

assimilated carbon source maltodextrin and nitrogen source soybean meal. Furthermore, 

L-leucine and Cu2+ stimulated biosynthesis while Co2+ showed an inhibitory effect.129 

Additionally, rational strain improvement was achieved by deleting and overexpressing 

certain dbv genes. Thus, A40926-overproducing recombinant strain was achieved with 

the deletion of dbv23, which codes for the pathway-specific acetyltransferase, modifying 

mannose residue. Recombinant strain lacking dbv23 produced approximately twice 

A40926 than the wild type.130 Then, overexpression of dbv3 regulator under the control 

of the thiostrepton-inducible tipA promoter also increased twice the production of 

A40926 in R3 liquid medium.120 Overexpression of some tailoring genes, particularly 

dbv9, dbv20, dbv29 and dbv36 also increased the antibiotic production.131 However, ways 

for the rational improvement of A40926 production are not exhausted yet and offer a lot 

of space for future maneuvers. 
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The aim of this thesis was to perform further studies about relevant industrial “rare” 

actinomycetes such us N. gerenzanensis and A. teichomyceticus, which produce important 

GPAs used in clinic. For this purpose, we used new technologies such as genetic 

engineering tools to manipulate GPA BGCs, and genome sequencing and genome mining 

for the identification of new GPAs. In particular, we aimed at: 

 

1. Improvement of A40926 production in N. gerenzanensis. By generating and 

testing a collection of the promoter probe vectors, we aimed to estimate the strongest 

promoters for gene expression in N. gerenzanensis. The best promoter was then chosen 

to overexpress in N. gerenzanensis CSRs of A40926 BGC – dbv3 and dbv4, as well as 

dbv3 orthologue from a putative novel GPA producer N. coxensis. 

2. Studying GPA production in N. coxensis. This strain itself was a very interesting 

object for us, since we wanted to investigate whether this strain is able to produce a novel 

GPA. Thus, we planned to assembly the complete genome of N. coxensis, annotate the 

putative GPA BGC, screen different production conditions to find the proper ones for 

GPA production, and isolate the new GPA by D-Ala-D-Ala affinity chromatography for 

proceeding in its structure elucidation. 

3. Heterologous expression of StrR-like (dbv4) and LuxR-like (dbv3) CSRs from 

dbv in A. teichomyceticus mutants lacking genes for teicoplanin (tei) BGC-situated CSRs, 

i.e., tei15* (StrR, dbv4 orthologue) and tei16* (LuxR, not related to dbv3) and vice versa. 

Such investigation was aimed to identify wether CSRs from distant GPA BGCs would be 

able to “cross-talk” between the pathways.  

4. Comparative genomic analysis of van-genes distribution in Actinobacteria 

phylum to test the hypothesis that van-genes originate from GPA producers, investigate 

their distribution and discover new putative GPA BGCs. 

 

These studies alltogether might contribute to a better understanding of the 

regulatory networks controlling GPAs biosynthesis, opening new ways to improve GPA 

production and thus reducing their final costs. In addition, since “rare” actinomycetes 

represent an untapped source of new compounds, we could discover new GPAs by their 

genome mining, highlight their potential to be used in counteracting antimicrobial 

resistance. Finally, since the producing actinomycetes are considered the evolutionary 

source of GPA resistance genes, it was important to examine this hypothesis by analyzing 

the abundance of genes either in the genomes of GPA-producers and non-producing 

actinobacteria, available in public databases at the moment of this work. 

 

Thus, briefly, the outline of the chapters that compose this thesis are: 

 

▪ Chapter 1: Here we describe novel approaches for A40926 production 

improvement. A collection of 11 promoters (heterologous and native) was tested in 

N. gerenzanensis and in N. coxensis using the gusA-reporter system to select the strongest 

one for the expression of GPA regulatory genes in these “rare” actinomycetes. Thus, the 

strongest constitutive promoter among those analyzed – aac(3)IVp – was successfully 

applied to increase A40926 production in N. gerenzanensis by overexpressing the CSR 

from dbv and from novel N. coxensis GPA BGC. 

 

▪ Chapter 2: In this chapter we report the discovery of a novel GPA – named 

A50926 – from N. coxensis DSM 45129 by genome mining. Corresponding BGC – noc 
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– is similar to dbv. The only difference is the absence of the dbv29-like gene in noc, which 

codes for an enzyme responsible for the oxidation of the N-acylglucosamine moiety. 

 

▪ Chapter 3: Here we report results of large comparative genomic study, revealing 

that GPA resistance genes – so called van-genes – are widespread within the 

Actinobacteria phylum, either in GPA-producers or non-producing bacteria. For this 

purpose, we have analysed more than 7000 genomes of actinobacteria available in public 

databases to map van-genes and GPA BGCs. We have also investigated the phylogeny of 

main van-gene-encoded proteins and discovered new putative GPA BGCs. 

 

▪ Chapter 4: Since StrR and LuxR cluster-situated regulators are essential for the 

production of GPAs in some relevant producers like N. gerenzanenesis or A. 

teichomyceticus, in this chapter we investigated if they are able to function in 

heterologous hosts. We have expressed tei15* and tei16* in dbv4 and dbv3 knocked out 

mutants of N. gerenzanensis and vice versa to demonstrate that it is possible to 

complement GPA production using non-native CSRs. 
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Title:  
Exchange of StrR and LuxR pathway-specific regulators activates the production of 

glycopeptide antibiotics in N. gerenzanenesis and A. teichomyceticus 

 

 

Abstract:  
StrR and LuxR cluster-situated regulators are essential for the production of glycopeptide 

antibiotics in some relevant producers like Nonomuraea gerenzanenesis and Actinoplanes 

teichomyceticus. In fact, knocking out dbv3 and dbv4 in N. gerenzanensis and tei15* and 

tei16* in A. teichomyceticus, completely abolishes A40926 and teicoplanin production, 

respectively. Knowledge of these regulators is crucial to understand how these 

biosynthetic gene clusters are expressed and how to improve antibiotic production. In this 

work, we demonstrate that a cross-talk between LuxR regulators from N. gerenzanenesis 

and A. teichomyceticus is possible. Thus, heterologous dbv3 and tei16* LuxR genes are 

able to complement GPA production when the genes for native LuxR-like regulators are 

knocked out. Although a complementation of antibiotic production with tei15*-StrR gene 

was also achieved in N. gerenzanensis Δdbv4, restored production in A. teichomyceticus 

Δtei15* was not obtained using the dbv4-StrR gene. Indeed, a significant increase of 

teicoplanin production came out following the overexpression of dbv3 gene into A. 

teichomyceticus under the control of apramycin promoter. Our work highlights that 

although both dbv4/tei15* StrR regulators share high sequence similarity, their cross 

talking was quite ineffective, while unrelated dbv3/tei16* LuxR regulators gave better 

and promising results.  

 

 

Introduction: 
Actinobacteria produce more than two-thirds of antibiotics used in medicine and 

agriculture so far, as well as other numerous specialized metabolites.1 One example of 

these valuable compounds are glycopeptide antibiotics (GPAs) which are last resort drugs 

against multidrug-resistant Gram-positive pathogens such as staphylococci, enterococci, 

and Clostridioides difficile.2 They are produced by filamentous actinobacteria mainly 

from genera Amycolatopsis, Actinoplanes, Nonomuraea and Streptomyces. GPAs are 

divided into five types accordingly to their structure, and among them types I-IV are 

clinically relevant. Clinically important GPAs include first-generation vancomycin and 

teicoplanin, which are natural products, coming from Amycolatopsis orientalis and 

Actinoplanes teichomyceticus NRRL B-16726, respectively. Vancomycin was introduced 

in clinics first, in 1958, followed by the onset of teicoplanin application in 1988 in Europe 

and in 1998 for Japan. Second generation GPAs are semisynthetic molecules recently 

approved for clinical use such as telavancin, oritavancin and dalbavancin (in 2009 in case 

of telavancin and 2014 for telavancin and oritavancin).3 

As majority of specialized metabolites, GPAs biosynthesis is strictly regulated by 

cluster-situated regulators (CSRs). CSRs directly address antibiotic biosynthesis 

activated by pleiotropic4 or global regulators,5,6 and consequently control the expression 

of the whole biosynthetic gene cluster (BGC). All described GPA BGCs contain at least 

one CSR, but an additional one could also be present. The omnipresent GPA BGC CSR 

belongs to the family of StrR-like transcriptional regulators; additional CSRs come from 

LuxR-family of transcriptional factors. So far three different models for pathway-specific 

regulation of GPA biosynthesis exist; one, occurring mainly in Amycolatopsis-derived 

BGCs, involves a single StrR-like regulator. Contrary, in Actinoplanes and Nonomuraea-

derived BGCs an additional LuxR-like regulator takes part in the regulation. Notably, 
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LuxR-like regulators from different GPA BGCs are not homologs and they might be 

involved in different regulatory mechanisms. The roles of these regulators were further 

investigated in the relevant strain Amycolatopsis balhimycina DSM5908,7 A. 

teichomyceticus NRRL B-167268,9 and Nonomuraea gerenzanensis ATCC 39727,10,11 

producing balhimycin, teicoplanin and A40926 (the natural precursor of dalbavancin), 

respectively. Am. balhimycina BGC (called bal) is regulated by only one regulator – Bbr 

(StrR-like) while A. teichomyceticus BGC (called tei) encodes two CSRs: Tei15* (StrR-

like) and Tei16* (LuxR-like) as well as N. gerenzanensis BGC (called dbv) which 

contains Dbv3 (LuxR-like) and Dbv4 (StrR-like). Although StrR-like genes are quite 

similar between bal, tei and dbv clusters, dbv3 and tei16* LuxR-like are non-orthologous 

genes.9 The experimental evidence obtained from mutants of the producer strains 

indicated that they positively regulate biosynthesis. Since knockout of one of these 

regulators in A. teichomyceticus or N. gerenzanensis completely abolishes GPA 

production, the expression of these genes are considered crucial for antibiotic 

production.8,10 In fact, overexpression of tei15*, tei16*, dbv3 and dbv4 improves 

significantly antibiotic biosynthesis in the homologous producers.8,12 

StrR-like proteins are present in all GPA BGCs known so far.13 Moreover, DNA-

binding sites of StrR-like CSR in GPA BGCs are identified with some certainty. The 

target binding region of Bbr, Tei15* and Dbv4 contains the highly conserved sequence 

[GTCCAa(N)17TtGGAC].7,8,14 Bbr binds in vitro to five regions within bal cluster: the 

promoters of bbr (own gene), tba (ABC-transporter gene) orf7 (Na+/K+ antiporter gene), 

dvaA (dehydrovancosamine biosynthesis gene) and oxyA (cross-linking oxygenase 

gene).7 Dbv4 positively regulates the expression of two operons: dbv14-8 (oxidative 

cross-linking and tailoring enzymes genes) and dbv30-35 (Dpg biosynthesis genes).14 

Tei15* directly controls the transcription of at least 17 genes and binding sites were found 

upstream tei2-3 (resistance genes), teiA (NRPS gene), tei2* (tailoring enzyme gene), tei5* 

(oxidative cross-linking gene), tei16* (LuxR-like CSR gene), tei17* (DpgA biosynthesis 

gene), tei23* (HpgT biosynthesis gene), tei26* (tailoring enzyme gene), tei28* (Hpg 

biosynthesis gene), tei30* (tailoring enzyme gene) and tei31* (AfsR-like regulatory 

gene).  

LuxR-like proteins are the second pathway-specific regulators and they belong to 

the large ATP-binding regulators of the LuxR protein family. They have been studied in 

A. teichomyceticus (tei16*) and N. gerenzanensis (dbv3). Nevertheless, these regulators 

are less understood than StrR-like and their binding sites were not yet identified. Tei16* 

DNA-binding analysis in vitro did not reveal putative targets within the cluster.8 Dbv3 

positively controls the expression of four genes within dbv BGC: dbv4 (gene of StrR-like 

regulator), dbv29 (tailoring enzyme gene), dbv36 (type II thioesterase gene) and dbv37 

(HpgT biosynthetic gene); and six operons: dbv2-dbv1 (Hpg biosynthetic genes), dbv14-

dbv8 (oxidative cross-linking and tailoring genes), dbv17-dbv15 (NRPS genes), dbv21-

dbv20 (tailoring enzymes genes), dbv24-dbv28 (NRPS, export and tailoring enzymes 

genes), and dbv30-dbv35 (Dpg biosynthesis and export genes). 

Recently, we showed that the overexpression of a close dbv3 homolog, called nocRI 

from Nonomuraea coxensis DSM 45129, was able to increase A40926 production in 

N. gerenzanensis. This proves that a succesfull cross-talk between regulators from two 

different Nonomuraea spp. is possible.12 In the current work, we decided to study cross-

talk between the well-studied pathway-specific regulators StrR-like and between the 

LuxR-like present in A. teichomyceticus and N. gerenzanensis, which are much less 

related to each other than dbv3 with nocRI. In fact, dbv4 and tei15* are distantly related 

on the overall phylogeny of StrR-like GPA biosynthesis regulators, while dbv3 and tei16* 

are not related at all.9 
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Materials and Methods 
Bacterial strains and growth conditions 

N. gerenzanensis ATCC 39727 and A. teichomyceticus NRRL-B16726 (ATCC 

31121) were cultivated on ISP3 agar medium. N. gerenzanensis was grown in 50 mL E26 

as vegetative medium for 72 h and then 10% (v/v) of the preculture was inoculated in 100 

mL FM2 production medium for A40926 production.15 A. teichomyceticus was grown in 

50 mL of E25 vegetative medium for 72 h and then 10% (v/v) of the preculture was 

inoculated in 100 mL TM1 production medium for teicoplanin production.16 Both strains 

were grown on an orbital shaker in baffled Erlenmeyer flasks at 30oC, 220 rpm. 

Escherichia coli DH5α was used for routine DNA cloning. E. coli strains carrying 

recombinant plasmids were grown in Lysogeny broth (LB) agar at 37 ºC supplemented 

with 100 μg/mL apramycin-sulfate, 50 μg/mL hygromycin B, 50 μg/mL of kanamycin-

sulfate and 25 μg/mL of chloramphenicol when necessary. All strains and plasmids used 

in this work are listed in Table 1. 

Extraction of the genomic DNA from N. gerenzanensis and A. teichomyceticus (as 

well as recombinant derivatives) was done with Kirby procedure.17 Prior to DNA 

isolation, N. gerenzanensis and A. teichomyceticus strains were grown in 250 mL baffled 

Erlenmeyer flasks with 50 mL of E25 or E26 on an orbital shaker at 220 rpm and at 30 °C 

for 96 h.  

 

Table 1. Strains and plasmids used in this work 

Strain or plasmid Description  Source or 

reference 

pSAD3 pSET152A derivative 

containing dbv3 regulatory gene under the 

control of aac(3)IVp promoter 

12 

pSAD4 pSET152A derivative 

containing dbv4 regulatory gene under the 

control of aac(3)IVp promoter 

12 

pIJ10700 Template vector for the amplification of 

hygromycin resistance cassette for pSHAD3 and 

pSHAD4 construction 

18 

pSHAD3 pSAD3 derivative containing hygromycin 

resistance gene instead of apramycin 

This work 

pSHAD4 pSAD4 derivative containing hygromycin 

resistance gene instead of apramycin 

This work 

pIJ12551 ϕC31-actinophage based integrative expression 

vector with ermE* promoter  

19 

pIJ12551dbv4 pIJ12551 derivative containing dbv4 regulatory 

gene under the control of ermE* promoter  

Dr. Elisa 

Binda 

(unpublished 

data) 

pSET152Atei15* pSET152A derivative 

containing tei15* regulatory gene under the 

control of aac(3)IVp promoter 

8 

pSET152Atei16* pSET152A derivative 

containing tei16* regulatory gene under the 

control of aac(3)IVp promoter 

8 
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pIJ12551tei15* pIJ12551 derivative containing tei15* regulatory 

gene under the control of ermE* promoter 

Dr. Elisa 

Binda 

(unpublished 

data) 

pKC1132 Suicide plasmid lacking actinobacterial oriR 20 

pKCKOD3 pKC1132 derivative containing dbv3 flanking 

regions and streptomycin resistance cassette 

This work 

pKCKOD4 pKC1132 derivative containing dbv4 flanking 

regions and streptomycin resistance cassette 

This work 

pKCKOD3-4 pKC1132 derivative containing dbv3 and 

dbv4 flanking regions and streptomycin 

resistance cassette 

This work 

pIJ778 Template vector for the amplification of 

streptomycin resistance cassette for PCR-

targeted mutagenesis 

21 

A40Y SuperCos1 derivative, including 22 kb fragment 

of dbv cluster (dbv1-dbv17) 

22 

A40dbv3::aadA A40Y derivative with dbv3 replaced by aadA-

oriT cassette derived from plasmid pIJ778 

This work 

A40dbv4::aadA A40Y derivative with dbv4 replaced with aadA-

oriT cassette derived from plasmid pIJ778 

This work 

N. gerenzanensis Wild type, A40926 producer ATCC 39727 

N. gerenzanensis 

Δdbv3 

Wild type with dbv3 replaced with aadA-oriT 

cassette 

This work 

N. gerenzanensis 

Δdbv4 

Wild type with dbv4 replaced with aadA-oriT 

cassette 

This work 

N. gerenzanensis 

Δdbv3-4 

Wild type with dbv3 and dbv4 replaced with 

aadA-oriT cassette 

This work 

N. gerenzanensis 

Δdbv3 pSAD3 

N. gerenzanensis Δdbv3 derivative carrying 

pSAD3 plasmid 

This work 

N. gerenzanensis 

Δdbv4 pSAD4 

N. gerenzanensis Δdbv4 derivative carrying 

pSAD4 plasmid 

This work 

N. gerenzanensis 

Δdbv4 

pIJ12551dbv4 

N. gerenzanensis Δdbv4 derivative carrying 

pIJ12551dbv4 plasmid 

This work 

N. gerenzanensis  

pSET152Atei15* 

Wild type derivative carrying pSET152Atei15* 

plasmid 

This work 

N. gerenzanensis  

pSET152Atei16* 

Wild type derivative carrying pSET152Atei16* 

plasmid 

This work 

N. gerenzanensis 

pIJ12551tei15* 

Wild type derivative carrying pIJ12551tei15* 

plasmid 

This work 

N. gerenzanensis 

Δdbv4 

pSET152Atei15* 

N. gerenzanensis Δdbv4 derivative carrying 

pSET152Atei15* plasmid 

This work 

N. gerenzanensis 

Δdbv3 

pSET152Atei16* 

N. gerenzanensis Δdbv3 derivative carrying 

pSET152Atei16* plasmid 

This work 
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N. gerenzanensis 

Δdbv4 

pIJ12551dbv4 

N. gerenzanensis Δdbv4 derivative carrying 

pIJ12551dbv4 plasmid 

This work 

A. teichomyceticus Wild type, teicoplanin producer NRRL-

B16726 

A. teichomyceticus 

pSAD3 

Wild type derivative carrying pSAD3 plasmid This work 

A. teichomyceticus 

pSAD4 

Wild type derivative carrying pSAD4 plasmid This work 

A. teichomyceticus 

pIJ12551dbv4 

Wild type derivative carrying pIJ12551dbv4 

plasmid 

This work 

A. teichomyceticus 

Δtei15* 

Wild type derivative with tei15* gene replaced 

with aac(3)IV-oriT cassette 

8 

A. teichomyceticus 

Δtei16* 

Wild type derivative with tei16* gene replaced 

with aac(3)IV-oriT cassette 

8 

A. teichomyceticus 

Δtei15* pSHAD4 

A. teichomyceticus Δtei15* derivative carrying 

pSHAD4 plasmid 

This work 

A. teichomyceticus 

Δtei16* pSHAD3 

A. teichomyceticus Δtei16* derivative carrying 

pSHAD3 plasmid 

This work 

A. teichomyceticus 

Δtei15* 

pIJ12551dbv4 

A. teichomyceticus Δtei15* derivative carrying 

pIJ12551dbv4 plasmid 

Dr. Elisa 

Binda 

(unpublished 

data) 

E. coli DH5α General cloning host MBI 

Fermentas, 

US 

E. coli ET12567 

pUZ8002 

(dam-13::Tn9 dcm-6), pUZ8002+ (ΔoriT), used 

for conjugative transfer of DNA 

17 

Bacillus subtilis 

HB0933 

CU1065 liaR::kan 23 

Bacillus subtilis 

HB0950 

CU1065 SPβ2Δ2::Tn917::Φ(PliaI-74-cat-lacZ) 24 

 

 

dbv3 and dbv4 inactivation in N. gerenzanensis 

First of all, dbv3 and dbv4 genes were replaced on A40Y cosmid,22 which contains 

the majority of dbv BGC genes, with a spectinomycin resistance cassette aadA-oriT 

derived from plasmid pIJ778 using the λ-Red recombination process,21 yielding 

A40dbv4::aadA and A40dbv3::aadA. Then, using the previous recombinant cosmids, we 

amplified aadA–oriT with ca. 2 Kbp flanking regions of dbv3 and dbv4 (which previously 

were replaced by streptomycin cassette) and cloned the amplicons into pKC1132 suicide 

vector, carrying apramycin resistance cassette. Thus, dbv3 and dbv4 flanking regions 

were intercalated with streptomycin resistance gene. For inactivation of both genes 

together same approach was applied. In this way pKCKOD3, pKCKOD4 and 

pKCKOD3-4 knockout suicide plasmids were generated. Transconjugants carrying 

spectinomycin (SmR) and apramycin resistance cassette (AmR) were grown several times 

on ISP3 solid medium without antibiotic selection until we obtained SmR AmS strains, 

due to a second crossover event, resulting in the loss of AmR cassette, leaving only SmR 

cassette, replacing the target gene. Mutant strains were verified by PCR, using 

3/4KOVER_F/R primer pair. Steps in details are discussed in Results. 
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Cloning of tei15* and dbv4 into pIJ12551 

The coding sequences of tei15* and dbv4 were amplified from the genomic DNA 

of A. teichomyceticus and N. gerenzanensis, respectively and cloned into pIJ12551 

plasmid. Amplicons were generated using Q5 High-Fidelity DNA Polymerase (New 

England Biolabs, Ipswich, MA, United States) and oligonucleotide primers listed in Table 

2. Then, amplicons were digested with NdeI and NotI and cloned via the same recognition 

sites into pIJ12551, generating pIJ12551tei15* and pIJ12551dbv4. 

 

Table 2. Primers used in this work 

Primer Nucleotide sequence (5´-3´)#  Purpose 

dbv3KO_R TTTACTAGTCCCCGATGAGCCTCGGTCC Amplification of 

dbv3 with 2 Kbp 

flanks 
dbv3KO_F TTTAAGCTTGCCGATCAGACCGGTGCCG 

dbv4KO_R CCTCGCGAGCTCGTAGCCG Amplification of 

dbv4 with 2 Kbp 

flanks 
dbv4KO_F CGTGGAAGCGCAGTGCCTC 

3/4KOVER_

R 

GATATCCTGCCCGAGGCCG Verification of 

deletion for 

dbv3 and 

dbv4 genes 
3/4KOVER_

F 

CCAGATGCTGCAGGCGCGA 

dbv3_P1 GCAAACCAAGTCGACGAACCGCTTGGGGGA 

CGAGCAAGAATTCCGGGGATCCGTCGACC 

Replacement of 

dbv3 with the 

aadA-oriT 

cassette within 

the cosmid 

A40Y 

dbv3_P2 GCCCGAGGCCGGCGAATTCGGCTTGTCGAA 

CTCTTCGCTTGTAGGCTGGAGCTGCTTC  

dbv4_P1 CCCCGGCTCCGATATGACGCTAATCGAATC 

GGAGGCTAGATTCCGGGGATCCGTCGACC 

Replacement of 

dbv4 with the 

aadA-oriT 

cassette within 

the cosmid 

A40Y 

dbv4_P2 GTCGCTCTACATACGGCCGCCCGGCTCATC 

CACTCGTGCTGTAGGCTGGAGCTGCTTC 

dbv3_FWpIJ AAAACATATGCTGTTCGGGCGAGATCGT Amplification of 

dbv3 dbv3_RVpIJ AAAAGCGGCCGCCTACAGCCGCACTGCCTC  

dbv4_FWpIJ AAAAAACATATGGACCCGACGGGAGTTGAC

ATA 

Cloning of dbv4 

into pIJ12551 

dbv4_RVpIJ TTTATTAGCGGCCGCTCATCCAGCGGCCAGA

TCGGTCG 

tei15_FWpIJ GGGCATATGACACCTGACGAAGAG Cloning of 

tei15* into 

pIJ12551 
tei15_RVpIJ AAAAGCGGCCGCTCAGCTCGCCATC 

pSET_ver_F GCATCGGCCGCGCTCCCGA Verification of 

tei15* and tei16* 

cloned into 

pSET152Atei15* 

and 

pSET152Atei16*, 

respectively  
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tei15*_ver_

R 

CAGCTCAGCGCCGCTGAGCA Verification of 

tei15* cloned into 

pSET152Atei15* 

tei16*_ver_

R 

CTCGCACACGCCCGGGCC Verification of 

tei16* cloned into 

pSET152Atei16* 

aac(3)IV_F

w 

GTTTTCCCAGTCACGACGTT Verification of 

apramycin 

resistance cassette aac(3)IV_Rv TATCCGCTCACAATTCCACA 
# Binding sites of restriction endonucleases are underlined. 

 

 

Conjugative transfer of plasmids into N. gerenzanensis and A. teichomyceticus and 

verification of the recombinant strains 

Conjugative transfer of plasmids into N. gerenzanensis and A. teichomyceticus was 

performed essentially as described previously.17,25 All recombinant plasmids were 

transferred individually into the non-methylating E. coli ET12567 pUZ8002 and the 

resulting derivatives were used as donor strains for intergeneric conjugation. To verify 

the integration of plasmids, target genes and apramycin resistance gene were amplified 

by PCR from the genomic DNA isolated from the recombinant strains. 

To prepare fresh vegetative mycelium of N. gerenzanensis prior to conjugal 

transfer, one vial of WCB was inoculated into 50 mL of VSP medium (250 mL 

Erlenmeyer flask with 10 ø5 mm glass beads) and incubated for 48 h on the orbital shaker 

at 30 °C, 220 rpm. The mycelium was collected by centrifugation (10 min, 3,220 × g), 

washed twice with sterile 20% v/v glycerol, resuspended in the same solution to a final 

volume of 20 mL, and stored at −80°C. 1 mL of mycelial suspension was mixed with 

approximately 109 of donor E. coli cells and the mixtures were plated on well dried 

VM0.1 agar plates supplemented with 20 mM of MgCl2. After 12–16 h of incubation at 

30 °C, each plate was overlaid with 1 mL of sterile deionized water containing 1.25 mg 

of apramycin-sulfate and 750 μg of nalidixic acid sodium salt. Transconjugants were 

selected as resistant to 50 μg/mL of apramycin-sulfate. 

Spore suspensions of A. teichomyceticus were prepared from lawns grown on ISP3 

agar for 7 days. Sporangia from one plate were collected in deionized water and filtered 

through one layer of Miracloth (Merck KGaA, Darmstadt, Germany) to remove 

vegetative mycelial fragments. Then sporangia were incubated in an orbital shaker at 

30 ºC until spores were released from sporangia. Then, spores were centrifuged (15 min, 

3,220 × g) and resuspended in 1 mL of 15% v/v glycerol, and stored at −80°C. For 

conjugation, approx. 106 spores were mixed with 107 E. coli donor cells and plated on 

SFM agar plates supplemented with 20 mM of MgCl2. The overlay for the selection of 

transconjugants was performed as described previously for N. gerenzanensis. 

Analytical bioassay 

To prepare the plates for analytical bioassays, B. subtilis HB093323 and HB095024 

were grown in LB liquid medium at 37 ºC in a shaker (150 rpm) for 15-16 h. Then, 10% 

(v/v) of the overnight culture was inoculated in a fresh LB medium and left to grow under 

the same incubation conditions up to 0.6 OD. Subsequently, 100 µl of so-obtained B. 

subtilis culture were inoculated to 30 mL of Muller Hinton Agar (MHA). In case of B. 

subtilis HB0950, additional 50 µg/mL of 5-bromo-4-chloro-3-indolyl-β-D-galactoside 

(X-Gal) were added for GPA-induced chromogenic conversion. 6 mm paper discs socked 
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with antibiotic extracts or agar plugs were placed on the surface of these plates. Plates 

were incubated overnight at 37 ºC, growth inhibition halos were onserved and 

documented. 

HPLC analysis of teicoplanin and A40926  

GPAs were generally extracted by mixing 1 volume of broth with 1 volume of 

borate buffer [100 mM H3BO3 (Sigma-Aldrich), 100 mM NaOH (Sigma-Aldrich), 

pH 12]. Extraction of teicoplanin was perfomed by shaking samples on a rotary shaker at 

200 rpm and 37 °C, then samples were centrifuged (16,000 × g for 15 min) to obtain 

debris-free supernatants. Extracts containing A40926 were centrifuged (16,000 × g for 

15 min) and supernatants were incubated at 50 ºC, 1 h.  

In some cases, lyophilization was required in order to concentrate samples 

containing amounts of GPAs hard to trace in non-concentrated samples. Thus, culture 

extracts were first collected at the maximum production timepoint and adjusted to pH 12 

with 10 M NaOH to extract GPAs from mycelium. Then, samples were centrifuged 

(16,000 × g for 10 min), supernatants were lyophilized in a VirTis Sentry vacuum 

chamber for 24 h and subsequently reconstituted in MilliQ, concentrating the sample 10 

times. 

HPLC was performed with a VWR Hitachi diode array L-2455 HPLC system with 

detection at 254 nm. Samples were estimated by injecting 50 μL of sample onto a 5 μm-

particle-size Ultrasphere ODS (Beckman) HPLC column (4.6 by 250 mm). A40926 and 

teicoplanin samples eluting at a flow rate of 1 mL/min with a 30 min linear gradient from 

15 to 64% of phase B. Phase A was 32 mM HCOONH4 (pH 7) – CH3CN [90:10 

(vol/vol)], and phase B was 32 mM HCOONH4 (pH 7) – CH3CN [30:70 (vol/vol)]. A 

volume of 50 μL of a pure sample of 150 μg/mL A40926 (Sigma-Aldrich, St. Louis, MO, 

United States) and 100 μg/mL teicoplanin (Sigma-Aldrich, St. Louis, MO, United States) 

were used as standards. 

 

 

 

Results 
Generation of dbv3 and dbv4 knockout mutants in N. gerenzanensis 

Previously it was reported that tei15* and tei16* knockouts completely abolished 

the production of teicoplanin. Expectedly, reintroduction of the wild-type alleles restored 

teicoplanin production.8 The same was also shown for dbv3 and dbv4, pathway-specific 

regulators of A40926 production in N. gerenzanensis.10 Since ultimate aim of our work 

was to cross-complement knockouts of dbv3/dbv4 with tei15*/tei16* and vice versa, we 

required apramycin-sensitive mutants of N. gerenzanensis. Unfortunately, dbv3 and dbv4 

knockout mutants, described in the literature10 were indeed apramycin-resistant, since 

aac(3)IV apramycin resistance gene was used to knock out either dbv3 or dbv4. Thus, we 

decided to create our own dbv3 and dbv4 knockout mutants, using aadA – 

spectinomycin/streptomycin resistance gene – instead. The majority of dbv BGC 

(including dbv3 and dbv4) could be found on A40Y cosmid. Therefore, we constructed 

two derivatives of A40Y, carrying λ-RED induced single gene substitutions. In both 

cases, the dbv genes were replaced with a spectinomycin resistance cassette aadA-oriT 

derived from plasmid pIJ778.21 

The dbv3 gene was replaced with the aadA-oriT cassette within the cosmid A40Y 

(Table 1) using the λ-Red recombination process.21 The primers dbv3_P1 and dbv3_P2 

used for replacement are listed in Table 2. The cosmid A40dbv3::aadA was generated. 

Then, dbv4 was replaced in similar fashion, with the aadA-oriT cassette within the cosmid 
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A40Y (Table 1) using the λ-Red recombination process. The primers dbv4_P1 and 

dbv4_P2 used for replacement are listed in Table 2. Thus, the cosmid A40dbv4::aadA 

was obtained. Following the standard protocol, we then attempted to transfer 

A40dbv4::aadA and A40dbv3::aadA into N. gerenzanensis by means of intergeneric 

conjugation with E. coli ET12567 pUZ8002 using spectinomycin for the selection of 

transconjugants (which were expected to be a result second-crossover event, and, thus, 

should already be desired mutants). Unfortunately, all of the obtained spectinomycin-

resistant “transconjugants” carried wild type alleles of dbv3 and dbv4 when tested by 

PCR-genotyping. We speculate that these “transconjugants” were actually not the result 

of conjugation, but rather spontaneous spectinomycin-resistant mutants.  

Therefore, we decided to change the strategy. A40dbv4::aadA and A40dbv3::aadA 

recombinant cosmids were thus used to amplify aadA–oriT with ca. 2 Kbp flanking 

regions (which actually were either dbv3 or dbv4 flanks). Primer pairs dbv3KO_F/R and 

dbv4KO_F/R (Table 2) were used to generate 5,497 and 5,404 bp amplicons, 

respectively. Both amplicons were digested with HindIII and SpeI restriction 

endonucleases and cloned into the HindIII and XbaI recognition sites of pKC1132 suicide 

vector. Obtained plasmids were named pKCKOD3 and pKCKOD4 and transferred into 

N. gerenzanensis via intergeneric conjugation with E. coli ET12567 pUZ8002. 

Transconjugants were selected as resistant to 50 µg/mL of apramycin-sulfate, having 

pKCKOD3 and pKCKOD4 integrated into the chromosome via first crossover event. One 

transconjugant was then randomly picked for N. gerenzanensis pKCKOD3+ and 

pKCKOD4+ each and passaged four times on ISP3 agar without any selective factors to 

induce second crossover event. After fourth passage, N. gerenzanensis pKCKOD3+ and 

pKCKOD4+ were streaked out to obtain single colonies which then were screened for 

apramycin-sensitive ones. Overall, we obtained 4 apramycin-sensitive colonies out of ca. 

2000 pKCKOD4+ screened colonies and 2 apramycin-sensitive colonies out of ca. 4000 

pKCKOD3+ screened colonies pKCKOD3+. Such differences in the second-crossover 

efficiency were likely due to larger size of dbv3, which is 2,682 bp. Genomic DNA was 

isolated from all these strains using Kirby procedure17 and substitution of either dbv3 or 

dbv4 was verified by PCR-genotyping using 3/4KOVER_F/R primer pair (Table 2). A 

summarizing scheme of the whole knockout approach is given in Figure 1 whereas the 

results of the PCR verification are given in Figure 1C. For the following experiments, one 

mutant strain among those knocked out in dbv3 or in dbv4 was randomly chosen; mutants 

were named N. gerenzanensis Δdbv3 and Δdbv4. 
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Figure 1. Generation of dbv3 and dbv4 knockout strains in N. gerenzanensis. A) 

Replacement of dbv3, dbv4 and both genes together within A40Y cosmid, yielding 

A40dbv3::aadA, A40dbv4::aadA and A40dbv3-4::aadA, respectively. dbv3 and dbv4 are 

represented with green arrows and aadA-oriT cassette with red arrow. Primers to replace 

dbv3 are shown in purple triangles while primers to replace dbv4 are shown as grey 

triangles. 3/4KOVER primers, which are illustrated as blue triangles, were used to verify 

the integration of the resistance cassette. B) aadA–oriT with ca. 2 Kbp flanking regions 

were amplified using dbv3KO_F/R (red triangles) or dbv4KO_F/R (orange triangles) and 

introduced in pKC1132 suicide vector. Resulting plasmids were named pkCKOD3, 

pkCKOD4 and pkCKOD3-4, carrying apramycin resistance cassette (pink arrow). C) 

Scheme of process followed to obtain and verify N.    gerenzanensis Δdbv3, Δdbv4 and 

Δdbv3-4 strains. Please see main text for more details. 
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A40926 production in Δdbv3 and Δdbv4 and complementation of these strains 

To verify that both knockouts abolish A40926 production, we cultivated  

N. gerenzanensis Δdbv3 and Δdbv4 in FM2 production medium according to the 

previously described protocol.15 Bioassays (antimicrobial activity on B. subtilis) and 

HPLC analysis indeed showed that neither N. gerenzanensis Δdbv3 nor Δdbv4 were able 

to produce A40926 (Figure 2).  

Figure 2. In N. gerenzanensis Δdbv3 and Δdbv4 A40926 production is abolished. A) 

Bioassays against B. subtilis HB0933 in MHA medium. N. gerenzanensis dbv3 and dbv4 

knockout strains did not show any antimicrobial activity. Samples were collected at 144 

h in FM2 medium and A40926 extraction was done by raising pH up to 12. 50 μL sample 

was loaded in a 6 mm paper disk. B) HPLC analysis confirmed that these recombinants 

did not show any A40926 production, which indeed is present in the chromatogram from 

the wild type: N. gerenzanensis chromatogram is showed in black colour, 

N. gerenzanensis Δdbv3 in green and N. gerenzanensis Δdbv4 in blue. A40926 complex 

peaks are indicated with black arrows. 

 

 

Then, to complement N. gerenzanensis Δdbv3 and Δdbv4, two different plasmids 

carrying dbv3 and dbv4 were used: pSET152A and pIJ12551 (Table 1). In the first case, 

pSAD3 and pSAD4 plasmids were previously used in our work for the overexpression of 

dbv3 and dbv4 into N. gerenzanensis.12 dbv4 was also cloned into pIJ12551, yielding 

pIJ12551dbv4. pSET152A-derived plasmids contain strong apramycin resistance gene 

promoter (aac3(IV)p) which was previously used to markedly increase the production of 

GPAs in Nonomuraea spp.12,26 At the same time, pIJ12551 carries the erythromycin 

resistance gene promotor widely used for gene overexpression in Streptomyces (ermEp), 

which was shown previously to be rather weak in Nonomuraea sp.12 Both plasmids are 

φC31-based integrative vectors and they provide stable gene expression. The three 

plasmids were transferred into respective deletion mutants to generate the complemented 

strains N. gerenzanensis Δdbv3 pSAD3+, N. gerenzanensis Δdbv4 pSAD4+ and N. 

gerenzanensis Δdbv4 pIJ12551dbv4+ via intergeneric mating with E. coli ET12567 

pUZ8002; obtained recombinants were verified by PCR (Figure 3A). All recombinant 

strains showed restored antimicrobial activity in bioassays (Figure 3B). In addition, 

HPLC analysis revealed that N. gerenzanensis Δdbv3 pSAD3+ and Δdbv4 pSAD4+ 

restored 30% biosynthesis while pIJ12551 restored 100% production in N. gerenzanensis 

Δdbv4 pIJ12551dbv4+. We believe that this peculiar result is due to the strength of 

aac(3)IVp; probably strong, “time-ectopic” expression of pathway-specific regulators 
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leads to A40926 production from the very beginning of the cultivation and, thus, to 

additional stress in the production culture. 

 

Figure 3. N. gerenzanensis Δdbv3 and Δdbv4 complemented with native regulatory genes 

have A40926 production restored. A) Verification of recombinant strains using 

aac(3)IV_Fw and aac(3)IV_Rv primers for the amplification of apramycin cassette (777 

bp). B) Bioassays against B. subtilis HB0933 in MHA medium. Complemented strains 

showed clear inhibition halos. Samples were collected at 144 h in FM2 medium and 

A40926 extraction was done by raising pH up to 12. 50 μL sample were loaded in a 6 mm 

paper disk.  

 

 

Generation of recombinant strains for the pathway specific regulatory cross-talking 

between N. gerenzanensis and A. teichomyceticus  

StrR-like proteins are orthologues in the bal (balhimycin), tei (teicoplanin) and dbv 

(A40926) BGCs. Bbr and Dbv4 share 80% of amino acid sequence identity, while Tei15* 

and Dbv4 share only 53% of amino acid sequence identity. Finally, Tei15* and Bbr share 

50% identity of amino acid sequence identity. Instead, Dbv3 and Tei16* LuxR-regulator 

are not closely related sharing only 30% of amino acid sequence identity. To investigate 

the eventual cross-talking among the regulators controlling teicoplanin and A40926 

production, we started exchanging StrR-like and LuxR-like genes from N. gerenzanensis 

and A. teichomyceticus. We used pSAD3 and pSAD4 plasmids previously constructed for 

the overproduction of A40926 in N. gerenzanensis12 as well as pSET152Atei15* and 

pSET152Atei16* for the overproduction of teicoplanin in A. teichomyceticus.8 All these 

plasmids were derivatives of pSET152A, where desired genes are under control of strong 

aac(3)IVp. Since A. teichomyceticus Δtei15* and A. teichomyceticus Δtei16* mutants are 

resistant to apramycin (having tei15* and tei16* replaced with aac(3)IV-oriT cassette)8, 

we had to initially disrupt aac(3)IV gene in pSAD3 and pSAD4 introducing a hygromycin 

resistance cassette (hygR), derived from pIJ10700, and yielding the recombinant vectors 

pSHAD3 and pSHAD4 (Table 1). pSHAD4 and pSHAD3 were then transferred into A. 

teichomyceticus Δtei15* and A. teichomyceticus Δtei16*, respectively, by means of 

intergeneric conjugation with E. coli ET12567 pUZ8002. Resulting strains were called A. 

teichomyceticus Δtei15* pSHAD4+ and A. teichomyceticus Δtei16* pSHAD3+. The same 
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approach was performed for N. gerenzanensis Δdbv4 and Δdbv3, where pSET152Atei15* 

and pSET152Atei16* (respectively) were transferred. Obtained strains were named N. 

gerenzanensis Δdbv3 pSET152Atei16*+ and N. gerenzanensis Δdbv4 pSET152Atei15*+. 

All recombinant strains were verified by PCR (Figure 4). 

 

Figure 4. Verification of the recombinant strains. pSET_ver_F/tei15*_ver_R, 

pSET_ver_F/tei16*_ver_R, dbv3_F/RWpIJ, dbv4_F/RWpIJ, tei15_F/RWpIJ primer 

pairs were used to amplify an internal region of pSET152A and tei15* (1,291 bp), internal 

region of pSET152A and tei16* (1,385 bp), dbv3 (2,604 bp), dbv4 (966 bp) and tei15* 

(990 bp), respectively. 3/4KOVER_F/R were used to check knockout (3,834 bp for N. 

gerenzanensis, 2,642 bp for N. gerenzanensis Δdbv3 and 4,840 bp for N. gerenzanensis 

Δdbv4).  
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Pathway specific regulatory cross-talking for A40926 production in N. 

gerenzanensis 

Once generated the mutants described above, we first studied A40926 production 

in N. gerenzanensis Δdbv4 and Δdbv3, complemented with tei15* and tei16*. As a result, 

bioassays of culture broth extracts from the recombinants fermented in FM2 production 

medium showed small inhibition halos towards B. subtilis in case of N. gerenzanensis 

Δdbv3 pSET152Atei16*+ and no antimicrobial activity for N. gerenzanensis Δdbv4 

pSET152Atei15*+. HPLC analysis showed no A40926 production in both 

N. gerenzanensis Δdbv3 pSET152Atei16*+ and N. gerenzanensis Δdbv4 

pSET152Atei15*+ (Figure 5A). We also tried to complement N. gerenzanensis Δdbv4 

with tei15* expressed under the control of ermEp (pIJ12551tei15* plasmid, see previous 

section). N. gerenzanensis Δdbv4 pIJ12551tei15*+ showed a small inhibition halo 

towards B. subtilis (Figure 5A), but, as previously, A40926 presence was not detectable 

by HPLC analyses.  

To further investigate if the poor antimicrobial activity observed N. gerenzanensis 

Δdbv3 pSET152Atei16*+ and in N. gerenzanensis Δdbv4 pIJ12551tei15*+ was due to 

A40926 production under the limit of HPLC detection or instead to the unspecific 

activation of other silent BGCs, we constructed a new N. gerenzanensis Δdbv3-4 double 

knock-out mutant (Table 1 and Figure 1) following the same approach above described 

for the generation of N. gerenzanensis Δdbv3 and Δdbv4. We could not in fact rule out 

that, although Str-like and LuxR-like transcriptional factors are pathway-specific 

regulators, they could activate pleiotropically the expression of other still-unexplored 

BGCs present in N. gerenzanensis genome, whose products might have antimicrobial 

activity.27 In the double knockout mutant, none antimicrobial activity on bioassays nor 

GPA detection in HPLC were noticed, like in N. gerenzanensis Δdbv3 and Δdbv4. The 

introduction of tei15* and tei16* in the double knocked-out mutant (strains called 

N. gerenzanensis Δdbv3-4 pIJ12551tei15*+ and N. gerenzanensis Δdbv3-4 

pSET152Atei16*+) did not trigger any antimicrobial activities, demonstrating that the low 

antimicrobial activity observed in both N. gerenzanensis Δdbv3 pSET152Atei16*+ and in 

N. gerenzanensis Δdbv4 pIJ12551tei15*+ was likely due to A40926 production, albeit in 

trace level. Thus, either tei15* or tei16* seemed able to induce A40926 production in N. 

gerenzanensis Δdbv4 and Δdbv3, although to a negligibly low level. 

To confirm the production of A40926 was triggered by the introduction of the 

heterologous tei15* and tei16*, we also tested the extracts of both N. gerenzanensis 

Δdbv3 pSET152Atei16*+ and in N. gerenzanensis Δdbv4 pIJ12551tei15*+ against a 

special recombinant strain of B. subtilis named HB0950 (Figure 5B). This strain in fact 

contains a lacZ gene (coding for β-galactosidase) fused to the liaI promoter (PliaI), which 

activates lacZ in response to the cell wall stress caused with lipid II binders.24 GPA 

production can then be easily identified when B. subtilis HB0950 is grown on MHA 

medium containing X-Gal. GPAs, being a lipid II binders, induce the expression of β-

galactosidase which hydrolyses X-Gal giving a green edge of the growth inhibition halo. 

Green halos were observed in the wild type N. gerenzanensis as well as in the 

N. gerenzanensis Δdbv3 pSET152Atei16*+ and in N. gerenzanensis Δdbv4 

pIJ12551tei15*+ recombinants, indicating that they produce A40926 (Figure 5B).  
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Figure 5. Complemented mutants of N. gerenzanensis and A. teichomyceticus, lacking 

CSR-genes, showed restored GPA production. Bioassays against B. subtilis HB0933 (A) 

and HB0950 (B) in MHA medium. Samples were collected at 144 h in FM2 medium in 

case of N. gerenzanensis and TM1 at 96 h in case of A. teichomyceticus. A. 

teichomyceticus Δtei16* pSHAD3+ sample was collected at 96 h in E25 + 1g/L L-valine. 

GPA extraction was done by raising pH up to 12. 50 μL sample were loaded in a 6 mm 

paper disk. Green halo in B. subtilis HB0950 bioassay indicated the presence of a GPA.  

 

 

Finally, to quantify A40926 production in N. gerenzanensis Δdbv3 

pSET152Atei16*+ and in N. gerenzanensis Δdbv4 pIJ12551tei15*+, extracts from their 

liquid cultures at the time of maximum production were concentrated by lyophilization 

and then analyzed by HPLC. It was thus possible to estimate that N. gerenzanensis Δdbv3 

pSET152Atei16*+ produced ca. 20 mg/L A40926, whereas N. gerenzanensis Δdbv4 

pIJ12551tei15*+only 2 mg/L (Figure 6), confirming that heterologous expression of 

tei15* and tei16*could somehow restore A40926 production in N. gerenzanensis. 
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Figure 6. Chromatograms of concentrated samples. N. gerenzanensis Δdbv3 

pSET152Atei16*+ (A) and N. gerenzanensis Δdbv4 pIJ12551tei15*+ (B) showed A40926 

peaks with its typical UV spectrum. Recombinant strains are showed in red and 

corresponding knockout in black. Absorption spectrum of A40926 standard is represented 

in green and absorption spectrum of the peaks identified in the recombinant strains in 

blue. 

 

 

Pathway specific regulatory cross-talking for teicoplanin production in A. 

teichomyceticus 

A complementary approach was used in A. teichomyceticus mutants knocked out in 

tei16* and tei15*, which were complemented with dbv3 or dbv4, respectively. The 

recombinant strains were grown in the traditional TM1 production medium, previously 

optimized for teicoplanin production.16 In bioassays, none antimicrobial activity was 

detectable versus B.subtilis in the case of A. teichomyceticus Δtei15* pSHAD4+ (Figure 

5A), while A. teichomyceticus Δtei16* pSHAD3+ did not even grow in TM1 production 

medium. As in the case of N. gerenzanensis, we also tried to complement 

A. teichomyceticus Δtei15* with pIJ12551dbv4 where dbv4 was cloned under the control 

of ermEp (unpublished data), but none antimicrobial activity was observed, too. To 

overcome these aspects, different combinations of vegetative and production media –

previously used for growing other GPA producing strains – were tested such as modified 

TM1, ISP2, SFM, VSP or the vegetative media E25 with 1 g/L L-valine, which is the 

precursor amino acid contributing to the increased production of teicoplanin in production 

media.26 In none of these conditions, mutants complemntedwith the heterologous dbv4 

produced any antimicrobial activity. Surprisingly, bioassays of A. teichomyceticus 
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Δtei16* pSHAD3+ in vegetative medium revealed the production of a significant 

antimicrobial activity. When the strain was grown in E25 vegetative medium with 

additional 1 g/L of L-valine, HPLC analysis showed that it produced approximately 150 

mg/L teicoplanin, despite the relatively poor growth (Figure 7). Although further 

investigations are needed, we speculated that a strong and not timely controlled 

heterologous expression of dbv3 might cause an overproduction of teicoplanin in the 

vegetative step, which then likely hampers the further growth of the mutant in the 

production medium. Confirming the data above reported, when the recombinant extracts 

were tested against B. subtilis HB0950, green halos were observed for A. teichomyceticus 

wild type and A. teichomyceticus Δtei16* pSHAD3+ indicating GPA production, but not 

in Δtei15* pSHAD4+ which did not show any antimicrobial activity (Figure 5B). The 

extract of this last strain was concentrated by lyophilization and tested again for the 

microbiological activity and in HPLC analysis, but the negative results confirmed that 

dbv4, differently from dbv3, was unable to restore teicoplanin production in A. 

teichomyceticus. 

 

 

 

Figure 7. HPLC revealed that A. teichomyceticus Δtei16* pSHAD3+ restored teicoplanin 

production. Blue chromatogram shows the production profile of A. teichomyceticus in 

TM1 at 96 h, in red A. teichomyceticus Δtei16* pSHAD3+ in E25 + 1g/L L-valine at 96 h, 

in green A. teichomyceticus in E25 + 1g/L L-valine at 96 h and in black A. teichomyceticus 

Δtei16* in TM1 at 96h. Teicoplanin main peak is indicated with a black arrow. 
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Cross-overexpression of dbv and tei pathway-specific regulators in wild type strains 

of A. teichomyceticus and N. gerenzanensis 

Since previous data indicated that tei15* and tei16* restored A40926 production in 

N. gerenzanensis Δdbv3 and Δdbv4, respectively, we tested if their overexpression in N. 

gerenzanensis wild type would affect antibiotic production. The result was that N. 

gerenzanensis pSET152tei15*+, N. gerenzanensis pIJ12551tei15*+ and N. gerenzanensis 

pSET152tei16*+antibiotic productivity in FM2 production medium was the same as in 

the wild type (Figure 8A). When the same approach was used for A. teichomyceticus 

pSAD4+ and A. teichomyceticus pSAD3+, we found that the first carrying dbv4 produced 

as the wild type whereas the second with the dbv3 approximately 3 times more (Figure 8 

B), although its growth was reduced generating half biomass than the wild type (data not 

shown). 

 

Figure 8. GPA production in cross-overexpression recombinants. A) Maximum A40926 

production in FM2 by N. gerenzanensis, N. gerenzanensis pSET152tei15*+, N. 

gerenzanensis Δdbv4 pIJ12551tei15*+ and N. gerenzanensis pSET152tei16*+ B) 

Maximum teicoplanin production in TM1 by A. teichomyceticus, A. teichomyceticus 

pSAD3+ and A. teichomyceticus pSAD4+ overexpressing heterologous dbv3 and dbv4, 

respectively. 

 

 

 

Discussion 
Previous works reported that StrR-like CSR from different GPA BGCs were able 

to “cross-talk” between different pathways. StrR-like CSRs Bbr and Ajr (the first from 

the balhimycin BGC in Am. balhimycina and the second from ristocetin producer Am. 

japonicum) could replace each other in governing the reciprocal GPA synthesis.28, 29 They 

shared more than 80% of amino acid sequence identity, likely because they originate from 

species belonging to the same genus. Similarly, nocRI from N. coxensis was able to 

increase A40926 production in N. gerenzanensis, being 94% similar to dbv3.12 In our 

study we were going wider and wanted to test whether dbv4 and tei15* (sharing only 53% 

amino acid sequence identity) would be able to “cross-talk” between pathways coming 
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from species belonging to different families of GPA producers – Micromonosporaceae 

in case of teicoplanin and Streptosporangiaceae in case of A40926. Our results did not 

show a reciprocal similar behavior of the two StrR-like CSRs, since tei15* was able to 

restore A40926 production in N. gerenzanensis Δdbv4, albeit at very low extent giving 

less than 1% of A40926 production than in the wild type, whereas at the same time, dbv4 

was not able to restore teicoplanin production in A. teichomyceticus Δtei15*. 

To this purpose, it is important to note that StrR-binding regions 

[GTCCAa(N)17TtGGAC] are not exclusively found in GPA BGCs. These consensus 

sequences were also described in other clusters present in non-producing GPA strains.30,31 

In fact, StrR-like regulators control the synthesis of a large variety of specialized 

metabolites in actinobacteria such as different sorts of antibiotics, enedyines or 

angucyclines, accordingly with MIBiG database.32 On the other hand, it is also true that 

they were found in less than 50 actinobacterial BGCs. Thus, we cannot exclude that dbv4 

and tei15* may not be orthologous proteins, less functionally related than believed before. 

While being both StrR-like regulators, they share basic architecture of structural domains, 

as well as high degree of amino acid sequence similarity, at the same time not having 

DNA-binding activity shaped to achieve sufficient “cross-talk”. Anyhow, further 

investigations are needed on their mode of action at transcriptional level. A high-

resolution phylogenetic analysis of all StrR-like proteins coming from Actinobacteria 

phylum might be also useful to understand better their evolution and reciprocal relations.  

Emerging picture with LuxR-like CSR regulators appeared even to be more 

puzzling. Dbv3 and Tei16* are clearly not related to each other, sharing only 30% of 

amino acid sequence identity and possessing dramatically different regulons. 

Surprisingly, our results revealed that complemented strain A. teichomyceticus Δtei16* 

pSHAD3+ had teicoplanin production fully restored, while N. gerenzanensis Δdbv3 

pSET152tei16*+ was able to produce only a couple of mg/L of A40926. We also achieved 

a significant increase in teicoplanin production when dbv3 was overexpressed in the wild 

type A. teichomyceticus. 

LuxR-like transcriptional factors positively regulate different antibiotic BGCs. 

They control the synthesis of different compounds in Gram-negative bacteria, being also 

involved in quorum-sensing.33 Moreover, LuxR-like regulators are necessary to modulate 

the expression of virulence factors, immune response, intracellular signaling or biofilms 

formation in Gram-negative bacteria.34  However, they are still poorly characterized for 

Gram-positive bacteria. In addition, LuxR might supposedly function as single 

transcription factors or as part of two-component systems in actinobacteria.34 Since LuxR 

are abundant in nature and they have an important role in a wide variety of BGCs in 

actinobacteria, it is reasonable to assume that they could “cross-talk” in similar BGCs. 

Therefore, they might be less specific than StrR-like transcriptional factors explaining 

why dbv3 has significant positive effect in teicoplanin biosynthesis.   

Another interesting point is that overexpression of dbv3 generated significant stress 

preventing A. teichomyceticus from a normal growth. A. teichomyceticus Δtei16* 

pSHAD3+ did not grow in TM1 industrial medium after inoculation from vegetative 

medium, where it started to produce the antibiotic. This early activation of antibiotic 

production can be the cause of the premature death of the culture. The maximum 

production observed in E25 with the addition of L-valine was ca.150 mg/mL of 

teicoplanin at 96 h of cultivation, which is comparable with the maximum production of 

A. teichomyceticus in the TM1 industrial medium. Finally, overexpression of dbv3 in A. 

teichomycetius wild type allowed to reach almost 700 mg/L of teicoplanin, three time 

more than wild type. However, this strain had a poor growth, generating half the biomass 

compared to wild type. These results could be somehow correlated with our previous 
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results about the overexpression of dbv3 into N. gerenzanensis, which produced two times 

more A40926 than wild type in flask fermentation, but when we grew it in a 3-L 

fermenter, it had a poor growth and hardly produced A40926.12 

To conclude, if tei15* and dbv4 are only partially able (tei15*) or unable (dbv4) to 

“cross-talk” between the pathways, dbv3 and tei16* appear more active in influencing 

heterologous pathways. In particular dbv3 exerts a significant effect on teicoplanin 

production in A. teichomyceticus and a still–to-be-clarified impact on its growth. Also, 

we discussed some speculative explanations of this phenomenon, but molecular 

background of these events is yet to be elucidated.  
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Nowadays, bacterial infections are rather unconcerned diseases although they were 

the primary causes of death around the world at the beginning of 20th century. This 

important shift of paradigm was due to important advances in science and medicine such 

as the discovery and use of antibiotics. However, over- and misuse contributed to the 

spread of antibiotic resistance in bacteria, most importantly pathogens. In fact, according 

to recent predictions, we will return to the 19th century-like scenario in only few decades, 

where nosocomial diseases might strike painfully once again. 

So far, one of the biggest challenges in modern science and medicine is the 

development of new and more effective drugs. Thus, my PhD course was focused on the 

study of GPAs, which are used clinically as the last line drugs towards Gram-positive 

bacteria, in case first line antibiotics are not effective anymore. Currently, there are only 

five GPAs used in clinic. The first-discovered natural products are vancomycin and 

teicoplanin, used for more than 40 years. Unfortunately, effectiveness of these compounds 

has been reduced in the last years due to the emergence ofresistant enterococci and 

staphylococciamong pathogens. Additionally, there are semi-synthetic GPA molecules 

telavancin, dalbavancin and oritavancin, approved in the last decade, with improved 

antimicrobial spectrum and potency. 

One of the main problems about the discovery of new antibiotics is the difficulty to 

find new ones, due to significant rediscovery rates. Moreover, the success during the 

second half of the 20th century decreased the danger coming from infectious diseases, 

causing companies to dramatically reduce investment in the research of new antibiotics. 

Another great difficulty was always the economically feasible largescale industrial 

production of antibiotics, demanded by the market. 

Consequently, this PhD thesis contributes to all these critic issues.  

First, we have developed a set of novel genetic tools for gene expression in 

Nonomuraea spp. By constructing a collection of promoter-probe vectors we have found 

the most optimal promoters for the heterologous gene expression in Nonomuraea spp. 

Belonging to so-called “rare” actinobacteria, there were only few tools available for the 

genetic-engineering of the Nonomuraea spp. Thus, the strongest constitutive promoter – 

aac(3)IVp – was successfully used to overexpress A40926 BGC (dbv) regulatory genes. 

As a result, a remarkable increase of GPA production was obtained when we 

overexpressed dbv3 and dbv4 in N. gerenzanensis. In course of this work, we have also 

studied whether there are orthologues of dbv3 and dbv4, which might also be used as tools 

for the improvement of A40926 production. Such were found in Nonomuraea coxensis 

DSM 45129, and they were within a novel GPA BGCs, similar to dbv. Overexpression of 

dbv3 orthologue from N. coxensis improved A40926 production.  

Pursuing the idea that a novel GPA might be produced in N. coxensis, we have 

studied this strain in vivo and in silico. A novel GPA was thus discovered, named A50926. 

It appeared to be similar to A40926 – the precursor of commercial antibiotic dalbavancin 

- although lacking the carboxyl group on the N-acylglucosamine moiety. This structural 

difference correlates with the absence of dbv29-orthologue within the A50926 BGC, 

which codes for an enzyme responsible for the oxidation of the N-acylglucosamine 

moiety. In fact, introduction of dbv29 from N. gerenzanensis into N. coxensis led to 

A40926 production in the latter, creating a novel A40926 production platform. Peculiarly, 

absence of the carboxyl group on the N-acylglucosamine moiety might be making 

A50926 more effective than A40926, according to previous results published on the 

chemical derivative.  

Importantly, we have also studied the relations of cluster-situated transcriptional 

regulators coming from different GPA pathways. We were able to demonstrate that in the 

case of unrelated tei16*/dbv3 LuxR regulators, they were able to induce GPA synthesis 
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in N. gerenzanensis and A. teichomyceticus mutants where the native LuxR was 

inactivated. Expression of dbv3 in A. tecihomyceticus lead to significant increase in 

teicoplanin production. In contrast, complementation with orthologous StrR regulators 

revealed that tei15* was able to restore A40926 production in N. gerenzanensis strains 

lacking dbv4, while dbv4 was not able to activate teicoplanin production in A. 

teichomyceticus where tei15* was inactivated. This shows that the interactions of these 

regulators are complex and further studies are required to understand their role 

completely. 

Finally, keeping in mind an alarming spread of antibiotic microbial resistance 

(AMR) genes in pathogens, we performed an in-depth bioinformatics analysis searching 

for the genes involved in GPA resistance, coming from Actinobacteria phylum. These so-

called van genes were found widely spread within the Actinobacteria phylum, either in 

GPA-producers or non-producing bacteria – occurring much more often in GPA non-

producers. Phylogenetic reconstructions made in this work highlighted that GPA BGCs 

and van-genes have undergone complicated co-evolution history. This makes 

actinobacteria the most likely primary source of van-genes, eventually able to migrate to 

pathogens, contributing to the problem of AMR. Our results might be useful in the future 

surveillance of emerging mechanisms of resistance to clinically used GPAs. Another 

important outcome of this screening was the discovery of multiple novel GPA BGCs, that 

will merit further efforts aimed at discovery novel GPAs.   

To conclude, this thesis significantly contributes to our knowledge of a clinically-

important antibiotic class – GPAs.  A novel GPA was described in course of the study, 

while multiple other novel GPA BGCs discovered here await further experimental 

evaluation. Novel tools were set up for the rational engineering of N. gerenzanensis 

producing A40926 and of A. teichomyceticus producing teicoplanin. Improved strains 

were generated which could be used for developing more productive processes. 

Elucidating the details of pathway-specific regulation of GPA production might 

contribute to develop novel platforms for their combinatorial biosynthesis as well as for 

their more convenient production. Finally, and in-depth analysis of GPA resistant 

determinants allowed to clarify the evolution and spread of GPA resistance within 

Actinobacteria phylum. Results summarised in this thesis pave new venues for novel 

GPA discovery, combinatorial biosynthesis of rationally designed GPAs and effective 

GPA overproducing platforms. 

 

 


