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I. ABSTRACT



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, |
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.



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.



II. INTRODUCTION



1.- Actinomycetes: soil dwelling bacteria capable to
produce secondary metabolites

The Actinobacteria phylum is one of the largest taxonomic groups among Bacteria
domain.! 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.> 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.?

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.> Actinomycetes, as the other soil
bacteria, are mostly mesophilic, with an optimal growth temperature range between 25-



30 °C and optimal pH around neutrality (6-9). However, a vast number of actinomycetes
have been also isolated from extreme environments as well.*

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

(exemplified with Streptomyces spp.).” 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



products. In fact, they produce approximately two-thirds of all naturally derived
antibiotics used in clinics.’> 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.®

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.”®%1® 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.!! 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



erythraea). Thus, the proven capacity of these “rare” or “uncommon’ genera to produce
novel chemical structures have attracted an increasing attention.'? “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.'®

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.!* 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 39727.1
Recently, the genome of this strain was sequenced and bioinformatics tools allowed to
identify 32 BGCs of different interesting specialized metabolites.!® 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 20" 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.!” In addition, it has been found that human skeletal remains from
several archaeological places in Egypt,'® Sudan!®? and Jordan?! 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.?

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.?? Nevertheless, its toxicity limited the commercialization. Later in 1928,
Alexander Fleming discovered penicillin.?* 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



to produce and off-patent. Consequently, it was widely used during World War II saving
many human lifes.?

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.?® 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 20" century, the main causes of mortality worldwide were infectious
diseases, caused by bacteria, such as: cholera, diphtheria, pneumonia, typhoid fever,
tuberculosis, typhus, syphilis, efc. As an example, antibiotics allowed to reduce from 25%
mortality in 1900 to less than 1% in 1945 in England.?’ 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.?®

Unfortunately, bacteria have developed many mechanisms of resistance towards
antibiotics.?” 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.*® In fact, it is currently known
that occurrence of the resistance genes predates our use of antibiotics by thousands of
years.>! 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
20" 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.** 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.*} Indeed, many companies simply stopped this activity since it
was not rewarding as before.>*

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).%° In addition, this problem has been accentuated whith the recent
emergence of multidrug resistance (MDR) pathogens — so-called “superbugs” — which
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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.

AMR in 2050
10 million
Tetanus
60,000
Road traffic
accidents Cancer
1.2 million 8.2 million
AMR now
700,000
(low estimate)
Measles Cholera
130,000 100,000—
120,000
Diarrhoeal
disease _ _ Diabetes
1.4 million 1.5 million

Figure 3. Estimation of the main causes of death by 2050. The greatest cause will be due
to antimicrobial resistance (AMR) (adapted from *°).

3.- Glycopeptide antibiotics

Glycopeptide antibiotics (GPAs) are drugs of last resort for treating severe
infections caused by Gram-positive pathogens such as Clostridioides difficile,
36 GPAs are widely used against
methicillin-resistant S. aureus (MRSA), which is a major cause of community-acquired

Enterococcus spp. and Staphylococcus aureus.

infections and results in serious hospital difficulties so far.’” 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).3® 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.?’
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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.*’ 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.*! 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.%? Ristocetin was introduced in clinics
in 1957 but removed from the market very soon because of side effects (such as
thrombocytopenia and platelet agglutination).** 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.**
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 1978 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.*®

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 20™
century.® For instance, avoparcin and actaplanin were described in 1968*” and 1976,*
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.*’ Other important GPAs, such as balhimycin,*® chloroeremomycin,*! A47934
or complestatin®® served as models to investigate GPA biosynthesis, genetics, efc.

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 21% 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.>* 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) 7.7
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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 >%%° 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
s0il.®” The difference between A40926 and dalbavancin is the amidation of the peptide
carboxyl group with a dimethylaminopropylamide side chain.¢!

Telavancin in
clinical trials

Oritavancin in Telavancin
clinical trials used clinically
|

Vancomycin
discovered

Vancomycin

used clinically

Year
1950 1960 T 1970
d_A40926 Dalbavancin in
iscovered clinical trials
Chloroeremomycin Dalbavancin
discoverd & oritavancin

used clinically

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 1982,5
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.%
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: [ 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) AAl 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.>® 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 corbomycin® and GP6738%, 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.
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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).6%¢7

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), p-hydroxytyrosine (Bht) and 3,5-
dihydroxyphenylglycine (Dpg).®® 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.® 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.®-7° 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.”! 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.”! 7? Biosynthetic pathways for Bht are different
among the vancomycin-like GPAs and teicoplanin-like ones. Three genes are involved in
the in B-hydroxylation of tyrosine in vancomycin-type producers and only one gene in
teicoplanin-type.”® 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.’* Indeed, a single PB-hydroxylase
(Dbv28) acts on tyrosine, when it is already incorporated into the NRPS-bound aglycone,
to synthesize Bht in teicoplanin-like A40926.7°

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.”®’” 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).”> The succession of cross-linking reactions was established as
OxyB>0xyA>OxyC in vancomycin-type producers’® and OxyB>OxyE>0xyA>OxyC in
teicoplanin-type producers.”® Cross-linking patterns and involved enzymes for type V are
heterogeneous and require further investigation.

Tep9 Tep10 Tep11 _ Tepi12
module 1 module 3 module 5 module 7
module 2 module 4 module 6
0 ol —boed D-Hpg i, - (B-OH)LTyr LDrd

\PCP@ A (pcm E @ A @CP @ A PCP E@ A pcp E@ A fpcp @ A Pcp@TE

Ho-{ Y. (o

teicoplanin aglycone (type IV) teicoplanin precursor

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 ).

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,®' whereas sulfation decreases the induction of
resistance mechanisms in actinomycetes - and likely will in pathogens.?
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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.®® Different glycosylation
degrees could be present in GPAs, ranging from two (A40926), three (teicoplanin Az) and
even up to five (actaplanin A) or six (ristocetin A).** One exception is A47934, that does
not undergo any glycosylation>? 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.>

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.”> N-methylation occurs before glycosylation.?*

Halogenation. Chlorination is another common GPA modification. Only few
molecules among GPAs lack chlorines attached to the aglycone, for instance ristocetin.®?
The role of chlorination is not understood yet, but the main hypothesis is that it enhances
positively the antimicrobial activity.®> 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 Hpgl, Dpg3
or Hpg5.”* Halogenation occurs before the release of the peptide from the NRPS, probably
after the first crosslinking by OxyB.%

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 Hpgl, Dpg3, Hpg4 and Bht6.3%%7-88 Sulfation
is likely one of the last modifications but is not still clear if it occurs before or after
glycosylation.

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.%!
Substrate promiscuity of the acyltransferases involved in acylation results in a variety of
GPA products. For instance, five major teicoplanins (Az.1 to Az.s) and additionally
sometimes four minor components could be produced having slight differences in the acyl
chain length and branching.%” Clinical teicoplanin complex component is mainly
constitute by the 8-methylnonanoic (iso-C10:0) acid, Az.. Similarly, A40926 is a
complex of compounds varying in side fatty acid length and branching (Ao, A1, Bo, B1).”°
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 B-(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).”!

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).>*
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.
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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.” 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),*® 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.”?> 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.** 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.”>
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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.”” 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.”® 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.” VanA is a D-Ala-D-Ala-ligase that ligates D-Ala and
D-Lac to D-Ala-D-Lac-depsipeptide.”” 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.!® 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.”* '°! 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.!%? Therefore, VanY and
VanZ are not required resistance proteins — but contribute to high resistance level to
vancomycin and teicoplanin, respectively.!®

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 Cio acyl chain to vancomycin
abolishes its ability to activate the resistance genes in these bacteria.’! 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.'%

Besides the phenotypes describes above, van-like gene operons were also found in
other Gram-positive pathogens such as streptococci,'% Listeria spp.!% or C. difficile'"’
and in some nonpathogenic Gram-positive environmental bacteria such as
Oerskovia turbata, Corynebacterium haemolyticum,'® 109 and
Streptomyces coelicolor.!1°

Bacillus  circulans,

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.'!! 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).!'”> These modifications improve antimicrobial activity and
pharmacokinetic properties of A40926, compared to teicoplanin, maintaining an excellent
safety profile.®! 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).%! 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.'!?
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B Dalbavancin

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.”” 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.”’

Since biosynthesis of all GPAs requires non-proteinogenic amino acids, dbv
pathway is not an exception. dbvl, 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 dbvi6-17 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 dbvi6-17 and dbv25-
26, two other dbv ORFs are likely to participate in heptapeptide synthesis: dbvli3,
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.””!!* After the synthesis of the linear heptapeptide, the crosslinking of the
aglycone occurs, involving four P450 monooxygenases encoded by dbvii-14."
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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 dbvs8, dbv9, dbv20, dbv21 and dbv29 are involved in the
attachment and modification of sugars.!!*!151617 Ajthough A40926 shows two
chlorination sites in the structure, dbv cluster possesses a single halogenase, encoded by
dbv10.''* A single methyltransferase, encoded with dbv27, is required for N-methylation
of the N-terminal Hpg residue.'!*

The dbv cluster also contains four genes with export functions. These are dbvi§,
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.”

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.!'® 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).!!?!12%12! The roles of these
pathway-specific regulators were experimentally investigated.'® Dbv4 appeared to be
crucial for A40926 production, since the knock-out of the corresponding gene led to the
complete abolishment of antibiotic biosynthesis.!* Interestingly, dbv4 orthologues from
Am. balhimycina (the producer of balhimycin)!*? and A. teichomyceticus (the producer of
teicoplanin)'®® — StrR-like regulators Bbr and Teil5*, respectively — also were found to
be crucial for the corresponding pathways. However, both Bbr and Teil5* 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 — dbvi4-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, dbvi4-dbvs,
dbvl7-dbvl5, dbv21-dbv20, dbv24-dbv28, and dbv30- dbv35) and four single genes
(dbv4, dbv29, dbv36, and dbv37)."?° Balhimycin BGC lacks the LuxR-like pathway-
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specific regulator, while teicoplanin BGC has one — Teil6*. The latter is also a key
regulator of teicoplanin biosynthesis, however both Teil6* 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 contro].!1%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).'?* Therefore, numerous
studies have been carried out to develop genetic modification of N. gerenzanensis in order
to improve the production of A40926.

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

Table 1. GPA acquisition cost associated with usual adult treatment (modified from 3°)

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.'> It was reported
that a low initial concentrations of phosphate and ammonium result in increased
productivity of A40926'*® and calcium has a repressive effect.!?’” Amino acids are
important precursors for the production of many secondary metabolites, including GPAs.
128 | -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.'?” 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.!”> All these improvements were successfully
applied for the wild type producer. A recent report describes a UV-generated N.
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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 Cu?" stimulated biosynthesis while Co** showed an inhibitory effect.'?
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.!** Then, overexpression of dbv3 regulator under the control
of the thiostrepton-inducible fip4 promoter also increased twice the production of
A40926 in R3 liquid medium.'?® Overexpression of some tailoring genes, particularly
dbv9, dbv20, dbv29 and dbv36 also increased the antibiotic production.'*! 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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III. AIMS and OUTLINES
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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 (zei) BGC-situated CSRs,
i.e., teil 5* (StrR, dbv4 orthologue) and teil6* (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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—1s 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 feil5* and teil6* 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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IV. RESULTS
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CHAPTER 1.

New molecular tools for regulation and improvement
of A40926 glycopeptide antibiotic production in
Nonomuraea gerenzanensis ATCC 39727
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Genome sequencing has revealed that Nonomuraea spp. represent a still largely unexplored
source of specialized metabolites. Nonomuraea gerenzanensis ATCC 39727 is the most
studied representative species since it produces the glycopeptide antibiotic (GPA) A40926 —
the precursor of the clinically relevant antibiotic dalbavancin, approved by the FDA in 2014
for the treatment of acute skin infections caused by multi-drug resistant Gram-positive
pathogens. The clinical relevance of dalbavancin has prompted increased attention on
A40926 biosynthesis and its regulation. In this paper, we investigated how to enhance the
genetic toolkit for members of the Nonomuraea genus, which have proved quite recalcitrant
to genetic manipulation. By constructing promoter-probe vectors, we tested the activity
of 11 promoters (heterologous and native) using the GusA reporter system in N.
gerenzanensis and in Nonhomuraea coxensis; this latter species is phylogenetically distant
from N. gerenzanesis and also possesses the genetic potential to produce A40926 or a
very similar GPA. Finally, the strongest constitutive promoter analyzed in this study, aac(3)
IVp, was used to overexpress the cluster-situated regulatory genes controlling A40926
biosynthesis (dbv3 and dbv4 from N. gerenzanensis and nocRIl from N. coxensis) in N.
gerenzanensis, and the growth and productivity of the best performing strains were
assessed at bioreactor scale using an industrial production medium. Overexprassion of
positive pathway-specific regulatory genes resulted in a significant increase in the level of
A40926 production in N. gerenzanensis, providing a new knowledge-based approach to
strain improvement for this valuable glycopeptide antibiotic.

Keywords: A40926, Nonomuraea, glycopeptide antibiotics, pathway-specific regulators, strain improvement

INTRODUCTION

Research on glycopeptide antibiotics (GPAs) — drugs of “last resort” for treating severe infections
caused by multi-drug resistant Gram-positive pathogens - has experienced a “renaissance”
over the last decade (Marcone et al., 2018). Clinically important GPAs include two natural
products (vancomycin and teicoplanin) and three second generation antibiotics (telavancin,
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dalbavancin, and oritavancin), which are semisynthetic
derivatives of natural products endowed with an increased
antimicrobial potency and superior pharmacokinetic properties.
The urgent need for new potent antibiotics has driven much
recent interest in GPAs. For example, chemical synthesis
recently resulted in the generation of a plethora of vancomycin
derivatives with novel modifications that show superior
antimicrobial activities (Okano et al, 2017; Wu and Boger,
2019), while teicoplanin has been conjugated with nanoparticles
resulting in increased activity against biofilm-forming pathogens
(Armenia et al, 2018).

In contrast, genetic manipulation of GPA producers to yield
novel potent derivatives is in its infancy. Recent work (Haslinger
et al, 2015; Peschke et al, 2017; Schoppet et al, 2019) has
revealed new details of the specificity and timing of non-ribosomal
peptide synthesis, including chlorination and cross-linking steps,
suggesting that the use of combinatorial biosynthesis to generate
GPAs with completely novel oligopeptide scaffolds should
be possible. In parallel, heterologous expression of enzymes
involved in later stages of GPA biosynthesis (glycosylation,
sulfation, acylation etc.) in known producers or in vitro has
already generated novel GPA derivatives that could not be
prepared easily by chemical synthesis (Banik and Brady, 2008;
Banik et al, 2010; Yim et al, 2014).

In the meantime, genome sequencing has revealed the
organization of GPA biosynthetic gene clusters (BGCs) in
industrially valuable actinobacteria (DArgenio et al, 2016),
including long known GPA-producers (Vongsangnak et al,
2012; Truman et al, 2014; Kusserow and Gulder, 2017; Nazari
et al., 2017; Adamek et al., 2018) as well as in novel producing
strains (Thaker et al, 2013; Stegmann et al, 2014). Although
the global regulation of GPA biosynthesis is still largely
unexplored, the pathway-specific regulation controlling the
expression of BGCs is being elucidated in model systems (Bibb,
2013). The roles of cluster-situated regulatory genes have been
investigated in Amycolatopsis balhimycina (Shawlky et al, 2007),
Nonomuraea gerenzanensis (Lo Grasso et al., 2015 Alduina
et al, 2018), and Actinoplanes teichomyceticus (Horbal et al.,
2014b; Yushchuk et al, 2019), producing balhimycin, A40926
(the natural precursor of dalbavancin), and teicoplanin,
respectively. Overexpression of the teicoplanin cluster-situated
regulatory genes (feil5, coding for a StrR-like transcriptional
regulator, and teil6”, coding for a LuxR-type regulator) in A.
teichomyceticus markedly increased teicoplanin production in
the wild type strain, representing one of the most successful
examples of using molecular tools for improving antibiotic
production (Horbal et al, 2012, 2014b). In this work,
we investigated the potential of molecular tools to improve
the production of A40926, the dalbavancin precursor.

The BGC for A40926, named dbv, contains two genes encoding
transcriptional regulators: dbv3 and dbv4 (Lo Grasso et al, 2015).
dbv3 encodes a LuxR-type regulator, which, however, is
non-orthologous to the tei cluster encoded LuxR-regulator — Teil6*
(Yushchuk et al, 2019). dbv4 codes for a StrR-like transcriptional
regulator with close homologues in every GPA BGC (Yushchuk
et al, 2019). The A40926-producing strain, recently re-classified
as N. gerenzanensis (Dalmastri et al,, 2016), belongs to a still

poorly investigated genus of actinobacteria that was only recently
identified as an untapped source of novel antibiotics and other
bioactive metabalites (Sungthong and Nakaew, 2015). More recently,
fully sequenced genomes of N. gerenzanensis (D’Argenio et al,
2016) and of the kistamicin producer Nonomuraea sp. ATCC
55076, previously classified as Actinomadura parvosata subsp. kistnae
S$382-8 (Kusserow and Gulder, 2017; Nazari et al, 2017), have
confirmed the hidden potential of these uncommon actinomycetes
as prolific producers of specialized metabolites. In this paper,
we report that another member of this genus, Nonomuraea coxerisis
DSM 45129, which was isolated in Bangladesh in 2007 (Ara et al,
2007), has the genetic potential to produce A40926 or a very
similar GPA; its BGC contains two regulatory genes, nocRI and
nocRIT, which are close homologs of dbv3 and dbw4, respectively.
Thus, we first developed the molecular tools to manipulate both
N. gerenzanensis and N. coxensis, we then selected the strongest
heterologous promoter to drive gene expression in Nonomuraca
spp.. and finally we overexpressed both native and heterologous
cluster-specific regulatory genes in N. gerenzanensis, assessing the
best performers at flask and bioreactor scale in industrial media.
The overexpression of the positive pathway-specific regulators
significantly increased the level of A40926 production in
N. gerenzanensis, paving the way for knowledge-based strain
improvement for the production of this valuable GPA.

MATERIALS AND METHODS

Plasmids, Bacterial Strains, Antibiotics,
and Culture Conditions

Plasmids and bacterial strains used in this work are summarized
in Table 1. Compositions of media are given in ESM. Unless
otherwise stated, all media components and antibiotics were
supplied by Sigma-Aldrich, St. Louis, MO, United States. For
routine maintenance, actinobacterial strains were cultivated on
ISP3 or VMO.l agar media supplemented with 50 pg/ml
apramycin-sulfate when appropriate. For genomic DNA isolation,
N. gerenzanensis ATCC 39727 and N. coxensis DSM 45129
were grown in 250 ml Erlenmeyer flasks containing 10 glass
beads (o5 mm) with 50 ml of liquid VSP medium on an
orbital shaker at 220 rpm and at 30°C. Working cell banks
(WCB) of Nonomuraea spp. were prepared as described previously
(Marcone et al., 2014). Escherichia coli DH5a was used as a
routine cloning host and E. coli ET12567 pUZ8002 as a donor
for intergeneric conjugations. E. coli strains were grown at
37°C in LB liquid or agar media supplemented with 100 pg/
ml of apramycin-sulfate, 50 pg/ml of kanamycin-sulfate and
25 pg/ml of chloramphenicol when appropriate.

Generation of Recombinant Plasmids
Construction of Promoter-Probe Vectors

To test the activity of different native N. gerenzanensis promoters,
pSAGA (Koshla et al., 2019), where gusA (Myronovskyi et al,
2011) is expressed from aac(3)IVp, was chosen as a chassis.
Genomic DNA, extracted from N. gerenzanensis according to
the Kirby procedure (Kieser et al., 2000), was used as a template
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to amplify the putative promoter regions of: BN4615_P641
(coding for the DNA gyrase B subunit - GyrB,) 342 bp;
BN4615_P8899 (coding for the RNA polymerase sigma factor
RpoD - HrdB,,), 524 bp; BN4615_P604 (coding for the single-
stranded DNA-binding protein — Ssby,), 207 bp; BN4615_P1543
(coding for the SSU ribosomal protein 512p — RpsL,,), 339 bp;
BN4615_P7269 (coding for the rifamycin-resistant RNA
polymerase subunit f — RpoBg,,), 558 bp; and BN4615_P1539
(coding for the rifamycin-sensitive RNA polymerase subunit
B - RpoB,), 493 bp. Amplicons were generated using Q5
High-Fidelity DNA Polymerase (New England Biolabs, Ipswich,
MA, United States) according to the supplier’s protocol and
the oligonucleotide primers listed in Table 2. All of the amplicons
were digested with BamHI and EcoRV and cloned in pSAGA
cleaved with the same endonucleases, thus replacing aac(3)IVp
in front of gusA with each of the amplified promoter regions.
The resulting recombinant plasmids were named pGBP (carrying
gyrBup), pHBP (hrdB.p), pSBP (ssb.p), pRLP (rpsLup),
pPRBP1 (rpoB.p), and pRBP2 (rpoBp.p).

Construction of the dbv3, dbv4, and nocRI
Overexpression Plasmids

The coding sequences of dbv3 (2,635 bp) and dbv4 (1,006 bp)
were amplified from the A40Y cosmid (Table 1; Marcone et al,
2010a) using Q5 High-Fidelity DNA Polymerase and the
dbv3_F/R or dbv4 F/R primer pairs (Table 2). The obtained
amplicons were digested with EcoRI and EcoRV and cloned
into pSET152A cleaved with the same enzymes. The resulting
plasmids were named pSAD3 and pSAD4. To generate a vector
for the overexpression of both dbv3 and dbv4, the regions
containing the coding sequences of both genes were amplified
using the dbv4_F/dbv3_R primer pair and cloned into pSETI52A
in a similar fashion, generating pSAD3-4.

To construct the vector for overexpression of nocRI (the
dbv3 ortholog from N. coxensis), the coding sequence of
A3G7_RS0138355 was amplified from the genomic DNA of
N. coxensis isolated using the Kirby procedure (Kieser et al,
2000) using Q5 High-Fidelity DNA Polymerase and the orfR1_F/R
primer pair (Table 2). The obtained amplicon (2,661 bp) was
digested with EcoRI and EcoRV and cloned into pSETI52A
cut with the same enzymes to generate pSARIL. All of the
generated recombinant plasmids were verified by restriction
endonuclease mapping and sequencing at BMR Genomics
(University of Padua, Italy).

Conjugative Transfer of Plasmids Into
Nonomuraea spp. and Verification of the
Recombinant Strains

Conjugative transfer of plasmids into N. gerenzanensis was
performed essentially as described previously (Marcone et al.,
2010c). All recombinant plasmids were transferred individually
into the non-methylating E. coli ET12567 pUZ8002 and the
resulting derivatives used as donor strains for intergeneric
conjugation. 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

TABLE 1 | Bacterial strains and plasmids used in this work.

Name Description Source of reference

N. gerenzanensis Wid type, A40926 ATCC 39727
producer

N. coxensis Wid type DSM 45129

N. gerenzanensis Wild type derivative This work

pSET1524A" carrying pSET152A

N. gererzanensis pSAD3" Wild type derivative This work
carrying pSAD3

N. gererzanensis pSAD4" ‘Wild type derivative This work
carrying pSAD4

N. gerenzanensis pSAD3—4+  Wild type derivative This work
carrying pSAD3-4

N. gererzanensis pSAR1" Wild type derivative This work
carrying pSAR1

M. gererzanensis pSAGA* Wild type derivative This work
carrying pSAGA

M. gerenzanensis pTEGA* ‘Wild type derivative This work
carrying pTEGA

N. gerenzanensis Wild type derivative This work

pGUSmoeESscript! carrying
pGUSmoeESscript

N. gerenzanensis ‘Wild type derivative This work

pGCymRP21* carrying pGCymRP21

M. gerenzanensis pGI2p* ‘Wild type derivative This work
carrying pGT2p

N. gererzanensis pGBP* ‘Wild type derivative This work
carrying pGBP

N. gerenzanensis pHBP* ‘Wild type derivative This work
carrying pHBP

N. gerenzanensis pSBP* ‘Wild type derivative This work
carrying pSBFP

N. gerenzanensis pRLP* ‘Wild type derivative This work
carrying pRLP

M. gerenzanensis pRBP1* ‘Wild type derivative This work
carrying pRBP1

M. gerenzanensis pRBP2* ‘Wild type derivative This work
carrying pRBP2

M. coxensis pSAGA* 'Wild type derivative This work
carrying pSAGA

N. coxensis pTEGA" Wild type derivative This work
carrying pTEGA

M. coxensis Wild type derivative This work

pGUSmMosESscript! carrying
pGUSmMeeEbscript

M. coxensis pGCymRP21* ‘Wild type derivative This work
carrying pGCymRP21

M. coxensis pGT2p* Wild type derivative This work
carrying pGT2p

M. coxensis pGBP* ‘Wild type derivative This work
carrying pGBP

M. coxensis pHBP* ‘Wild type derivative This work
carrying pHBP

M. coxensis pSBP* Wild type derivative This work
carrying pSBP

M. coxensis pRLP* ‘Wild type derivative This work
carrying pRLP

M. coxensis pRBP1* ‘Wild type derivative This work
carrying pRBP1

M. coxensis pRBP2* Wild type derivative This work
carrying pRBP2

E. coli DHSa
E. coli ET12567 pUZ8002

General cloning host
dam-13::Tn9 dem-6),
pUZB002" (AonT), used
for conjugative transfer
of DNA

MBI Fermentas, USA
Kieser et al. (2000)

(Continued)

Frontiers in Microbiclogy | waww frontiersin.org

43

January 2020 | Volume 11| Articke 8



Yushchuk et al.

A40926 Production in Monomuraea spp.

TABLE 1 | Continued

Name

Description

Source of reference

AdOY

pGUS

pSET152A

pSAD3

pSAD4

pSAD3-4

PSAR1

PSAGA

pTEGA

pGUSmoeESscript

pGCYmRP21

pGT2p

pHBP

pSBP

pRLP

pREP1

pREP2

SuperCos1 derivative,
including 22 kb of dbv
cluster [dbvi-dbvi7)
PSET152 derivative,
containing promoterless
gusA

PSET152 derivative,
cantaining aac@)IVp
from plJ773
PSET152A derivative,
containing dbv3 under
the control of aac(3Vp
PSET152A derivative,
containing abv4 under
the control of aac{3NVp
pSET152A derivative,
containing dbv4 together
with adbv3

PSET152A derivative,
containing nochl under
the control of aac{3)Vp
PSET152A derivative,
containing gusA under
the control of aac{3)Vp
pTES derivative,
containing gusA under
the control of ermEp
pGUS dervative,
containing gusA under
the control of moeESp
pGUS derivative,
containing CymR.
operator, P21 promoter
and cym~A gene

pGUS dervative,
containing gusA under
the control of teiZp
PSAGA derivative,
containing gusA under
the control of gyrB.g0
PSAGA derivative,
cantaining gusA under
the control of hrdB p
PSAGA derivative,
containing gusA under
the control of ssbagp
PSAGA derivative,
containing gusA under
the control of rpsLagp
PSAGA derivative,
containing gusA under
the contrel of rpoB.go
PSAGA derivative,
cantaining gusA under
the control of rpoBa.go

Marcone et al. (2010a)

Myronowskyi et al.

201 1)

Horbal et al. (2013)

This work

This work

This work

This work

Koshla et al. (2019)

Yushchuk et al.

(2020a)

Makitrynskyy et al.
2013)

Horbal et al. (20144)

Yushchuk et al.

(2020k)

This work

This work

This work

This work

This work

This work

flask with 10 o5 mm glass beads) and incubated for 48 h
on the orbital shaker at 220 rpm and at 30°C. The mycelium
was collected by centrifugation (10 min, 3,220 x 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
10 of donor E. coli cells and the mixtures were plated on

well dried VMO.1 agar plates supplemented with 20 mM of
MgCl,. 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 pg of nalidixic acid
sodium salt. Transconjugants were selected as resistant to
50 pg/ml of apramycin-sulfate.

Spore suspensions of N. coxensis were prepared from lawns
grown on ISP3 agar for 7 days. Spores 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, spores were pelleted from
a 50 ml suspension by centrifugation (15 min, 3,220 x g),
resuspended in 1 ml of 15% v/v glycerol, and stored at —80°C.
For conjugation, approx. 10° spores were mixed with 10° E. coli
donor cells and plated on VMO.1 agar plates supplemented with
20 mM of MgCl.. The overlay for the selection of transconjugants
was performed as described previously for N. gerenzanensis.

To verify the integration of promoter-probe vectors, an ~1
kbp internal fragment of gusA was amplified from the genomic
DNA of recombinant N. gerenzanensis or N. coxensis strains
using the gusA_ver F/R primer pair (Table 2). To verify the
integration of pSET152A, aac(3)[V was amplified using the
aac(3)IV_F/R primer pair (Table 2). To verify the integration
of pSAD4, an ~1 kbp fragment of pSAD4 was amplified with
the PAM_seq F/dbv4_R primer pair (Table 2), in which
PAM_seq_F anneals within the aac(3)IVp sequence. Verification
of pSAD3 and pSAD3-4 integration was made by amplification
of an ~2 kbp fragment (for pSAD3) or an ~3 kbp fragment
(for pSAD3-4), using the PAM_seq_F/dbv3_seq_R primer pair
(Table 2), in which dbv3 seq R anneals in the middle of
dbv3. Finally, to verify the integration of pSARI an ~2 kbp
fragment was amplified using the PAM_seq_F/orfRImid_
EcoRV_R (Table 2) primer pair, in which orfRlmid EcoRV_R
anneals in the middle of nocRL

p-Glucuronidase Activity Assay

B-Glucuronidase (GusA) activity in Nonomuraea strains growing
on VMO.1 agar medium was assessed by adding, after 6 days
of cultivation at 30°C, 10 pl drops of 5-bromo-4-chloro-3-
indolyl-p-D-glucuronide (X-Gluc, Thermo Fisher Scientific,
Waltham, MA, United States) 50 mg/ml in DMSO to the surfaces
of the lawns. Chromogenic conversion of X-Gluc into the blue-
colored 5,5'-dibromo-4,4'-dichloro-indigo was monitored after
1 h of incubation. For the quantitative measurements of GusA
activity, Nonomuraea strains were grown in liquid media. One
‘WCB vial of each of the strains was inoculated into a baffled
500 ml Erlenmeyer flask containing 100 ml of E26 (N.
gerenzanensis strains) or of VSP (N. coxensis strains). After
72 h of cultivation, 10% v/v of this preculture was transferred
into a baffled 500 ml Erlenmeyer flask containing 100 ml of
FM2 (N. gerenzanensis strains) or ISP2 (N. coxensis strains).
To induce P2]-cmi-driven gusA-expression, cumate was added
at the final concentration of 50 pM to cultures carrying
pGCymRP21 24 h after inoculation. After 120 h of cultivation,
mycelial lysates were prepared as previously reported by Horbal
et al,, 2013. Glucuronidase activity was measured as previously
described (Myronovskyi et al, 2011; Horbal et al,, 2013) using
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TABLE 2 | Oligonuclectide primers used in this work.

Primer Nucleotide sequence (5'-3)* Purmpose

Dbv3_F TTTGATATCGGAGGGCAAGAGTGCTGTTCGGGC Cloning of dbv3 into pSET152A
Dbv3 R TTTGAATTCCTCTACAGCCGCACTGCCT

dbvd_F TTTGATATCGGAGGGGCTAGGTGGACCCGACEG Cloning of dbv4 into pSET152A
dbv4_R TTTGAATTCTCCACTCGTGCTCATCCAG

PAM seq F GATGTCATCAGCGGTGGAG Verification of recombinant strains
dbv3 seq R CCAGCGCTGGACCGCCTGC

orfR1nid_EcoRV_rev TTTGATATCGCAAGGGGCCTCCCCGLCG

orfR1_F TTTGATATCGGAGGACTGCGT TGACGAACCGCT Cloning of nocAl inte pSET152A
ofR1_R TTTGAATTCGCGT CATGGGACCACCGCC

hrdBp_F TTTGGATCCACCGAAGCGCCGCCTGAGG Cloning of hrdB p

hrdBp_R TTTGATATCGAAGGCCTGACGGACATCC

rpoBlp_F TTTGGATCCTCTCGCTGGCTGGTGGCCG Cloning of ipoBg2

rpoBip_R TTTGATATCTCGCGGCGGACTGACTACA

mpoB2p_F TTTGGATCCTGTCGTACTGCTC Cloning of moBa.gp

poB2p_R TTTGATATCATACGAAGGCGAGGGAGGG

mpslp_F TTTGGATCCAT GGACGGCGGAGCTGTAG Cloning of ipsLg2

rpslp_R TTTGATATCTTGGCCGGTGTTACGTCA

ssbp_F TTTGGATCCAAGT CCGAAGGCAT CTACG Cloning of ssbngo

ssbp_R TTTGATATCTGCACGCCTTCGCTTGGGT

gwBAp_F TTTGGATCCAGGCTTCGCACAGTAACGG Cloning of gyB,p

gyBAD_R TTTGATATCGCGGACACGCGGCGGGGGEA

aac(3IV_F ATCGACTGATGTCATCAGCG Amplfication of aac@V
aac{3IV_R CGAGCTGAAGAAAGACAAT

gusA ver F GGOGGCTACACGCCCTTCGA Ampilification of gusA internal fragment
gusA_ver_R TGATGGGCCGGGTGGGETC

“Restriction sites are underlined in primer sequence.

a spectrophotometric assay following the conversion of the
colorless  p-nitrophenyl-f-D-glucuronide  (Thermo  Fisher
Scientific, Waltham, MA, United States) into the colored
p-nitrophenol at 415 nm using an Infinite 200 PRO microplate
reader (Tecan, Switzerland). Glucuronidase activity was
normalized to dry biomass weight as previously reported (Marcone
et al., 2014). One unit of activity is defined as the amount of
enzyme that is able to convert 1 pM of substrate in 1 min.

A40926 Production

One WCB vial was inoculated into 300 ml baffled flasks containing
50 ml of vegetative medium E26 with 10 glass beads (65 mm).
Flask cultures were incubated for 72 h on a rotary shaker at
220 rpm and 30°C and then used to inoculate (10% v/v) 500 ml
baffled Erlenmeyer flasks containing 100 ml of FM2 medium
or a 3-]1 P-100 Applikon glass reactor (height 250 mm, o130
mm) equipped with a AD1030 Biocontroller and AD1032 motor,
and containing 2 | of the same production medium. Cultivations
in FM2 in shake-flasks were conducted at 30°C and 220 rpm.
Bioreactor fermentations were conducted at 30°C, with stirring
at 450 rpm (corresponding to 1.17 m/s of tip speed) and 2 I/
min aeration rate. Dissolved oxygen (measured as % pO2) was
monitored using an Ingold polarographic oxygen electrode. The
pH values of culture broths were monitored using a pH meter.
Foam production was controlled by adding Hodag antifoam
(Hodag Chemical Corporation, Chicago, IL, United States)
through an antifoam sensor. Samples were collected at regular
cultivation time intervals and analyzed to estimate biomass (dry
weight), glucose consumption (Diastix sticks, Bayer AG,
Leverkusen, Germany), and A40926 production.

HPLC Analysis of Culture Extracts

A40926 was extracted from Nonomuraea spp. cultures as
previously reported (Marcone et al, 2014). Chromatography
was performed with a VWR Hitachi diode array L-2455 HPLC
system with detection at 254 nm. The A40926 titers in the
batch cultivations were estimated by injecting 50 pl of sample
onto a 5 pm-particle-size Ultrasphere ODS (Beckman) HPLC
column (4.6 by 250 mm) and 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 HCOONH, (pH 7) - CH,CN [90:10
(vol/vol)], and phase B was 32 mM HCOONH, (pH 7) -
CH;CN [30:70 (vol/vol)]. A volume of 50 pl of a pure sample
of 200 pg/ml A40926 (Sigma-Aldrich, St. Louis, MO,
United States) was used as an internal standard.

Tools for the Bioinformatics Analysis

Blastp was used to search for homologs (Altschul, 1990); protein
sequence alignments were performed with Clustal Omega
(EMBL-EBI, Sievers et al, 2011).

RESULTS

Genetic Manipulation of Nonomuraea
coxensis, a Novel Putative Producer of a
A40926-Like Molecule

According to the 16S rRNA gene-based reconstruction of
Nonomuraea phylogeny (Dalmastri et al., 2016), N. coxensis
occupies a relatively distant position from N. gerenzanensis.
Conversely, mining the partially sequenced genome of N. coxensis
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(ASM37988v1), we found a close homolog of the N. gerenzanensis
regulatory gene dbv3 (locus A3G7_RS0138355 in the N.
coxensis genome, coding for WP_020547054.1 with 86.6%
predicted amino acid sequence identity with Dbv3, ESM
Figure 1). Dbv3 is a unique LuxR-regulator controlling the
expression of the A40926 BGC and it is not closely related
to the better-characterized family of Teil6*-like regulators
controlling teicoplanin biosynthesis, sharing only 32% of
amino acid sequence identity with Teil6* (Yushchuk et al.,
2019). This dbv3-like gene (we named it nocRI) was found
on a short N. coxensis contig (NZ_KB904006) flanking a
gene coding for a putative StrR-like transcriptional regulator
apparently orthologous to dbv4d (locus A3G7 RS0138355,
coding for WP_026215141.1 with 94.39% of amino acid
sequence identity with Dbv4); dbv4 is the other known
cluster-situated regulatory gene in the dbv BGC and we named
the N. coxensis homolog nocRII (ESM Figure 2). AntiSMASH
(Blin et al, 2019) analysis of N. coxensis genome revealed
the presence of three short contigs (NZ KB904006, NZ_
KB903995, NZ_KB903969, ESM Figure 3) covering the majority
of a dbv-like BGC, suggesting that N. coxensis might produce
A40926 or a very similar GPA. Thus, we considered N.
coxensis an interesting candidate for developing Nonomuraea-
targeted genetic tools.

Initially, we tried to transfer ¢C31-based integrative plasmids
(Table 1) into N. coxensis by using the protocol of intergeneric
conjugation optimized for conjugal transfer from a DNA-non-
methylating E. coli donor strain to N. gerenzanensis vegetative
mycelium (Marcone et al.,, 2010c). Transconjugants were obtained
at a very low frequency (ca. 1 x 107) and only for the
relatively small pSAGA-based promoter-probe vectors (approx.
6 kbp). Increasing the amount of donor and recipient cells,
changing the time of overlay, and adjusting medium composition
(including increasing or decreasing MgCl, concentration) did
not allow the transfer of the larger pGUS-based promoter-
probe vectors (such as pGUSmoeES5script or pGCymRP21,
both more than 9 kbp). Since, unlike N. gerenzanensis,
N. coxensis sporulates abundantly when grown on ISP3 agar
medium (ESM Figure 4), we tried to use spores for conjugal
transfer. This resulted in transfer rates of approximately 1 x
107" when 10° spores were mixed with 107 E. coli donor cells,
regardless of plasmid size.

Using the GusA-Reporter System to
Assess the Activity of Native and
Heterologous Promoters in Nonomuraea
Species

The set of @C31-based integrative plasmids transferred to
N. gerenzanensis and N. coxensis were promoter-probe vectors
utilizing the GusA reporter system and carrying a selection
of native and heterologous promoters, the latter having been
used previously to drive gene expression in streptomycetes
or actinoplanetes (Horbal et al, 2013, 2014a; Makitrynskyy
et al, 2013). Glucuronidase activity of the recombinant
Nonomuraea strains was assessed qualitatively (on agar plates)
and quantitatively (in cell lysates obtained from mycelium
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FIGURE 1 | Comparison of GusA activity in recombinant strains of M.
gerenzanensis (A) and . coxensis (B), camying the following promoter-probe
vectors: 2, 2* — pTEGA (gusA under the control of ermEp); 3, 3* — pSAGA
(gusA under the contral of aac(3)\Vp); 4, 4' — pHBP (gusA under the control
of hrdB,g0): 5, 5 - pRBP2 (gusA under the control of rpoBea.gd):

6, 68— pRBP1 (gusA under the control of rpoB,0); 7, 7" — pSBP (gusA under
the control of ssbugo): 8, 8 — pRLP (gusA under the control of rpsLago):

9, 9" - pGlUSmoeESscript (gusA under the control of mosESp);

10, 10" - pGT2p (gusA under the control of teiZp); 11, 11* — pGBP (gusA
under the control of gyBagp): 12, 12* -~ pGCymRP21 (gusA under the control
of P2 1-cmi). The control parental strains (1, M. gerenzanensis and 1*,

M. coxensis) do not display chromogenic conversion of X-Gluc. Strains

were cultivated for 6 days on VMO.1 medium.

grown in liquid medium). Both of the N. coxensis and N.
gerenzanensis  wild type strains did not display any
glucuronidase activity (Figure 1). The heterologous promoters
tested were: aqac(3)I[Vp (in pSAGA) - the apramycin
acetyltransferase gene promoter, derived from pSET152A
(Horbal et al, 2013); ermEp (in pTEGA, Yushchuk et al,
2020a) - the erythromycin resistance gene promoter from pTES
(Herrmann et al, 2012); moeES5p (in pGUSmoeESscript) — the
§S. ghanaensis moenomycin biosynthesis gene moeE5 promoter
(Makitrynskyy et al,, 2013); tei2p (pGT2p, Yushchuk et al,
2020b) - the A. teichomyceticus teicoplanin resistance gene
tei2 promoter; and P21, a synthetic promoter fused with
the cumate inducible Pseudomonas putida F1 cmt operon
operator (in pGCymRP21, Horbal et al, 2014a). In parallel,
we tested the activity of six native promoters derived from
N. gerenzanensis house-keeping genes: gyrByp (in pGBP -
the promoter of the DNA gyrase B subunit gene); hrdB,p
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(in pHBP - the promoter of the RNA polymerase o-factor  promoter of the SSU ribosomal protein S12p gene); rpoBgnp
RpoD gene); ssbyp (in pSBP — the promoter of the single- (in pRBP2 - the promoter of the rifamycin-resistant RNA
stranded DNA-binding protein); rpsL,p (in pRLP - the polymerase subunit [} gene); and rpoB,p (in pRBP1 - the
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promoter of the rifamycin-sensitive RNA polymerase subunit  X-Gluc to its colored derivative 5,5'-dibromo-4,4'-dichloro-
p gene). In contrast to the wild type strains, all of the indigo, albeit to different extents (Figure 1). N. gerenzanensis
recombinant derivatives grown on VMO.1 agar plates converted ~ pSAGA' and N. coxensis pSAGA", carrying aac(3)IVp, produced
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the most intensive color (Figures 1A,B), while the chromogenic
conversion of X-Gluc in N. gerenzanensis pTEGA" and N.
coxensis pTEGA®, carrying the ermEp, was only slightly visible.
In strains carrying the inducible pGCymRP21, GusA activity
was induced by the addition of 50 pM of cumate, proving
inducible gene expression (Figures 1A,B). However, in N.
gerenzanensis pGCymRP21", a basal level of GusA activity
was detected even in the absence of cumate (Figure 1A).
Contrary to this, no basal level of expression from P2I-cmt
was detected in N. coxensis pGCymRP21" (Figure 1B).

When the glucuronidase activity present in cell lysates
obtained from liquid cultures grown for 120 h (late exponential/
early stationary growth phase, see ESM Figure 5) was measured
using a spectrophotometric assay, overall these quantitative
results (normalized for the dry weight of the differently growing
strains) correlated with those observed on agar plates: aac(3)IVp
behaved as a strong promoter in both N. gerenzanensis and
N. coxensis, surpassed only by cmt-P21p when induced by the
addition of 50 pM cumate (Figures 2A,B). Also rpsL,p and
hrdB,p proved to be strong promoters in both of the Nonomuraea
spp. whereas the weakest was the ermEp (Figures 2A,B).
Interestingly, the activity of rpoB,P was higher than that of
rpoBy.p (Figures 1, 2), consistent with previously reported
data about differences in transcription levels of the two alleles
(Vigliotta et al., 2004).

Knowledge-Based Generation of A40926
Overproducing Strains

Since aac(3)IVp was identified as the strongest constitutive
promoter for Nonomuraea spp., we used it to overexpress
dbv3 and dbv4 in N. gerenzanensis. Both genes were cloned
into the integrative pSET152A vector (Horbal et al, 2013)
yielding the recombinant vectors pSAD3 and pSAD4,
respectively (Table 1). Benefiting from the neighboring
positions of dbv3 and dbv4, we also cloned them together,
generating pSAD3-4, where dbv4 was directly under the
control of aac(3)IVp, but dbv3 remained under the control
of its native promoter (Table 1). Additionally, the dbv3-like
nocRI from N. coxensis was cloned into pSET152A, generating
pPSARIL, and transferred to N. gerenzanensis to determine if
it could improve A40926 production, and to assess possible
cross-talk between the regulators from the two different
Nonomuraea spp. All the N. gerenzanensis recombinant strains
were grown for 120 h in parallel with the control strain
carrying the empty vector and A40926 production was
measured (Figure 3). The production of A40926 in N.
gerenzanensis carrying pSET152A reached almost 250 mg/l
after 120 h of cultivation (Figure 3). The four recombinant
strains overexpressing the cluster-situated regulatory genes
produced more antibiotic than the control strain (Figure 3).
A40926 production in N. gerenzanensis pSAD3" and pSARI1"
was comparable (ca. 500 mg/l), proving that nocRI had a
similar impact in N. gerenzanensis as dbv3. The recombinant
strain carrying pSAD3-4 vector produced slightly more,
around 550 mg/l, whereas the best producer in these conditions
was the strain overexpressing dbv4, which produced more
than 650 mg/l

Time Courses of A40926 Production in
Nonomuraea gerenzanensis Recombinant
Strains at Flask and at Bioreactor Scale
Although further investigations will be devoted to the expression
of the heterologous nocRI and nocRII in N. gerenzanensis, in
our strain improvement work we then focused on N. gerenzanensis
strains overexpressing native regulators. Consequently, N.
gerenzanensis strains containing pSET152A, pSAD3, pSAD4,
or pSAD3-4 were grown for 192 h in parallel with the control
strain carrying the empty vector using the previously optimized
industrial medium FM2 (Marcone et al., 2010a, 2014) at flask
scale. Samples for the analysis of dry weight, pH, glucose
consumption, and A40926 production were collected at regular
24 h intervals. All three recombinant strains expressing the
regulatory genes from aac(3)IVp accumulated detectable amounts
of A40926 earlier than the empty vector control (Figure 4).
A40926 production reached its peak after 120 h of growth
for N. gerenzanensis pSAD3" (ca. 500 mg/l) (Figure 4B) and
pSAD4" (nearly 650 mg/l) (Figure 4C), whereas in pSAD3-4"
the maximum productivity (ca. 600 mg/l) was delayed to 144 h
(Figure 4D). The control strain produced ca. 300 mg/l after
144-168 h from inoculation (Figure 4A). Although glucose
consumption was faster in the recombinant strains containing
the cloned regulatory genes in comparison to the control, they
accumulated less biomass than N. gerenzanensis pSET152A"
(Figure 4). Maximum biomass production was around 125 g/l
(dry weight) in the overexpression strains versus the 175 g/l
produced by the empty vector control strain. These data suggest
that part of the consumed glucose was used by the strains
carrying the regulatory genes under the control of the strong
constitutive promoter aac(3)IVp to support antibiotic production
at the detriment of biomass formation.

When the cultivation of recombinant strains was scaled up
in 3 1 vessel-bioreactors containing 2 | working volume of
FM2, all of the strains produced significantly more A40926
and grew better than in flask culture with the exception of
N. gerenzanensis pSAD3" (Figure 5). The control strain with
the empty vector grew and produced the antibiotic faster than
at the flask level (Figure 5A). Maximum biomass (300 g/l dry
weight, more than the double of that achieved in flasks) and
A40926 production (nearly 400 mg/l) were reached after 120 h
from inoculation; glucose was completely consumed within
96 h versus the 120 h needed at flask level. The recombinant
strain pSAD4" grew more (maximum biomass production of
220 g/l after 144 h of growth) than in flask culture, although
less than the control strain in the bioreactor. Glucose was
consumed faster than in the control strain and glucose
concentration tended to zero at 48 h of fermentation (Figure 5C),
and antibiotic production reached a peak of 700 mg/l atter
168 h. The best performance in terms of A40926 productivity
in the bioreactor was shown by the pSAD3-4" strain, which
grew better (nearly 250 g/l dry weight biomass) than in flask
culture and produced the maximum concentration of the
antibiotic (800 mg/l) after 168 h of cultivation (Figure 5D).
Conversely, the pSAD3" strain showed a reduced biomass
production in comparison to all of the other strains, with
consumption of glucose markedly delayed and A40926 production
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starting very late (after 168 h of cultivation) and never exceeding  not shown), suggesting some kind of physiological stress resulting
100 mg/l (Figure 5B). Microscopical observation of pSAD3"  from dbv3 overexpression. Some fragmentation of the pSAD3"
strain showed that the mycelium was highly fragmented (data  strain (as well as of the pSARI strain carrying the dbv3-like
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nocRI from N. coxensis) was also observed in flask culture,
in contrast to the other strains which produced dense mycelial
pellets; the fragmentation was less pronounced, indicating that
scaling up in the bioreactor dramatically enhanced this effect.
Interestingly, in the best performer at the bioreactor scale —
the pSAD3-4" strain — dbv{ was expressed from the strong
constitutive aac(3)IVp but dbv3 was left under its endogenous
promoter, suggesting that the balance between the expression
level of the two cluster-situated regulatory genes is important
for optimal improvement of A40926 production.

DISCUSSION

Apart from some reports on cultivating and manipulating
the industrially valuable A40926 producer N. gerenzanensis
(Stinchi et al., 2003, 2006; Marcone et al, 2010a,b,c; Alt
et al, 2019) and the kistamicin producer Nonomuraca sp.
ATCC 55076 (Greule et al., 2019), we are not aware of any
other attempt to develop genetic tools for manipulating
Nonomuraea spp. However, some other glycopeptide producers,
like A. teichomyceticus, already possess well-developed toolkits
for genetic manipulation which has greatly simplified
investigations in these strains (Horbal et al., 2013; Yushchuk
et al., 2016). Therefore, our first goal in this work was to
develop a set of genetic tools for manipulating diverse species
of Nonomuraea. To do this, we decided to work in parallel
with the better-known A40926 producer, recently re-classified
as N. gerenzanensis (Dalmastri et al, 2016), and with the
little investigated N. coxensis, which was isolated in Bangladesh
in 2007 (Ara et al, 2007). Although the available N. coxensis
genome sequence is still incomplete, we could identify three
contigs covering most of a dbv-like gene cluster including
the dbv-like cluster-situated regulatory genes, which we named
nocRI (dbv3 homolog) and nocRIT (dbv4 homolog). The next
step of our work will be additional sequencing to yield a
properly annotated N. coxensis genome. Interestingly, during
the course of our investigations, Waglechner et al. (2019),
systematically screening the available sequences in genomic
databases, also reported the presence of a BGC encoding
for a A40926-like GPA in the genome of N. coxensis. In
addition, the same authors reported that a newly isolated
Nonomuraca sp. WAC01424 possess a BGC which could
produce another A40926-related compound (Waglechner
et al,, 2019). Our preliminary analysis of this BGC suggests
that it could be a sulfated A40926-like GPA, lacking the
aliphatic side chains.

In the meantime, we tested both in N. gerenzanensis and
N. coxensis, a set of heterologous and native promoters (the
latter derived from a set of house-keeping genes in N.
gerenzanensis) with the final goal of using them for driving
gene expression in these strains. Besides the practical outcome
of this screening (all of the generated promoter-probe vectors
could be easily used as expression vectors simply by exchanging
gusA for a gene of interest, offering a set of variable tools for
gene expression), it is interesting to observe that the studied
promoters had similar strengths in the two phylogenetically

distant Nonomuraea species and that the native promoters from
N. gerenzanensis worked similarly in N. coxensis. Consistently,
we detected a comparable difference in the two strains between
the strength of promoters driving the expression of rifamycin-
sensitive and rifamycin-resistant rpoB alleles of N. gerenzanensis
(rpoB,p and rpoBy,p). Since we found the two rpoB alleles
in N. coxensis draft genome (on a short genomic scaffolds
KB904038 and KB904038), we might suppose that their
manipulation could improve antibiotic production in this strain
as already reported for N. gerenzanensis (Vigliotta et al., 2004).
More generally, these vectors should be useful for the genetic
manipulation of other members of the genus Nonomuraea,
which have the potential to produce novel valuable specialized
metabolites (Sungthong and Nakaew, 2015; Nazari et al,, 2017).

As in the case of Actinoplanes spp. (Horbal et al, 2013), the
strongest heterologous promoter was aac(3)IVp, although some
N. gerenzanensis native promoters like hrdB,p and rpsLyp appeared
to have comparable strength and merit further investigations.
‘When we used aac(3)IVp to overexpress the cluster-situated
regulatory genes dbv3 and dbv{ from the N. gerenzanensis dbv
gene cluster and nocRI (dbv3-like) from the A40926-like BGC
of N. coxensis, the recombinant N. gerenzanensis strains produced
significantly more A40926 than the parental strain. The evidence
that the heterologous expression of nocRI increased A40926
production in N. gerenzanensis confirmed its role in regulating
the expression of a A40926-like BGC in N. coxensis. Additionally,
it represents another case of cross-talk between regulators
controlling GPA BGCs in producing actinomycetes (Spohn et al,
2014). Our next goal will be to investigate if and how (in which
cultivation conditions) N. coxensis produces A40926 or a A40926-
like molecule.

Previous work (Lo Grasso et al, 2015) reported that
overexpression of dbv3 (under the control of the thiostrepton-
inducible tipA* promoter in the integrative plasmid pIJ8600)
in N. gerenzanensis increased A40926 production from 13 to
27 mg/l using the laboratory medium R3 (Lo Grasso et al,
2015). In this paper, we tested the real industrial potential
of overexpressing not only dbv3, but also dbv4, and dbv3
and dbv4 together, cloning them under the strong constitutive
aac(3)IVp promoter, scaling up their cultivation at bioreactor
scale and using a previously optimized industrial medium
where A40926 is produced in hundreds of milligrams per
liter (Marcone et al., 2010a, 2014). At the bioreactor level,
where strains could have a different performance from the
flask-cultivation due to different mixing and mass transfer
rates of nutrients and oxygen, the best performer was the
strain carrying both dbv4 under aac(3)IVp and dbv3 under
its own endogenous promoter. This strain produced nearly
800 mg/l of A40926, which is twice that of the parental
strain grown under the same conditions. Conversely, the strain
carrying only dbv3 expressed from aac(3)IVp showed reduced
production capacity and an altered phenotype particularly
after scaling up from flask to bioreactor; in contrast, the dbv4
overexpressing recombinant grew similarly under both
conditions. It is widely recognized that any potentially higher
producing mutant or derivative needs to be validated in a
bioreactor-scale fermentation since unpredictable discrepancies
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in strain performance can occur during scaling up from flask
culture (Lee and Kim, 2015). In the case of the dbv3
overexpressing recombinant, we believe that the fragmented
mycelial phenotype, which was much more apparent in the
bioreactor, could be a specific consequence of the overexpression
of the dbv7 gene encoding a D,D-carboxypeptidase known as
Van¥n (Binda et al, 2012). The level of Van¥Yn activity in
cell extracts from the dbv3-carrying recombinant cultivated
at bioreactor scale was found to be much higher than in the
parental strain (unpublished data). Consistent with this,
overexpression of VanYn altered the mycelial morphology in
N. gerenzanensis as well as in heterologous hosts such as
streptomycetes strains (Binda et al., 2013).

In conclusion, only a few GPAs are used in clinical practice
and those produced by semi-synthesis from natural products,
such as dalbavancin derived from A40926, are still quite expensive.
Dalbavancin is the first antibiotic designated as a Qualified
Infection Diseases Product by the FDA because of its potency,
extended dosing interval, and unique dose regimen, but its
cost largely exceeds that of first-generation GPAs and consequently
its use in hospitals is still limited (Chiasson and White, 2016;
Agarwal et al, 2018). Improving A40926-producing strains might
lead to a decrease in the cost of dalbavancin. As demonstrated
in this paper, A40926 production could be significantly enhanced
by manipulating the expression of dbv cluster-situated regulators.
An important and often-neglected aspect is testing the genetic
stability and productivity of the selected recombinant strains
in a fully developed industrial process at bioreactor level, which
mimics the conditions of antibiotic large scale production.
We were able to demonstrate here that the improvements
we made to A40926 production levels in shake flasks were
also achieved in the bioreactor, indicating the relevance of this
approach to industrial-scale strain improvement.
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1 Supplementary Data
Compositions of media used in the work:
Unless otherwise stated, components are from Sigma-Aldrich, St. Louis, MO, United States.

ISP2 (g/1 of distilled water):
Yeast extract — 4;

Malt extract — 10;

Dextrose —4;

Agar — 20;

pH7.5.

ISP3 (g/l of tap water):

Fine ground whole oats (Kozub, Poltava, Ukraine) — 34;
Agar —20;

pH 7.5.

VSP (g/1 of distilled water):
Soluble starch (Difco, Franklin Lakes, NJ, United States) — 24;
Dextrose — 1;

Meat extract — 3;

Yeast extract — 5;

Tryptose — 5;

L-proline — 0.5;

Sucrose — 50;

pH 7.5.

VMAO.1 (g/l of distilled water):
Soluble starch (Difco) — 2.4;
Dextrose — 0.1;

Meat extract — 0.3;

Yeast extract — 0.5;
Tryptose —0.5;

Agar —20;

pH 7.2.

E26 (g/1 of distilled water):
Dextrose — 25;

Soy flour — 20;

Yeast extract — 4;

NaCl —1.25;

CaCO; - 5;
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pH 7.5.

FM2 (g/1 of distilled water):

Dextrose — 30;
Soy flour — 30;
Yeast extract — &;
Malt extract — 15;
CaCO; - 5;
L-valine — 1;
pH7.5.

SFM (g/1 of distilled water):

Mannitol —20;
Soy flour — 20;
Agar —20;
pH75.
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2 Supplementary Figures and Tables
2.1 Supplementary Figures
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Supplementary Figure 1. Alignment of the amino acid sequences of Dbv3 and its orthologue from
Nonomuraea coxensis — NocRI. Alignment was generated using ClustalOmega (EMBL-EBI).
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NocRII VDPTGVDIVALPVVEIELSRLSSVYSPRTSGEDPEHVETLLSAQGELPPILVHRPTMRVI 60
Dbv4 VDPTGVDIATLPVYVEIELSRLSSVYSPRTSGEDPEHVETLLSAQGELPPILVHRPTMRVI 60
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NocRII PQWSDRRVASATGISAGTVADLRKRRGQDGDEARIGRDGRIRPVDSSEGRRLAAEIIRSH 188
Dbv4 PQWSDRRVASATGISAGTVADLRRRRGQGGDEARIGRDGRIRPVDSSEGRRLAAELIRSH 180
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NocRII AQIWAAFADRLEGRATDLAAG 321
Dbv4 AQIWAAFADRLEGRATDLAAG 321
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Supplementary Figure 2. Alignment of the amino acid sequences of Dbv4 and its orthologue from
N. coxensis —NocRIL. Alignment was generated using ClustalOmega (EMBL-EBI).
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Supplementary Figure 3. Scheme of the parts of putative GPA BGC from N. coxensis that could be
found on three contigs available in GenBank. Locus tags for individual genes are given together with
the names of putative orthologues from dbv cluster.
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N. coxensis DSM 45129

N. gerenzanensis ATCC 39727

SFM ISP3

Supplementary Figure 4. 7-day-growth of N. coxensis DSM 45129 and Nonomuraea gerenzanensis
ATCC 39727 on SFM and ISP3 media. Both strains did not differentiate spores on SFM, which
mdeed promotes sporulation of Strepromyces spp. and of other uncommon actinobacteria like
Actinoplanes spp. (Kieser et al., 2000; Gren et al., 2016). Only N. coxensis produces abundant spores
on ISP3 i these conditions. N. gerenzanensis was reported to produce very few spores only after 14-
21 days of cultivation on ISP3 (Dalmastri et al., 2016).
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Supplementary Figure 5. Growth curves of N coxensis DSM 45129 and
N. gerenzanensis ATCC 39727 in ISP2 and FM2 liquid media, respectively. Glucose consumption
(rectangles), biomass accumulation (thombi) and pH (circles) were monitored every 24 h. Results
given are mean values of three independent experiments. Error bars represent standard deviations.
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ABSTRACT: Glycopeptide antibiotics (GPAs) are last defense line drugs against multidrug-
resistant Gram-positive pathogens. Natural GPAs teicoplanin and vancomycin, as well as
semisynthetic oritavancin, telavancin, and dalbavancin, are currently approved for clinical use.
Although these antibiotics remain efficient, emergence of novel GPA-resistant pathogens is a
question of time. Therefore, it is important to investigate the natural variety of GPAs coming from
so-called “rare” actinobacteria. Herein we describe a novel GPA producer—Nonomuraea coxensis
DSM 45129. Its de novo sequenced and completely assembled genome harbors a biosynthetic
gene cluster (BGC) similar to the dby BGC of A40926, the natural precursor to dalbavancin. The
strain produces a novel GPA, which we propose is an A40926 analogue lacking the carboxyl group
on the N-acylglucosamine moiety. This structural difference correlates with the absence of
dbv29—coding for an enzyme responsible for the oxidation of the N-acylglucosamine moiety.
Introduction of dbu29 into N. coxensis led to A40926 production in this strain. Finally, we
successfully applied dbv3 and dbv4 heterologous transcriptional regulators to trigger and improve

N. coxensis DSM 45129

i l'b“,

A50926

A50926 production in N. coxensis, making them prospective tools for screening other Nonomuraea spp. for GPA production. Qur
work highlights genus Nonomuraea as a still untapped source of novel GPAs.

1. INTRODUCTION

Nonomuraea is a genus of so-called “rare” actinomycetes whose
potential to produce specialized (secondary) metabolites is still
rather poorly explmecl."2 Recently sequenced genomes of
Nonomuraea species appear to be generally larger than the
reference Streptomyces ones. The mean genome size of
Nonomuraca (based on the three available complete
assemblies™) is around 12 Mbp, whereas the mean genome
size of Streptomyces (calculated on 251 fully assembled
genomes available in GenBank) equals 8.6 Mbp. The larger
genomes of Nonomuraea spp. encode dozens of putative
biosynthetic gene clusters (BGCs)."™" Nonomuraea spp. were
initially found to be recalcitrant to commonly used genetic
engineering manipulations, but new tools are now being
developed for this genus."‘f This paves the way for unravelling
the huge hidden biosynthetic potential of these organisms.
Probably the most important bioactive metabolite produced
by a Nonomuraea species is the type IV® glycopeptide
antibiotic (GPA) A40926° (Figure 1) produced by Non-
omuraea gerenzanensis ATCC 39727. Like other GPAs, A40926
acts as a selective and potent inhibitor of cell-wall biosynthesis
in Gram-positive bacteria. A40926 is structurally related to the
clinically relevant GPA teicoplanin (Figure 1), produced by
Actinoplanes teichomyceticus ATCC 31121'"!'" and to ristocetin
(Figure 1), previously isolated from numerous Amycolatopsis
spp. (ie, A. lurida NRRL 2430, A. jafanicum MG417-CF17,
and Amycolatopsis sp. MJM2582)." 7" Like teicoplanin,

@ 2021 The Authors. Published by
American Chemical Society

. 4 ACS Publications
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A40926 is produced as a mixture of related compounds
(major components are A40926 B and A40926 A factors),
which differ in the length and branching of an aliphatic side
chain (Figure 1). It was recently clarified that N. gerenzanensis
produces the GPA in the form of O-acetyl-A40926 (with an O-
acetylated mannose residue ), but the acetyl group is lost during
the alkaline extraction of the antibiotic."*"'° Since it was this
deacetylated GPA that was initially named A40926, we will
refer to it as A40926 hereafter.

A40926 is the precursor of the second-generation semi-
synthetic GPA dalbavancin (Figure 1), which is currently
applied in clinics to treat severe infections caused by
multidrug-resistant Gram-positive pathogens.'” Dalbavancin
(marketed in Europe and USA under the trade names xydalba
and dalvance, respectively) is the first antibiotic designated as a
qualified infectious disease product by FDA because of its
potency, extended dosing interval, and unique dose regimen
(once-a-week), but its cost still largely exceeds that of first-
generation GPAs.'’ Therefore, improvement of A40926
production by recombinant engineering of N. gerenzanensis
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Figure 1. Structures of the GPAs found in genus Nonomuraca: type IV A40926 and type V kistamicin. Clinically used dalbavancin is obtained from
A40926 by conversion of the C-terminal carboxyl group into a (3-dimethylamino)-1-propylamide. Type IV teicoplanin and type III ristocetin are
shown due to their structural similarities with A40926. For teicoplanin, the main factor (TA,_,) of the complex produced by A. feichomyceticus is
shown, the other factors are differing by the length and branching of the lipid chain. Ristocetin is produced by numerous Amycolatopsis species.

has become increasingly relevant.' Following the sequencing

of the A40926 BGC (dbv) almost two decades ago,'g multiple
aspects of A40926 biosynthesis were investigated, including
nonribosomal aglycone assembly and tailoring steps,'¥172¢
self-resistance,”””” and pathway-specific regulation of its
production.”***" N. gerenzanensis was also engineered to
produce A40926 derivatives that are better suited for
downstream chemical modification to dalbavancin.'® Another
GPA produced by a Nonomuraea species is the type V GPA
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kistamicin (Figure 1) from Nonomuraea sp. ATCC 55076,
which was reported to exhibit potent antiviral activity as well as

22

mild antibiosis against Gram-positive bacteria. 3 Its structure

contains an unusual indole—phenol cross-link which makes this
GPA unique among those already known.***

Genome mining has recently shown that other species from
the genus Nonomuraea also possess BGCs for GPAs,” as in the
cases of Nonomuraca sp. WAC 01424 and Nonomuraca coxensis
DSM 45129. Notwithstanding the low quality of the available

https//doiorg/10.1021/acschembio. 100170
ACS Chem. Biol. 2021, 16, 915-928
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Figure 2. Comparison of BGCs from N. gerenzanensis (dbv), N. coxensis (noc), and Nonomuraea sp. WAC 01424. Colored lines indicate the
homology segments among the BGCs. For dbv and noc, the orientation of the BGC genes is in relation to the orientation of the dnaA gene of the
chromosome. This orientation was not possible for the WAC 01424 GPA BGC, since the corresponding genome is fragmented across multiple
contigs. Details on gene function and homology are given in Table 1 and in the main text.

draft genomic data, we recently showed that N coxensis DSM
45129 carries a BGC remarkably similar to dbr.” We found that
this BGC contains a putative regulatory gene orthologous to
dbv3, which encodes the pathway-specific regulator of LuxR-
type in N. gerenzanensis. ® The heterologous expression of this
gene from N. coxensis (named nocRI) led to A40926
overproduction in N. gerenzanensis, indicating that it might
be functional in N. coxensis as well. Thus, in this paper we
present the fully assembled genome of N. coxensis, which has
allowed us to properly describe the putative GPA BGC (called
noc). Additionally, we report that N. coxensis produces a novel
GPA complex, which we named A50926. Structural character-
ization of A50926 by liquid chromatography—mass spectrom-
etry (LC-MS) and tandem MS (MS/MS) showed it has high
similarity to A40926, although AS0926 lacks the carboxyl
group on the N-acylglucosamine (GlcN-Acyl) moiety.
Consistently, the noc BGC lacks an orthologue of dbv29,
which in N. gerenzanensis encodes the enzyme oxidizing the
GleN-Acyl moiety to an N-acylaminoglucuronic group.'”
Introduction of dbv29 into N. coxensis changed the GPA
production profile of this strain to A40926. Finally, we have
introduced dbv3 and dbv4 pathway-specific regulatory genes in
N. coxensis to trigger and overproduce A50926 by regulatory
gene cross-talking. In conclusion, our results describe the
biosynthesis of a ncwel GPA, which may have superior
properties to A40926™ and thus may contribute to developing
a platform for the combinatorial biosynthesis of third
generation lipo-GPAs.

2. RESULTS AND DISCUSSION

2.1. Complete Assembly of N. coxensis Genome
Reveals the Presence of a Novel GPA BGC. The presence
of a novel GP;} BGC in the genome of N. coxensis was recently
anticipated.”*” However, due to the poor quality of the
available draft, fragments of the BGC were found on different
contigs and did not cover the full expected sequence of the
BGC. Therefore, we sequenced and fully assembled the
genome of N. coxensis DSM 45129 using a combination of
HiSeq lllumina and GridION ONT technologies. The circular
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chromosome of N. coxensis was found to have a smaller size in
comparison to the other two previously published Nonomuraea
genomes—only 9.07 Mbp compared to 11.85 Mbp in N.
gcrenzcmensts and 13.05 Mbp in Nonomuraea sp. ATCC
55076.> The average GC-content was 71.8%. Annotation of the
N. coxensis genome revealed 8398 predicted protein coding
sequences, five operons for 165-238-55 rRNA, and 73 tRNA
genes. Genome analysis by antiSMASH 50,” a specialized
metabolite BGC identification tool, led to the discovery of 27
putative BGCs when used in the “relaxed” search mode.
However, only a few BGCs showed more than 20% similarity
to known BGCs (Table S1).

‘We thus focused our attention on the GPA-like BGC, which
we denoted as noc (from Nonomuraeacoxensis). The noc BGC
is the fourth GPA BGC described from Nonamamea genus,
following the dbv BGC from N. gerenzanenszs, ®a putative GPA
BGC from Nonoturaea sp. WAC 01424”” and the type V GPA
kistamicin (kis) BGC from Nonomuraca sp. ATCC 55076
Overall, noc contains 36 open reading frames (ORFs) with 3§
among them homologous to dbv genes (the nonhomologous
noc gene encoding for a putative transposase) and 32 being
homologous to genes in the Nonomuraea sp. WAC 01424 GPA
BGC (Figure 2, Table 1). The kis BGC differed from noc most
significantly (data not shown).

2.2, Comparative Genomics of Nonomuraea GPA
Producers. At the time of writing, genomic information for 34
Nonomuraea species was available in GenBank, although there
are only three complete assemblies (Table S2). Along with the
four reported Nonomuraea GPA BGCs, we found a kis-like
BGC in the draft genome of Nonomuraea sp. NN258 (Figure
S1). We have then reconstructed the multilocus phylogeny
(MLP) of all Nonomuraea species with available genomic data
using conserved house-keeping proteins (Table §3). It revealed
N. coxensis to be most closely related to N. wenchangensis
CGMCC 4.5598, N. polychroma DSM 43925, and N.
turkmeniaca DSM 43926 (Figure 52). None of these species
have GPA BGCs in their genomes. N. gerenzanensis is most
closely related to Nonomuraea sp. FMUSAS—S5 and to the
kistamicin producer Nonomuraea sp. ATCC 55076, whereas

https/doi.org/10.1021/acschembio. 100170
ACS Chem. Biol. 2021, 16, 915-928
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Table 1. Characterization of noc BGC genes and their comparison to the dbv and WAC 01424 GPA BGCs from Nonomuraea

spp.
Hoc

BGC homologues from dby BGC (aa identity of
genes protein product with noc homologue, %)
nocl dbvl (50.6%)
noc2 dbv2 (89.3%)
noc3 dbv37 (90.9%)
noc4 dbv3s (90.9%)
nocs dbu34 (93.9%)
nocé dbu33 (89.2%)
noc7 dbu32 (85.1%)
noc8 dbu31 (94.3%)
noc% dbv30 (83.5%)
nocl0 dbu28 (92.4%)
nocll dbv27 (91.8%)
nocl2 dbv18 (87.3%)
nocl3 dbv19 (92.2%)
nocl4 dbv20 (89.7%)
nocls dbv21 (86.6%)
noclé dbr22 (92.3%)
nocl7 dbv23 (88.1%)
nocl8 dbu24 (92.4%)
nocA dbv2s (88.7%)
nocB dbv26 (91%)
nocC dbv17 (89.6%)
nocD dbv16 (91.7%)
nocl9 dbuls (94.2%)
noc20 dbvi4 (91.8%)
nec21 dbv13 (89.8%)
noc22 dbvl2 (93.5%)
noc23 dbv1l (91.9%)
noc24 dbv10 (94.1%)
noc2s dbv9 (90.4%)
noc26 dbv8 (87.5%)
noc27 dbv7 (87.3%)
noc28 dbué (95.9%)
noc29 dbus (92.8%)
noc30 a
nocRII dbv4 (944%)
nocRI dbv3 (86.3%)

homologues from WAC 01424 GPA BGC (numbered as in Figure 2)
(gaua identity of protein product with noc homologue, %)

DMB42_RS42735 (31) (60%)
DMB42_RS42740 (30) (62%)
DMB42_RS42745 (29) (83%)

DMB42_RS42730 (32) (63%)
DMB42_RS42710 (36) (87%)

DMB42_RS42715 (35) (84%)

DMB42_RS42720 (34) (74%)
DMB42_RS42725 (33) (91%)

DMB42_RS42750 (28) (69%)
DMB42_RS42760 (26) (86%)
DMB42 RS42755 (27) (58%)

DMB42_RS42765 (25) (64%)
DMB42 RS42850 (9) (77%)

a

DMB42_RS42845 (10) (81%)
DMB42_RS42840 (11) (76%)
DMB42_RS42835 (12) (78%)
DMB42_RS842830 (13) (77%)
DMB42_RS42825 (14) (79%)
DMB42_RS42820 (15) (93%)
DMB42_RS42815 (16) (78%)

DMB42 RS42810 (17) (77%)
DMB42 RS42805 (18) (77%)
DMB42_RS42795 (20) (78%)

DMB42_RS42790 (21) (87%)
DMB42_RS42780 (23) (74%)
DMB42_RS42775 (24) (77%)
DMB42 RS42865 (6) (78%)
DMB42 RS42855 (8) (92%)
DMB42_RS42860 (7) (85%)

a

DMB42_RS42700 (38) (85%)

DMB42 RS42695 (39) (70%)

encoded protein
hydroxymandelate oxidase
(Hmo)
hydroxymandelate synthase
ma$)

hydroxyphenylglycine
aminotransferase (HpgT)

Na'—H" antiporter

enoyl-CoA hydratase
(DpgD)

dihydroxyphenylacetyl-
CoA dioxygenase
(DpgC)

enoyl-CoA hydratase
(DpgB)

type III polyketide synthase
(DpgA)

4HB-CoA thioesterase

f-hydroxylase

methyltransferase

ABC transporter

ABC transporter

mannosyltransferase

deacetylase

sensory histidine kinase

acetyltransferase

ABC transporter

NRPS modules 1-2

NRPS module 3

NRPS modules 4—5—6

NRPS module 7

MbtH-ike protein

cross-linking oxygenase
(OxyA)

cross-linking oxygenase

cross-linking oxygenase

cross-linking oxygenase
(OxyE)

halogenase
glycosyltransferase (GHB)
acylransferase
VanY-carboxypeptidase
response regulator
pr(cl[g}dl}c;slate dehydrogenase

putative transposase

StrR-ike transcriptional
regulator

LuxR-like transcriptional
regulator

“Homologue is absent.

Nonomuraea sp. WAC 01424 is distantly related to both N.
coxensis and N. gerenzanensis (Figure S2). Thus, GPA-
producing Nenomuraea species do not form a single
phylogenetic group, which is different from what occurs in
the majority of Amycolatopsis spp. producing GPAs.*

Since N. gerenzanensis and Nonomuraea sp. ATCC 55076 are
closely related and their genomes had been completely
assembled, we compared their sequences using the MAUVE
genome alignment tool.>' We found that the two genomes are
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very similar, having few rearranged homologous segments
(Figure S3A). Interestingly, the regions flanking the dbv BGC
in N. gerenzanensis show synteny in Nonomuraea sp. ATCC
55076, but in this genome, they flank a miscellaneous
assemblage of GPA-unrelated genes instead of the dbv genes.
No dbv-like BGC is present in Nonomuraea sp. ATCC 55076.
Similarly, no kis-like BGC is in the N. gerenzanensis genome,
but the regions flanking the kis BGC in Nononuraea sp. ATCC
55076 have their homologous counterparts in the N.

httpsy/doiorg/10.1021/acschembio. 1c00170
ACS Chem. Biol. 2021, 16, 915-928
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Figure 3. Conceptual scheme of the biosynthesis of A40926 and of the GPA (named A50926) from N. coxensis. Please note the dashed acyl group
at the mannose residue, which is installed by Dbv23/Nocl7 but consequentially lost during antibiotic extraction. For more details and encoded

protein names, please refer to the main text and Table 1.

gerenzanensis genome (Figure S3A). Dot plots of N.
gerenzanensis and Nonomuraea sp. ATCC 55076 confirm the
high homology between the two strains (Figure S3B). A
possible explanation is that Nonomuraea sp. ATCC 55076 and
N. gerenzanensis genomes might have acquired different GPA
BGCs independently through horizontal gene transfer (HGT)
events from other Nonomuraea (Dr m)t) species.

Dot plots of N. coxensis and Nonomuraea sp. ATCC 55076
genomes (Figure S3C) as well as of N. coxensis and N.
gerenzanensis (Figurc $3D) indicate that N. coxensis is more
distantly related to the other GPA producing species.
Unfortunately, it was impossible to compare the genome of
N. coxensis with its closest relatives N. wenchangensis CGMCC
4.5598, N. polychroma DSM 43925, and N. turkmeniaca DSM
43926 (Figure 52), due to the incompleteness of their genome
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assemblies. Overall, it seems that the position of GPA BGCs is
not conserved within Nonomuraea genomes, which contrasts to
what was observed in most Amycolatopsis spp.””

2.3. Comparing noc and dbv Biosynthetic Pathways:
From Genes to Products. The biosynthesis of A40926 is
well understood (Figure 3). The heptapeptide core of this
antibiotic is synthesized by a nonribosomal peptide synthetase
(NRPS) assembly line involving Dbv2$, Dbv26, Dbvl7, and
Dbvl6 proteins. The linear peptide is cross-linked by four
monooxygenases (Dbv14, Dbvl2, Dbvl3, and Dbvll) and
halogenated by Dbv10, giving the core aglycone. This aglycone
is further modified with the glycosyltransferases Dbv9 and
Dbv20, which attach N-acetyl glucosamine (GlcNAc) and
mannose, respectively.”” Then, GlcNAc is oxidized by Dbv29,
deacetylated by Dbv2l, and acylated by Dbv8. Finally, the

https/doiorg/10.1021/acschembio 1600170
ACS Chem. Biol. 2021, 16, 915-028
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mannose moiety is acetylated by Dbv23, giving O-acetyl-
A40926.

Considering the A40926 pathway, it was possible to predict
the biosynthetic pathway of the putative GPA from N. coxensis
(Figure 3). Sets of genes required for the biosynthesis of the
nonproteinogenic precursor amino acids 4-hydroxyphenylgly-
cine (Hpg), 3,5-dihydroxyphenylglycine (Dpg), and f-
hydroxytyrosine (further used as substrates for NRPS) are
the same in noc and dbv BGCs (Table 1, Figures 2 and 3).
Next, the NRPS, encoded within noc BGC, was found to have
the same organization and A-domain specificities as the dbv
NRPS (Figure S4, Table S4). All other genes, responsible for
the cross-linking and tailoring steps, were identical in both the
noc and dbv pathways (Table 1, Figures 2 and 3). However,
one notable difference between dbv and noc was the absence of
a dbv29 orthologue in the latter. As mentioned above, Dbv29 is
a hexose oxidase responsible for the oxidation of the GlcN-Acyl
moiety of A40926." On this basis, we predicted that the noc
pathway might produce an A40926 analogue lacking the
carboxylic group on the GlcN-Acyl residue and therefore
resembling teicoplanin in this moiety (Figures 1 and 3).

Beyond the biosynthetic genes, noc and dbv feature
homologous regulatory genes. Two master regulators of
A40926 biosynthesis—LuxR-like Dbv3 and StrR-like Dbv4—
have orthologues coded within noc—NocRI (94% aa sequence
identity) and NocRII (86% aa sequence identity), respec-
tively.” In N. gerenzanensis, both Dbv3 and Dbv4 are crucial for
biosynthesis activation”® Dbv4 was shown to bind the
promoter regions of operons dbv30-35 (mainly coding for
Dpg biosynthesis enzymes) and dbv14-8 (including the genes
coding for cross-linking monocoxygenases), and its binding sites
were identified.” Our in silico analysis indicates that identical
binding sites are present in the promoter regions of noc20 and
noc8, orthologues of dbvl4 and dbv30, respectively (Figure
§5). DNA-binding sites of Dbv3 remain uncharacterized, but
its regulon was defined from gene expression analysis and
includes other biosynthetic genes and Dbv4.>* Given all these
similarities, we presume that NocRI/NocRII have functions
identical to Dbv3/Dbv4 and both regulatory pairs might cross-
talk between these species. Our previous results” where
heterologous expression of nocRI in N. gerenzanensis improved
A40926 production, support this assumption. The single GPA
resistance determinant encoded within noc is Noc27, a close
(87%) orthologue of Dbv7 (VanY,), which is a p,n-
carboxypeptidase involved in A40926 self-resistance.” "

Although the biosynthetic, regulatory, and resistance genes
are apparently shared by the dbv and noc BGCs, their genetic
organization is different. So far, almost all GPA BGCs have
NRPS genes located on one strand in an order that is colinear
to the order of the modules in the NRPS assembly line. The
only exception is the dbv BGC, where the NRPS genes are
coded on different strands and are separated by other
biosynthetic genes.m The noc BGC, although sharing a
remarkable similarity with dbv, features an organization of
NRPS genes that is typical of all the other GPAs. Interestingly,
only two chromosomal inversion events are needed to
rearrange noc into dbv (Figure S6), indicating how a dbv-like
gene arrangement might have derived from a noc-like BGC in a
common ancestor of N. coxensis and N. gerenzanensis (or in an
ancestralprotocluster).

The putative GPA BGC in Nonomuraea sp. WAC 01424
(Figure 2) differs more substantially from both noc and dbv. It
lacks a nocl4/dbv20 homologue encoding for a mannosyl-
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transferase, as well as a noc17/dbv23 homologue encoding for a
mannose-O-acetyltransferase (Table 1). Instead, WAC 01424
GPA BGC contains a close homologue of stal (Figure 57),
which encodes for a sulfotransferase involved in the biosyn-
thesis of A47934 from Streptomyces toyocaensis NRRL 15009.%
Additionally, the WAC 01424 BGC-encoded halogenases seem
more related to the ones from the A47934 BGC than to Noc24
and Dbv8 (Figure S7). Thus, we suggest that WAC 01424
GPA is a nonmannosylated, but sulfated, A40926 analogue,
putatively with a halogenation pattern different from A40926
(F1gurc S8).

2.4. Optimization of GPA-Producing Conditions for
N. coxensis. N. coxensis was first described in 2007, but as
far as we know, it was never tested for the production of
antimicrobials. Considering the predicted similarity between
the putative GPA produced by N. coxensis with A40926, we
first applied to N. coxensis the cultivation and A40926
production conditions that we had previously optimized for
N. gerenzanensis.n"ﬁ In these conditions (namely a vegetative
preculture in E26 medium and a GPA production step in FM2
medium using baffled flasks), N. coxensis tended to grow
poortly, and no antimicrobial activity was detectable throughout
the 168h cultivation from inoculum. Thus, we further screened
different media and fermentation conditions previously used
for growing other GPA producing strains, such as TM1 used
for teicoplanin production by A. te:'ch|Jr.'rtycf:t£cr.¢s“K and RS
adopted for balhimycin production in Amycolatopsis balhimy-
cing,” as well as VMO.1 and ISP2I previously employed for the
vegetative cultivation of N. coxensis’ (media composition
detailed in the Supporting Information). The production of
antimicrobial activity toward Bacillus subtilis ATCC 6633 was
observed only in TM1 and ISP2l media when glass beads were
added to favor dispersed growth (Figure $9). Indeed, adding
glass beads to E26 medium cultures allowed us to use it for a
successful vegetative preculture step (Figure S10A). Interest-
ingly, routine analysis of glucose consumption in all media
described above indicated that N. coxensis did not visibly
consume glucose during growth (data not shown). We thus
tested the glucose-lacking E26 (named E27), TM1 (TMlm),
and ISP2I (ISP2lm) media variants for N. coxensis growth and
putative GPA production. We found that biomass accumu-
lation was similar in E26 and E27 (Figure S10A) and that
biomass and antimicrobial production were equivalent in TM1
and ISP2I as well as in their glucose lacking variants TMIm
and ISP2lm (Figure S10B and C). Currently, it is impossible to
say why N. coxensis fails to use glucose throughout cultivation
given that all necessary genes are present within its genome
(Figure S10D). Thus, for all the following work with N.
coxensis, E27, TM1m, and ISP2lm were used.

2.5. Expression of VanY-like Activity in N. coxensis. As
already mentioned, the noc BGC encodes a Dbv7 ortho-
logue—Noc27. We therefore tested whether b,n-carboxypepti-
dase activity could be detected in GPA-producing cultures of
N. coxensis. This was measured in membrane extracts as
previously reported for N. gerenzanensis and its mutant
strains.”® D,D-carboxypeptidase activity was measurable in N.
coxensis extracts, although at an inferior level than in N.
gerenzanensis (Figure S11). This indicated that Noc27 is
functional and its expression correlates with the antimicrobial
producing conditions. These results corroborate the hypothesis
that noc genes are expressed and a novel GPA active versus B.
subtilis is produced by N. coxensis. As in dbv*” and WAC 01424
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Figure 4. MS characterization of novel GPA complex produced by wild type N. coxensis grown in ISP2lm and TM1m media for 7 days. (a)
Extracted ion chromatograms (EICs) of masses corresponding to A40926 B (left column) and the major components of the A50926 complex
produced by N. coxensis WT, A50926 B (m/z 8593, second column), and A50926 A (m/z 8523, third column). The top row corresponds to a
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Figure 4. continued

commercial standard of A40926 and the middle and bottom rows to culture extracts from ISP2lm and TM1m, respectively. For each mass, peak
heights are normalized relative to the intensity of the largest peak in the sample set, shown in brackets at the top of each column. (b) MS spectra for
A40926 B, A50926 B, and A50926 A. Peak heights are normalized to the intensity of the top peak in each spectrum, shown on the top right corner
of each plot. Signature in-source fragments for each of the analyzed molecules are circled in pink, blue, and green, respectively, whereas the
fragment corresponding to the mannosylated aglycone common to all of them is highlighted in yellow. (c) Proposed structure for the AS0926
molecules. The top schematic represents a generic proposed structure common to A40926 and A50926 while the insets below represent the
differential fragments for each of the analyzed molecules, as inferred from MS and MS/MS data.
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Figure $. Production of A40926 in N. coxensis pSAD29" grown in ISP2Im for 7 days. (a) EICs for masses corresponding to A40926 B (red trace),
A50926 B (purple), and A50926 A (green) in purified extracts of N. coxensis pSAD29" (top chromatogram) and N. coxensis WT (middle) in
comparison to an A40926 commercial standard. The intensity for the top peak in each chromatogram is shown in brackets under the sample name.
(b) MS spectrum of A40926 B from N. coxensis pSAD29* cultures. Monoisotopic masses corresponding to [M + 2H]** and [M + H]* adducts are
highlighted in red, and the deviation between the observed accurate mass and the predicted mass for A40926 is represented in parts per million. (c)
MS/MS spectra of A40926 B produced by N. coxensis pSAD29" and an A40926 B commercial standard.

BGCs, a vanY gene seems to be the only cluster-situated affinity chromatography. Analyzed by HPLC, the affinity resin

determinant of self-resistance in N. coxensis.

eluates contained two major peaks with the characteristic UV

2.6. Purification and Identification of the Novel spectra of the commercially available A40926 standard, but
Glycopeptide Complex Produced by N. coxensis. b- with a different retention time (Figure 512). LC-MS analysis of
Alanine-p-Alanine (p-Ala-p-Ala) affinity resin chromatography these peaks revealed they corresponded to ions with m/z 852.3
was used to capture the putative GPA from cultures of N. and 859.3 ([M + 2H]**), 28 and 14 Da smaller respectively

coxensis grown in [SP2lm and TM1m media. ISP2Im appeared than an A40926 standard ([M + 2H]*" = 866.3, corresponding
to be the most suitable medium for GPA purification, since the to A40926 B). We therefore tentatively named this new GPA
rich composition and high viscosity of TM1m interfered with complex AS0926 (Figure 4a and c).
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Figure 6. Time courses of N. coxensis wild type and of the recombinant strains overexpressing dbv3 (pSAD3") and dbv4 (pSAD4") cultivated in
ISP2lm (a) or TM1m (b) in 500 mL Erlenmeyer flasks. pH (filled circles), biomass accumulation (empty squares), and A50926 production were
monitored every 24 h. Results given are mean values of three independent experiments, and error bars represent standard deviations.

All three molecules showed similar MS spectra with single,
double, and triple charge proton adducts as well as in-source
fragments corresponding to the aglycone carrying the mannose
moiety and the GlcN-Acyl moiety (Figure 4b,c). The
mannosylated aglycone fragment (m/z 1374.3) was common
to all three peaks (Figures 4b and S13), indicating that they
share the same aglycone structure and mannose decoration. In
contrast, the in-source fragment corresponding to the acylated
sugar carried the signature mass difference for each molecule
(Figures 4b, S14, and $15): the main A50926 peak ([M + H]*
1717.5361) had a fragment with m/z 344.2, whereas the

72

923

A40926 standard had a fragment with m/z 358.22 (Figures 4b,
§14, and S15). Further MS and MS/MS analyses of these
fragments (Figures S14 and 516) allowed us to assign this 14
Da mass difference to the glucosamine moiety. The masses are
consistent with this sugar featuring a regular 6-hydroxyl group
in AS0926 versus being carboxylated in A40926 (Figures 1, 3,
4c, S14, S15, and S16). This correlates with the lack of a
homologue of dbv29 in the noc BGC, as it encodes the enzyme
responsible for the oxidation of the C-6 hydroxyl group of
GlcN-Acyl into a carboxylic acid in A40926. The second
AS50926 peak ([M + H]* = 1703.5172) had a further 14 Da

https/doi.org/10.1021/acschembio. 100170
ACS Chem. Biol. 2021, 16, 915-928



ACS Chemical Biology

pubs.acs.org/acschemicalbiology

mass difference in the GlcN-Acyl moiety (Figures 4b and 514),
but in this case MS/MS showed this difference to be in the acyl
chain (Figure S$16), which is consistent with an AS0926
congener with a C11 acyl chain instead of a C12 acyl chain.
This is equivalent to the A and B series of congeners in the
A40926 complex.”’ Based on this analysis and accurate mass
data (Figure 4b), we named the compound with [M + H]" =
1717.54 A50926 B (Figure 4c) and the compound with [M +
HJ]* = 1703.52 A50926 A (Figure 4c).

2.7. Single Gene Expression Leads to A40926
Production in N. coxensis. To support our MS-based
characterization of A50926, we hypothesized that we could
convert N. coxensis into an A40926 producer by overexpression
of the dbv29 gene from N. gerenzanensis, which encodes the
hexose oxidase required for oxidation of the C-6 hydroxyl
group of GlcN-Acyl into the corresponding carboxylic acid. To
achieve this, we used the pSET152A expression platform,
which has proven to be very effective for pene overexpression
in both N. coxensis and N. gerenzanensis.” dbv29 was cloned
into pSET152A to generate pSAD29, which was then
introduced into N. coxensis by conjugation from Escherichia
coli. N. coxensis pSAD29" was grown in ISP2lm medium for
168 h, and the resulting GPA complex was purified using D-
Ala-p-Ala affinity resin. LC-MS analysis determined that N.
coxensis pSAD29" was able to produce a molecule with an
identical retention time and MS spectrum to that of A40926
(observed m/z 1731.5181, calculated A40926 [M + HJ*
1731.5107, 4.27 ppm difference) (Figure Sa and b).

MS/MS analysis of the molecule showed it also had an
identical fragmentation pattern to the A40926 standard,
including the in-source fragment with m/z 35822 character-
istic of the carboxylated GlcN-Acyl moiety (Figures 5c and
§17). Traces of A50926 could also be detected in the extract of
the complemented strain, indicating that while complementa-
tion was very efficient, conversion from A50926 to A40926 was
not complete (Figure Sa). Alongside the BGC homology
(Figure 2), this provides strong evidence that AS0926 is
chemically identical to A40926 with the exception of the
carboxylated GleN-Acyl. However, we cannot completely rule
out small differences, such as acyl chain branching.

2.8. Heterologous Expression of Transcriptional
Regulators dbv3 and dbv4 to Enhance the Production
of A50926 in N. coxensis. In previous work, we overex-
pressed the two dbv BGC situated master regulators in N.
gerenzanensis (dbv4 and dbv3) to successfully improve A40926
production.” Therefore, hereby we used the previously
constructed expression vectors pSAD4 and pSAD3 carrying
dbv4 and dbv3, respectively, in N. coxensis to trigger and
improve A50926 production. First, we observed that N.
coxensis pSAD3" and pSAD4" recombinant strains grown in
the E27 and VSP vegetative media produced an antimicrobial
activity against B. subtilis (Figure SISA), whereas their parental
wild type strain did not exhibit any antimicrobial activity in
these media. Overexpression of dbv3 also triggered antimicro-
bial activity on VMO.1 and ISP2 solid media, whereas the wild
type was not active (Figure S18B). Consistently, in both
ISP2lm and TM1m production media N. coxensis pSAD3" and
PSAD4" produced more antibiotic than the wild type (Figures
S18C and 6a and b). In ISP2Im (Figure 6a), at 192 h N.
coxensis pSAD3" reached the maximum production of
approximately 45 pg mL™', exceeding both wild type
(approximately 20 pg mL™') and N. coxensis pSAD4"
(approximately 30 yg mL™") productivities. In TM1m medium
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(Figure 6b), N. coxensis pSAD3" produced approximately 50
pg mL™ after 192 h of cultivation. At the same time point in
TMIm the wild type and N. coxensis pSAD4" produced
approximately 16 and 22 pgg mL™" of antibiotic, respectively.
The control strain carrying the “empty” pSET1S2A vector
performed exactly as the wild type (data not shown). No
significant differences between biomass accumulation or pH
were observed among the recombinant strains, or in
comparison with the parental N. coxensis wild type strain.
Thus, overexpression of dbv3 and dbv4 regulatory genes
triggered or improved the production of A50926 in N. coxensis
under different cultivation conditions.

3. CONCLUSIONS

A novel GPA, A50926, was identified from N. coxensis DSM
45129. Detailed MS and MS/MS analysis indicates that
A50926 differs from the previously characterized A40926 GPA
by lacking the carboxyl group on the GlcN-Acyl moiety
attached to Hpg# of the GPA aglycone, resembling teicoplanin
in this part of the molecule. A compound with the same
chemical structure was described 25 years ago as’a chemically
prepared derivative of A40926 (named RA™). Extensive study
of antibacterial activities of RA in vitro™ indicated that RA has
slightly better antimicrobial activity than A40926: minimal
inhibitory concentrations (MICs) of RA were 2—4 times lower
against different staphylococcal and enterococcal strains when
compared to A40926. The difference of chemical structure
between the newly described A50926 and A40926 correlates
with the absence of dbv29 orthologue in the A50926 BGC
(noc). Consistently, when dbv29 was introduced into N.
coxensis, we obtained A40926 production in the recombinant
strain. Otherwise, both noc and dbv BGCs share all
biosynthetic genes, which are closely related. Heterologous
expression of A40926 regulatory genes dbv3 and dbv4 in N.
coxensis improved A50926 production.

Although the majority of noc and dbv genes are orthologous,
the dbv BGC is significantly rearranged in comparison to the
noc BGC, as well as all other characterized GPA BGCs. We
have proposed a series of genetic inversions that could have
occurred in a common Nonomuraea ancestor to explain these
different genetic architectures. Both BGCs are quite similar to
the putative GPA BGC from Nonomuraea sp. WAC 01424
The latter lacks genes required for the addition of mannose,
but possesses a gene encoding a sulfotransferase and an
additional gene encoding a halogenase. Thus, the putative
nonmannosylated GPA from Nonomuraca sp. WAC 01424
might be sulfated and have a different chlorination pattern than
A40926/A50926. Consequently, Nonomuraea sp. WAC 01424
GPA BGC seems an attractive source for new tailoring genes
to obtain A40926 derivatives with altered pharmacological
properties. Notwithstanding the GPA BGC similarity, multi-
locus phylogeny of Nonomuraea spp. shows that GPA
producers are not clustered together: GPA producers are
found in distinct clades within the genus. Our analysis
indicates that type IV and V GPA BGCs are common in
Nonomuraea spp., which is in contrast to how rare these BGCs
were believed to be. This is comparable to studies that show
that BGCs for types I-III-IV GPAs are common in
Ampycolatopsis, and type V GPAs in Streptnmyces.lf'“'” This
highlights how rare actinomycete genera, such as Nonomuraea,
may represent a rich untapped source of novel GPAs, as well as
GPA tailoring enzymes for the diversification of existing GPA
scaffolds.

httpsy/doi.org/10.1021/acschembio 1c00170
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4. METHODS

4.1. Bacterial Strains and Cultivation Conditions. Bacterial
strains and plasmids used in this work are summarized in Table S6.
Compositions of all the media used for cultivation and GPA
production are also given in the Supporting Information. All media
components and antibiotics were supplied by Sigma-Aldrich, unless
otherwise stated. For routine maintenance, N. gerenzanensis and N.
coxensis strains were cultivated on ISP3 agar medium supplemented
with 50 pg mL™" apramycin-sulfate when appropriate. For genomic
DNA isolation, N. gerenzanensis and N. coxensis strains were cultivated
in liquid VSP medium on an orbital shaker at 220 rpm and at 30 °C.
The working cell banks (WCBs) for N. gerenzangnsis and N. coxensis
strains were prepared as described previously. E. coli DHSer was
used as a routine cloning host, and E. coli ET12567 pUZ8002 was
used as a donor for intergeneric conjugations. E. coli strains were
cultivated at 37 °C in LB liquid or agar media supplemented with 100
pg mL™" of apramycin-sulfate, 50 g mL™" of kanamycin-sulfate, and
25 pg mL™" of chloramphenicol when appropriate.

4.2. Plasmid Construction and Generation of Recombinant
N. coxensis Strains. To construct the pSAD29 expression vector, the
coding sequence of dbv29 (1601 bp) was amplified from the genomic
DNA of N. gerenzanensis using dbv29 F/R primer pair (Table §7)
and QS high-fidelity DNA polymerase (New England Biolabs). The
resulting amplicon was digested with EcoRI and EcoRV restriction
endonucleases and cloned into pQETISZAMh cleaved at the same
binding sites. The resulting plasmid was verified by endonuclease
restriction mapping and sequencing at BMR Genomics.

pSAD29, as well as pSAD3,” pSAD4," and pSET1524,"" were
transferred to N. coxensis conjugatively, as described previously.®
Transconjugants were selected as resistant to 50 wg mL™ of
apramycin-sulfate. Obtained strains were verified by PCR. To verify
the integration of pSAD29, a ~1.1 kbp fragment of pSAD29 was
amplified using the dbv29 seq int/PAM_seq R (Table S7) primer
pair, in which dbv29 seq int anneals within dbv29 and PAM seq R
anneals upstream the EcoRV cleavage site of pSET152A. To verify the
integrations of pSAD4 and pSAD3, ~1 kbp and ~2 kbp fragments
were amplified respectively using PAM_seq F/dbv4 R and PAM -
seq_F/dbv3_seq R primer pairs (Table S7). Finally, the integration
of pSET152A was verified by amplifying aac(3)IV with the
aac(3)IV_F/R primer pair (Table 57). In all cases, genomic DNA
was isolated using the Kirby pmcedure.'m

4.3. N. coxensis Cultivation for A50926 Production. To
initiate the cultivation of N. coxensis, one WCB vial was inoculated
into a 250 mL Erlenmeyer flask with 50 mL of VSP reactivation
medium containing 6 glass beads (05 mm). After 72 h of incubation
on a rotary shaker at 220 rpm, 30 °C the culture was used to inoculate
(10% v/v) 500 mL Erlenmeyer flasks containing 100 mL of E27
vegetative medium and 12 glass beads (@ 5 mm). Following 72 h of
incubation on a rotary shaker at 220 rpm, 30 °C this culture was used
to inoculate (10% v/v) 500 mL Erlenmeyer flasks with 100 mL of
ISP2lm or TM1m production media containing 12 glass beads (2 §
mm). A50926 production cultures were then incubated up to 240 h
on a rotary shaker at 220 rpm, 30 °C. Samples were collected at
regular time points to estimate biomass accumulation (dry weight),
pH, and A50926 production.

4.4. VanY-Related Activity Measurement. b,p-carboxypepti-
dase activity in Nonomuraea spp. was measured in FM2 production
medium (N. gerenzanensis) and ISP2lm (N. coxensis) at 24, 48, 72, 96,
120, and 144 h time points. Mycelial lysates were prepared as
described previously.’™ The enzyme activity releasing p-Ala from the
tripeptide  N-Acetyl-L-Lys-p-Ala-p-Ala (10 mM) was followed
spectrophotometrically by a n-amino acid oxidase/peroxidase coupled
reaction that oxidizes the colorimetric substrate 4-aminoantipyrine to
chinonemine. p,p-carboxypeptidase activity was normalized to dry
biomass weight, as previously reported.™ One unit is defined as the
amount of enzyme that is able to convert 1 umol of substrate in 1
min.

4.5. HPLC and LC-MS Analysis of GPAs. For quantitative
measurement, A40926 and A50926 were extracted from N. coxensis
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cultures with equal volumes of borate buffer composed of 100 mM
H,;BO, (Sigma-Aldrich) and 100 mM NaOH (Sigma-Aldrich), pH
12. During this extraction the O-acetylated forms were converted in
the corresponding deacetylated GPAs A40926 and A50926. A40926
and A50926 were analyzed using HPLC as previously reported. e
In all cases the injection volumes of studied samples and standards
were the same (S0 pL). Concentration of A50926 was estimated as
follows:

. mg
A50926 concentration i

C(A40926 std) x A(AS0926)
A(A40926 std)

Where, C(A40926 std) is the concentration of the commercial
A40926 sample; A(AS50926) is the area sum of the peaks
corresponding to A50926 B; A(A40926 std) is the area of the peak
corresponding to the standard A40926 factor By; and 2 is the dilution
factor.

High resolution liquid chromatography—mass spectrometry (LC-
MS) and fragmentation (MS/MS) analysis of A40926 and A50926
was carried out on a SYNAPT G2-Si mass spectrometer equipped
with an Acquity UPLC (Waters). Samples were injected onto a
Waters Acquity UPLC BEH 1.7 gm, 1 X 100 mm C18 column, and
eluted with a gradient of (B) acetonitrile/0.1% formic acid in (A)
water/0.1% formic acid with a flow rate of 0.08 mL min~" at 45 °C.
The concentration of B was kept at 1% for 2 min followed by a
gradient up to 40% B over 9 min, ramping to 99% B in 1 min, kept at
99% B for 2 min and re-equilibrated at 1% B for 4 min. MS data were
collected in positive mode with the following parameters: resolution
mode, scan time 0.5 s, mass range m/z 50—2000 calibrated with
sodium iodide, capillary voltage = 2.5 kV; cone voltage = 40 V; source
temperature = 120 °C; desolvation temperature = 350 °C. Leu-
enkephalin peptide was used to generate a lock-mass calibration with
m/z 556.2766 for positive mode, measured every 90 s during the run.
For MS/MS fragmentation, a data directed analysis (DDA) method
was used with the following parameters: precursor selected from the 4
most intense ions; MS/MS threshold S000; scan time 2 s; no dynamic
exclusion. Collision energy (CE) was ramped between 8 and 35 at low
mass (m/z 50) and 10—70 at high mass (m/z 1200).

4.6. Purification of GPAs Using p-Ala-o-Ala Based Affinity
Resin. GPAs were purified by affinity chromatography with a b-
Alanine-p-Alanine (p-Ala-p-Ala) based resin. Activation of § mL
HiTrap NHS-activated HP affinity columns (GE Healthcare) and
ligand binding was conducted as described before’” with modifica-
tions. Briefly, the resin was activated with 30 mL of 1 mM HCI,
followed by injection of 200 mM p-Ala-p-Ala dipeptide, dissolved into
5 mL of coupling buffer (02 M NaHCQ;, pH 7.0). After 30 min
incubation, the resin was washed with three cycles of 0.5 M
ethanolamine hydrochloride, 0.5 M NaCl (pH 4.0, 30 mL), followed
by 0.1 M sodium acetate, 0.5 mM NaCl (pH 4.0, 30 mL), alternately.
Finally, the resin was washed with 50 mL coupling buffer and left to
equilibrate for at least 1 h before use.

N. coxensis cultures were extracted in borate buffer as reported
above, the pH in the obtained extracts was adjusted to 7.5 with HCI,
and they were applied to the affinity chromatography system. Thus,
extracts in borate buffer, coming from N. coxensis strains cultivated in
TM1m or ISP2Im media, were filtered with 0.45 ym cutoff and loaded
onto a p-Ala-n-Ala column at a flow rate of 0.5 mL min~'. After
extensive washing with coupling buffer, the bound GPA was eluted
with 0.1 M NaOH and the eluate was lyophilized.

4.7. Bioassays for the Detection of A50926. Agar plug or
Whatman paper disc (GE Healthcare) antibiotic diffusion assays were
used to determine antimicrobial activities. An overnight B. subtilis
ATCC 6633 culture in Mueller-Hinton broth II (cation adjusted,
Sigma-Aldrich) was used to inoculate (1% v/v) a fresh culture, which
was grown to ODgyy = 0.6. A 200 uL portion of this culture was then
added to 25 mL of 0.7% (w/v ) Mueller-Hinton agar (Condalab) and
plated. After solidification of the media, agar plugs cut from the plates
with N. coxensis lawns, or Whatman paper discs containing GPAs,
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were placed on the agar surface. Bioassay plates were incubated for 16
h at 37 °C before examination.

4.8. Sequencing and Annotation of the N. coxensis
Genome. The genome of N. coxensis was sequenced using a
combination of HiSeq Illumina and GridlON ONT technologies. The
Mumina data was obtained from SRA (PRINA165411), while for the
ONT data, a sequencing library (SQK-LSK109) was prepared using
the Ligation Sequencing Kit (Oxford Nanopore Technologies)
according to the manufacturer’s instructions and run on a GridlON
sequencer in an R9.4.1 flowcell (both Oxford Nanopore Technolo-
gies). Base-calling of the raw data was performed with GUPPY-FOR-
GRIDION v3.0.6. The assembly and polishing were performed as
described previously,* using canu v.1.8 instead of v.1.6. The ONT
data was assembled into 5 contigs, while the Illumina data were
assembled into 87 scaffolds containing 310 contigs using NEWBLER
v2.8. After manual curation using CONSED," the complete genome
of N. coxensis DSM 45129, consisting of one circular chromosome of
9,073,954 bp (72.12% G + C) was obtained. Annotation was
performed using PROKKA v1.11°" resulting in the prediction of 8,398
coding sequences (CDS), 5 rRNA operons, 73 tRNAs, and 5
noncoding RNA elements. The annotated genome and ONT raw data
were deposited at DDBJ/ENA/GenBank under the BioProject
accession number PRINA693185.

4.9. In Silico Analysis Tools and Approaches. Routine analysis
of nucleotide and amino acid sequences was performed in
GENEIOUS v4.8.5.°" Multiple sequence alignments, selection of
the best models for the phylogenetic reconstruction and phylogenetic
reconstruction itself were done with the MEGA X package.”” To
reconstruct the multilocus phylogeny of Nonomuraea, orthologues of
30 . coelicolor house-keeping proteins (Table 53,”*) were identified
within the genomes of 34 Nonmomuraea spp. (Table $2) using
reciprocal best hit (RBH) BLAST. Sequences of these proteins from
each Nonomuraea spp. were concatenated, and these concatenates
were used for the upstream phylogenetic reconstruction.
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Composition of media used in the study:
Unless otherwise stated, components are from Sigma-Aldrich, St. Louis, MO, United States.

ISP2 (g/L of distilled water):
Yeast extract — 4;

Malt extract — 10;

Dextrose — 4;

Agar —20;

pH7.5.

ISP21 (g/L of distilled water):
Yeast extract — 4;

Malt extract — 10;

Dextrose — 4;

pH 7.5.

ISP2Im (g/L of distilled water):
Yeast extract — 4;

Malt extract — 10;

pH 7.5.

ISP3 (g/L of tap water):

Fine ground whole oats (Kozub, Poltava, Ukraine) — 34;
Agar —20;

pH 7.5.

VSP (g/L of distilled water):

Soluble starch (Difco, Franklin Lakes, NJ, United States) — 24;
Dextrose — 1;

Meat extract — 3;

Yeast extract — 3;

Tryptose — 5;

L-proline — 0.5;

Sucrose — 50;

pH7.5.

VMO.1 (g/L of distilled water):
Soluble starch (Difco) — 2.4;
Dextrose —0.1;

Meat extract — 0.3;

Yeast extract — 0.5;

Tryptose — 0.5;

Agar —20;

pH7.2.

E25 (g/L of distilled water):
Dextrose — 25;
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Meat extract — 4;
Yeast extract — 1;
Soybean flour — 10;
Bacto peptone — 4;
NaCl-2.5;

pH7.5

E26 (g/L of distilled water):
Dextrose — 25;

Soy flour — 20;

Yeast extract — 4;

NaCl - 1.25;

CaCO;—5;

pH 7.5.

E27 (g/L of distilled water):
Soy flour — 20;

Yeast extract — 4;

NaCl - 1.25;

CaCO;—5;

pH 7.5.

R5 (g/L of distilled water):
Sucrose — 103;

Glucose — 10;

K,S0,—0.25;

MgClL x 6 H,O 10.12;
Casamino acids — 0.1;

Yeast extract— 5;

TES buffer — 5.73;

Trace elements solution! — 2 mL
pH7.2

ddH,0O add up to 900 ml.

To be added at the time of use:
CaCl, 3.68% (w/v) 80 mL
KH,P0O, 0.54% (w/v) 10 mL
L-proline 20% (w/v) 15 mL

FM2 (g/L of distilled water):
Dextrose — 30;

Soy flour — 30;

Yeast extract — 8;

Malt extract — 15;
CaCO;—5;

L-valine — 1;

pH 7.5.

TM1 (g/L of distilled water):
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Dextrose — 10;
Malt extract — 30;
Yeast extract — 2.5;
Soybean flour —15;
CaCO; —4;

pH 7.5.

TM1m (g/L of distilled water):

Malt extract — 30;
Yeast extract — 2.5;
Soybean flour —15;
CaCO; —4;

pH 7.5.
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Table S1. Summary of the putative BGCs predicted within N. coxensis genome using

antiSMASH
BGC-  Location, bp Most similar BGC in MIBIG Comments
like database/ similarity (%)
region
1 219,542-229750  desferrioxamine E BGC from Identical to
Streptomyces sp. ID38640/100 desferrioxamine E BGC
2 309,384-330,034  blasticidin S biosynthetic gene Only two genes show
cluster from Streptomyces similarity to  blasticidin
griseochromogenes/7 BGC
3 1,918,176- no Putative HIV-1 Rev
1,932,871 response element
containing BGC
4 2,580,016- isorenieratene BGC from Only two genes show
2,596,430 Streptomyces ~ griseus ~ subsp. similarity to isorenieratene
griseus NBRC 13350/28 BGC
5 2.605,255- natamycin BGC from Encodes for an NRPS-PKS
2,664,589 Streptomyces gilvosporeus/9 hybrid, two genes for ABC
transporters share
similarity to transporter
genes from natamycin
BGC
6 2,667,388- lysolipin I biosynthetic gene Contains type I PKS and
2,731,534 cluster from Streptomyces NRPS  genes, putative
tendae/43 tailoring  genes  share
similarity to lysolipin I
BGC tailoring genes
7 2,813,563- A40926 BGC from N. noc BGC
2,896,967 gerenzanensis/61
8 2,931,058- acarviostatin 103 BGC from Only six genes show
2,989,541 Streptomyces coelicoflavus similarity to acarviostatin
ZG0656/22 103 BGC
9 4,126,909- no Putative class v
4,149,389 lanthipeptide BGC
10 3,075,747- chlortetracycline @ BGC  from Only two genes show
3,094,693 Kitasatospora aureofaciens/S similarity to
chlortetracycline BGC
11 4,241,436~ kirromycin BGC from Four genes show similarity
4,337,989 Streptomyces collinus Tii 365/10  to kirromycin BGC
12 5,036,130- meridamycin BGC from Transporter gene shows
5,090,294 Streptomyces sp. NRRL 30748/5  similarity to meridamycin
BGC transporter
13 5,369,623- butyrolactol A biosynthetic gene Superficial similarity to
5,479,734 cluster from Streptomyces sp. butyrolactol A BGC
NBRC 110030/53
14 5,619,580- calicheamicin BGC from Only two genes show
5,685,245 Micromonospora echinospora/2 similarity to calicheamicin
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15

16

17

18

19

20

21

22

23

24

25

26

27

6,052,873-
6,094,253

6,544,775-
6,564,867
6,756,057-
6,797,112

7,117,439-
7,169,843
7,766,570-
7,773,806
7.947,755-
7,058,612
7,975,769-
7,998,173
8,119,609-
8,148,927
8,163,803-
8,209,012

8,274,638-
8,320,463
8,672,394-
8,685,664
8,703,672-
8,724,947
8,874,658-
8,903,559

mirubactin BGC from

Actinosynmema  mirum  DSM
43827/21

no

lagunapyrone A BGC fiom

Streptomyces sp. MP131-18/22

no
1o
no
no
1o

chlorothricin BGC from
Streptomyces antibioticus/6

murayaquinone BGC from
Streptomyces griseoruber/3

no

geosmin BGC from Nostoc
punctiforme PCC 73102/100
hopene BGC from Streptomyces
coelicolor A3(2)

Three transport-related
genes show similarity to
mirubactin BGC

Putative terpene BGC

Only two genes show
similarity to lagunapyrone
BGC

Putative NRPS/PKS BGC
Putative siderophore BGC
Putative RiPP BGC
Putative lassopeptide BGC
Putative betalctone BGC

Only two genes show
similarity to chlorothricin
BGC

One gene show similarity
to murayaquinone BGC

Putative siderophore BGC
Identical to geosmin BGC

Six genes show similarity
tp hopene BGC
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Table S2. Nonomuraea genomes available in GenBank.

Strain Assembly accession number Assembly
state
Nonomuraea sp. ATCC 39727 1.T559118.1 (GenBank accession) complete
(=N. gerenzanensis ATCC 39727) genome
Nonomuraea polychroma DSM 43925  ASM401150v1 single contig
Nonomuraea sp. FMUSAS-5 ASM1203427v1 contigs
Nonomuraea sp. 160415 ASM589312v1 contigs
Nonomuraea sp. SBT364 Nonomuraea sp. scaffolds
SBT364 SPAdes SSPACE
Nonomuraea sp. KC712 ASM434901v1 contigs
Nonomuraea sp. 6K102 ASM435280v1 contigs
Nonomuraea sp. K271 ASM990821v1 contigs
Nonomuraea sp. KC310 ASM434868v1 contigs
Nonomuraea sp. KC401 ASMS577475v1 contigs
Nonomuraea sp. CH32 ASM434899v1 contigs
Nonomuraea sp. KC201 ASM434834v1 contigs
Nonomuraea sp. KC333 ASM323639v1 contigs
Nonomuraea sp. NEAU-YG30 ASM331339v1 contigs
Nonomuraea kuesteri NRRL B-24325  ASM71613v1 contigs
Nonomuraea sp. PAOS ASMSB08604v1 contigs
Nonomuraea sp. pl410 ASM976092v1 scaffolds
Nonomuraea sp. WAC 01424 ASM394731vl contigs
Nonomuraea sp. NBRC 110462 ASM141775v1 few scaffolds
Nonomuraea sp. C10 ASMB01751vl few contigs
Nonomuraea sp. WYY166 ASM949707v1 complete
genome
Nonomuraea sp. ATCC 55076 ASM205745v1 complete
genome
Nonomuraea zeae DSM 100528 ASMS588972v1 contigs
Nonomuraea turkmeniaca DSM 43926 ~ ASM588973v1 contigs
Nonomuraea indica DRQ-2 ASM285074v1 scaffolds
Nonomuraea maritima CGMCC 4.5681 IMG-taxon 2675903066 annotated scaffolds
assembly
Nonomuraea coxensis DSM 45129 ASM37988v1 scaffolds
Nonomuraea candida NRRL B-24552  Doro.v1.0 scaffolds
Nonomuraea jiangxiensis CGMCC IMG-taxon 2675903065 annotated scaffolds
4.6533 assembly
Nonomuraea pusilla DSM 43357 IMG-taxon 2599185218 annotated scaffolds
assembly
Nonomuraea wenchangensis CGMCC  IMG-taxon 2675903060 annotated scaffolds
4.5598 assembly
Nonomuraea fuscirosea CGMCC ASM300193v1 contigs

4.7104
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Nonomuraea solani CGMCC 4.7037 IMG-taxon 2675903140 annotated contigs
assembly
Nonomuraea phyllanthi PA1-10 ASM633498v2 contigs
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Table S3. Set of house-keeping proteins used for reconstruction of multi locus phylogeny (MLP)

of Nonomuraea species and locus tags of their orthologues in S. coelicolor.

Protein

Protein in 8. coelicolor

308S ribosomal protein S5 201
Dimethyladenosine transferase (KsgA) 286
Ribosomal protein S13 126

30S ribosomal protein S7 156

508 ribosomal protein L13P 147
Elongation factor Tu 397

30S ribosomal protein S9 170

50S ribosomal protein L11 144

30S ribosomal protein S15 95

508 ribosomal protein L1 241
Ribosomal protein S19 93

Gyrase B 686 RNA polymerase B' subunit
(RpoC) 1299

Gyrase A 857 508

508 ribosomal protein L10/L16 176
Ribosomal protein L4 219

Preprotein translocase subunit SecY 437
Ribosomal protein 1.2 278

RNA polymerase subunit alpha 340

508 ribosomal protein 1.22 125
Threonyl-tRNA-synthetase 658

30S ribosomal protein S3 277
Molecular chaperone DnaK (Hsp70) 618
50S ribosomal protein 1.14 122
Chaperonin GroEL (Hsp60) 541
Ribosomal protein L5 185
O-sialoglycoprotein endopeptidase

374 308 ribosomal protein S8 132
Phosphatidate cytidylyltransferase 391
508 ribosomal protein L6 179
CDP-diglyceride synthase (CdsA) 391
Ribosomal protein L3 214

SCO4719
SCO3149
SCO4727
SCO4660
SCO4734
SC0O4662
SCO4735
SCO4648
SCO5736
SCO4649
SCO4706
SCO4655

SCO3873
SCO4652
SCO1505
SC04722
SCO5624
SCO4792
SC0O4707
SCO3778
SC04708
SCO3671
SC04712
SCO4762
SCO4714
SCO4752
SCO4716
SCO5628
SCO4717
SCO5628
SCO4702
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Table S4. Prediction of NRPS A-domain specificities in noc-encoded and related GPA NRPSs;
Hpg — 4-hydroxyphenylglycine; Tyr — tyrosine; Dpg — 3,5-dihydroxyphenylglycine; Bht — -
hydroxytyrosine. A-domain specificities were predicted using NRPSpredictor2?.

Position
of the A-domain specificity
A- Extracted prediction, based on the
BGC NRPS domain Stachelhaus code Stachelhaus code
dbv Dbv25 Al DAFHLGLLCK  Hpg
A2 DASTVAAVCK  Tyr
Dbv26 A3 DAYNAGTLCK Dpg
Dbv17 A4 DIFHLGLLCK Hpg
A5 DALHLGLLCK  Hpg
A6 DASTVAAVCK Tyr
Dbv16 A7 DPYHGGTLCK Dpg
noc NocA Al DAFHLGLLCK  Hpg
A2 DASTVAAVCK  Tyr
NocB A3 DAYNAGTLCK Dpg
NocC A4 DIFHLGLLCK Hpg
A5 DATLHLGLLCK  Hpg
A6 DASTVAAVCK  Tyr
NocD A7 DPYHGGTLCK  Dpg
WACO01424 WP 125645195 Al DAYHLGLLCK  Hpg
GPA BGC A2 DASTVAAVCK Tyr
WP_125645193 A3 DAYNAGTLCK Dpg
WP 125645191 A4 DIFHLGLLCK Hpg
A5 DAILHLGLLCK  Hpg
A6 DASTVAAVCK Tyr
WP 125645189 A7 DPYHGGTLCK  Dpg
tei TelA Al DAFHLGLLCK  Hpg
A2 DASTVAAVCK  Tyr
TeiB A3 DAYNLGTLCK  Dpg
TeiC A4 DIFHLGLLCK Hpg
A5 DALHLGLLCK  Hpg
A6 DASTIAGVCK Tyr
TeiD A7 DPYHGGTLCK  Dpg
NRRL AIE77057.1
2430 Al DACHLGLLCK  Hpg
ristocetin A2 DTSKTAAICK Bht
BGC AIE77058.1 A3 DPYNQGTFCK  Dpg
AIE77059.1 A4 DIFHLGLLCK Hpg
A5 DAVHLGLLCK  Hpg
A6 DASTLGAICK Bht
AIE77060.1 A7 DPYHGGTLCK  Dpg
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Table S5. Sources and accession numbers of GPA BGC-encoded halogenases and
sulphotransferases used for the phylogenetic reconstruction in Figure S7.

Protein
accession
Sulphotransferase = number Source
Tegl2 ACI60995 Uncultured soil bacterium clone D30 TEG GPA
biosynthetic gene cluster (BGC)
Tegl3 ACJ60996 Uncultured soil bacterium clone D30 TEG GPA BGC
Tegl4 ACJ60997 Uncultured soil bacterium clone D30 TEG GPA BGC
n/a AGO98990 Streptomyces sp. WAC4229 pekiskomycin BGC
Pek25 AGF91760 Streptomyces sp. WAC1420 pekiskomycin BGC (pek)
n/a AGS49779 Uncultured bacterium esnapdl 5 GPA BGC
Stal. AAMBSB0529 Streptomyces tovocaensis NRRL 15009 A47934 BGC
(sta)
n/a WP_125645175 Nonomuraea sp. WAC01424 GPA BGC
Auk20 AGS77324 Actinaplanes sp. ATCC 53533 UK-68,597 BGC (auk)
n/a WP_030455526 Herbidospora cretaceae, sulphotransferase with
unknown function
Protein
accession
Halogenase number Source
Vegl3 ACJ60955 Uncultured soil bacterium clone B128 VEG GPA BGC
VhaA CCD33142 Amyeolatopsis orientalis ATCC19795 vancomycin
BGC
BhaA CAAT763550 Amycolatopsis balhimycina DSM 5908 balhimycin
BGC
CepH n/a Amycolatopsis orientalis chloroeremomycin BGC (cep)
n/a AGO98992 Streptomyces sp. WAC4229 pekiskomycin BGC
Pek27 AGF91762 Streptomyces sp. WAC1420 pekiskomycin BGC (pek)
WP_125645180 Nonomuraea sp. WAC01424 GPA BGC
Tegl6 ACJ60999 Uncultured soil bacterium clone D30 TEG GPA
biosynthetic gene cluster (BGC)
Dbv10 CAD91205 Nonomuraea gerenzanensis ATCC 39727 A40926
BGC (dbv)
Noc24 n/a Nonomuraea coxensis DSM 45129 A50926 BGC (noc)
ComH AAKS81830 Streptomyces lavendulae complestatin BGC (com)
KisU AQZ69237 Nonomuraea sp. ATCC 55076 kistamicin BGC (kis)
n/a WP 173522348  Nonomuraea sp. NN258 kis-like GPA BGC
Auk21 AGS7T7325.1 Actinoplanes sp. ATCC 53533 UK-68,597 BGC (auk)
n/a AGS49782 Uncultured bacterium esnapdl5 GPA BGC
Tei8 CAG15020.1 Actinoplanes teichomyeeticus ATCC 31121 teicoplanin
BGC (tei)
CA915-35 ADUS6156 Uncultured organism CA915 GPA BGC
Auk23 AGS7T7327.1 Actinoplanes sp. ATCC 53533 UK-68,597 BGC (auk)
CA37-38 ADU56061 Uncultured organism CA37 GPA BGC
n/a WP_125645176  Nonomuraea sp. WAC01424 GPA BGC
n/a AGS49780 Uncultured bacterium esnapdl5 GPA BGC
StaK AAMS0530.1 Sireptomyces toyocaensis NRRL 15009 A47934 BGC

(sta)
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SCO1275

25CG18

Streptomyces coelicolor A3(2), halogenase with
unknown function

n/a — not available.
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Table S6. Bacterial strains and plasmids used in this work.

Name

Description

Source or reference

N. gerenzanensis

N. coxensis
B. subtilis
N. coxensis pSET152A

N. coxensis pSAD3™

N. coxensis pSAD4~

N. coxensis pSAD29+

E. coli DH5a.
E. coli ET12567 (pUZ8002%)

pSETI52A

PSAD3

pSAD4

PSAD29

Wild type, A40926 producer
Wild type, A50926 producer
GPA test-culture

Wild type derivative carrying
pSET152A

Wild type derivative carrying
pPSAD3

Wild type derivative carrying
PSAD4

Wild type derivative carrying
pSAD29

General cloning host

(dam-13::Tn9 dem-6),
pUZ8002" (AoriT), used for

conjugative transfer of DNA into

Nonomuraea spp.

PSET152 derivative, containing

aac(3)IVp from pII773

PSET152A derivative,
containing dbv3 under the
control of aac(3)IVp

PSET152A derivative,
containing dbv4 under the
control of aac(3)IVp

PSETI152A derivative,
containing dbv29 under the
control of aae(3)IVp

ATCC 39727
DSM 45129
ATCC 6633

This work

This work

This work

This work

MBI Fermentas
1

This work
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Table S7. Oligonucleotide primers used in this work.

Primer Nucleotide sequence (5°-3°)* Purpose

dbv29 F TTTGATATCGGAGGGCGGTGGTGACCGGCGGCAC Cloning of
dbv29

dbv29 R TTTGAATTCTCAGGGCCGGATCGACAACGCG mto
PSETI52A

PAM seq F GATGTCATCAGCGGTGGAG Verification

PAM seq R TGAGCGGATAACAATTTCA of

dbv29 seq int TGTCACGGCAGTTCGGCTC recombinant

dbv3 seq R CCAGCGCTGGACCGCCTGC strains

dbvd R TTTGAATTCTCCACTCGTGCTCATCCAG

aac(3)IV_F ATCGACTGATGTCATCAGCG Amplification

aac(3)IV R CGAGCTGAAGAAAGACAAT of aac(3)IV

* recognition sites of restriction endonucleases are underlined.
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Figure S1. Comparison of kistamicin — kis® — BGC from Nonomuraea sp. ATCC 55076 with the
putative type V GPA BGC from Nonomuraea sp. NN258. The sequence of the latter was
reconstructed from three contigs of the Nonomuraea sp. NN258 genomic draft. Both clusters
share an identical genetic organization and the same numbers of genes; the corresponding protein
products possess high levels of amino acid sequence identity.
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Figure S2. MLP tree of Nonomuraea spp. whose genomic records are available (Table S2).
Well-supported clades containing GPA producers are highlighted in orange. Strains known to
possess GPA BGCs in their genomes are in blue. The tree was built using concatenated protein
sequences of 30 housekeeping proteins, orthologous to S. coelicolor proteins given in Table 3S.
Phylogeny was inferred using Mega X’ with Maximum Likelihood method and JTT matrix-
based model with Gamma distribution and invariable sites; final topology and bootstrap support
values (indicated at the base of the branching points) are based on 500 bootstraps.

17

94



A dbv
M. gerenzanensis Sl

B

§ Ui

Nonomuraca sp. ATCC 55076
e T

S tta) e

T 0T

kis
B C D )
i - S e .
™ H :
N o ‘_
Legens  : i i
i ] = =
07 j |
=

un.ooav Av B

WisE s e mM a3 B taw L R I

Figure S3. (A) MAUVE? alignment of N. gerenzanensis and Nonomuraea sp. ATCC 55076

ey

genomes; significant similarity of both genomes could be observed. Location of the insertion loci
for the dbv and kis BGCs is indicated in red. (B) Dot plots of the N. gerenzanensis and

Nonomuraea sp. ATCC 55076 chromosomes showing similarity of both genomes. (C) Dot plots

of N. coxensis and Nonomuraea sp. ATCC 55076 and (D) of N. coxensis and N. gerenzanensis,

showing that the genome of N. coxensis is less similar to the other two. Dot plots were

constructed using D-genies®.
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Figure S4. (A) Organization of the NRPSs encoded in noc, dbv and WAC 01424 GPA BGCs.
Epimerization (E-) domain in module 3 of WAC 01424 GPA NRPS (orange) might be non-
functional. (B) Sequence alignments of the seven A-domains of the three NRPSs, which are
highly similar and share the same amino acid specificity (see also Table S4). Alignments were
built in Clustal Omega!®. Hpg — 4-hydroxyphenylglycine; Tyr — tyrosine; Dpg — 3,5-
dihydroxyphenylglycine.
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dbv30 CGGAATCGTGGTGTCCAACCACGGAGGCCGTCAGTTGGACGGTGCCGTCCTGAGCCA

nocY CACGGCTCGGGTGTCCAACCACGGAGGCCGTCAGTTGGACGGCGCCGTGCCCGTGAT
* e L e e T T E T T

noc20 CTGAGCGAGGGCGTCCACCCGCGCGATGTGGACAGTTGGACGGCCCGAGACGACCGTTG

Aodekkkokokokokskok Rokkokk kEkkk dokkkkokokkk ckkkkkkkkk kk kk * *

—_— —
dbv14 CTGAGCGAGGGTGTCCQFCCGCTTGATGTGGACGG TGGACGGGCCCAGCGCCCGTCCG

Figure S5. Pairwise alignments of the putative Dbv4 binding regions!! found in the promoters of
dbv30 and noc9 as well as in dbvi4 and noc20. Inverted repeats are in boxes with arrows,
asterisks indicate identical nucleotides. Alignment was built with Clustal Omega!®.
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Figure S6. A scheme for the proposed recombination events involving two chromosomal
inversions (as well as gene loss/gain events) that may have led to the uncommon organization of
dbv BGC, starting from the noc BGC organization which is similar to those of other know GPA
BGCs. In the dbv BGC, NRPS genes are encoded on different strands and are separated by other

biosynthetic genes, which contrasts with the noc and other known GPA BGCs.
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Figure 87. (A) Cladogram of the sulphotransferases, encoded within GPA BGCs. The
sulphotransferase encoded within WAC 01424 putative GPA BGC (blue) is closely related to the
one encoded within A47934 BGC (Stal) from Streptomyces toyocaensis. (B) Cladogram of the
halogenases encoded within GPA BGCs. Halogenases from Nonomuraea spp. are in blue. Clades
grouping different halogenases from Nonomuraea spp. are highlighted in different shades of
yellow. The two halogenases encoded within Nonomuraea sp. WAC 01424 GPA BGC are
sharing clades with halogenases coded within A47934 BGC — Stal and StaK, being distantly
related to Dbv10 and Noc24. Phylogeny was inferred using Mega X7 with Maximum Likelihood
method and JTT matrix-based model; final topologies and bootstrap support values (indicated at
the base of the branching points) are based on 500 bootstraps. Detailed information for the amino
acid sequences used in this reconstruction is given in Table S35.
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Figure S8. (A) Putative biosynthetic route encoded by WAC 01424 GPA BGC and proposed
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domain (crosshatched) from A47934 biosynthesis NRPS and WAC 01424 GPA biosynthesis
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Figure S9. Scheme representing the growth pattern and the cell-free broth antimicrobial activity
of N. coxensis cultivated in different media. Antimicrobial activity production was observed in
two media (TM1 and ISP2l) out of the seven tested. In these media, antimicrobial activity
seemed correlated with the mycelium dispersed growth that was observed only under cultivation
in Erlenmeyer flasks with the addition of 5 mm glass beads. When baffled flasks were used and
antifoam was added, culture tended to form irregular mycelial pellets and antimicrobial activity
was negatively affected. Antimicrobial activity was tested against B. subtilis ATCC 6633 in
Whatman paper disc antibiotic diffusion assays.
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Figure S10. (A) Biomass accumulation of N. coxensis in E26 culture medium and its glucose-
lacking variant E27. Growth curves were similar in the two vegetative media and biomass
produced after 72 h of cultivation was used to inoculate production media. (B) Biomass
accumulation in N coxensis cultures grown for 120 h in ISP2]l medium supplemented with
increasing concentrations of glucose. The variant lacking glucose was named ISP2lm. (C)
Antimicrobial activities of culture broths of N. corensis grown in ISP2] media with different
glucose concentrations (g L-!) against B. subtilis ATCC 6633; in this bioassay 50 pL of
production culture were placed on the surface of 0.7% Mueller-Hinton agar plate containing 10°
B. subtilis cells. In both (B) and (C), the addition of different concentrations of glucose (from 0
to 20 g L'1) to ISP2I did not exert any significant impact on either biomass accumulation or
antimicrobial activity. Similar results were obtained also in TM1 and TMIm lacking-glucose
(data not shown). (D) Comparative genomics of early steps of glucose metabolism in N. coxensis
(NCO), compared to N. gerenzanensis (NGE) and S. coelicolor (SCO). All key enzymes of
glucose catabolism (as well as some regulators) from S. coelicolor have orthologues in both
Nonomuraea spp.; orthologues were discovered using Reciprocal Best Hit (RBH) BLAST
approach, percent of amino acid sequence identity of Nonomuraea proteins to S. coelicolor
proteins is shown under locus tag identifiers. Inability of N. coxensis to consume glucose might
stem from the lack of expression of some of these genes and requires further experimental
evaluation.
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Figure S11. D pD-Carboxypeptidase activities in GPA-producing cultures of N. gerenzanensis in
FM2 medium (black bars) and N. coxensis in ISP2lm medium (grey bars). Activity values were
expressed as relative % of the maximum obtained at 72h for N. gerenzanensis and were
determined by measuring the amount of D-Ala released by hydrolysis of the N-acetyl-L-Lys-D-
Ala-D-Ala tripeptide using a D-amino acid oxidase coupled to a peroxidase!*15,
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Figure S12. HPLC chromatograms with detection at 236 nm wavelength showing the partially
purified GPA from N. coxensis (that we named A50926) cultivated for 168 h in either ISP2Im or
TMIm. In both cases, the antibiotic complex contained two major peaks with retention times of
19.1 and 19.8 min, respectively. In the same HPLC conditions, the retention time of commercial
A40926 standard (A40926 B) was 17.3 min.
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Figure S13. MS analysis of the in-source fragment corresponding to the mannosylated aglycone
of the A40926 and A50926 GPAs. The schematic on top depicts the fragmentation leading to
this peak, whereas the spectra below show masses and isotopic patterns for the fragment in all
three molecules analyzed. Errors in ppm between the accurate observed masses of these
fragments and the predicted mass are presented above each chromatogram. The intensity of the
top peak in each spectrum is shown on the top right comer of each plot.
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Figure S14. MS analysis of the in-source fragment corresponding to the GlcN-Acyl moieties of
the A40926 and A50926 GPAs. The proposed structure for this moiety in each of the molecules
analyzed is depicted next to its corresponding MS spectrum. Deviation in ppm between the
accurate observed masses of these fragments and the predicted mass are presented below each
proposed structure. The intensity of the top peak in each spectrum is shown on the top right

comer of each plot.
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Figure S15. MS/MS analysis of A40926 B, A50926 B and A50926 A GPAs. Regions of the
spectra corresponding to in-source fragments analyzed previously are highlighted in yellow,
whereas a detailed view of aglycone fragmentation (highlighted in blue) is shown below.
Monoisotopic masses of fragments for which a structure is proposed are highlighted in red in the
spectra. Peak intensities are shown in the top right corner of each spectrum.
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Figure S16. MS/MS analysis of the in-source signature fragment corresponding to the GleN-
Acyl moieties of the A40926 and A50926 GPAs. Identical fragments across several molecules
are indicated with blue dashed lines, whereas fragments with distinctive mass losses are
indicated with yellow dashed lines. Fragments for which proposed structures are presented in the
bottom of the figure are circled in red in the MS/MS spectra. The intensity of the top peak in
each spectrum is shown on the top right corner of each plot.
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Figure S17. Comparison of the MS/MS spectra of a commercial standard of A40926 and
A40926 produced by N. coxensis pSAD29". The areas corresponding to the signature GlcN-Acyl
moiety and aglycone fragments of the spectra are zoomed out at the bottom of the figure for
clarity. Monoisotopic masses of fragments previously identified are highlighted in red and top
peak intensities for each spectrum are shown in their top right corner.
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Figure S18. Antimicrobial activity assays towards B.subtilis ATCC 6633 showing: (A)
activation of antimicrobial activity in recombinant strains overexpressing dbv3 (pSAD3*) and
dbv4 (pSADA4") cultivated in liquid VSP and E27 media, where the wild type does not produce
any antimicrobial activity; (B) activation of the antimicrobial activity in solid media, where agar
plugs cut from the lawns of N. coxensis pSAD3" grown on ISP2 and VMO0.1 gave antimicrobial
activity against B. subtilis, while the wild type and N coxensis pSAD4* did not; (C)
antimicrobial activity of borate buffer extracts from 168 h cultures of N. coxensis wild type and
of recombinant strains pSAD3" and pSAD4" in ISP2Im compared with 1 ug of A40926 and 1 g
of partially purified A50926; K- was 50 pL of borate buffer as a control.
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Abstract: The spread of antimicrobial resistance (AMR) creates a challenge for the global health
security, rendering many previously successtul classes of antibiotics useless. Glycopeptide antibiot-
ics (GPAs) are so-called last resort drugs, which represent the ultimate line of defense against mul-
tidrug-resistant (MDR) Gram-positive pathogens. Unfortunately, we are assisting to the spread of
resistance towards the first-generation GPAs vancomycin and teicoplanin, risking to limit the clini-
cal use of this antibiotic class. It is widely recognized that GPA resistance determinants — van-genes
— might been originated from GPA-producers, soil-dwelling Gram-positive actinobacteria, that use
them for self-protection. In the current work, we present a comprehensive bioinformatic study on
the distribution and phylogeny of GPA resistance determinants within the Actinobacteria phylum.
Interestingly, van-like genes (vlgs) were found distributed in different arrangements not only among
GPA producing actinobacteria, but in the non-producers as well: more than 10% of the screened
actinobacterial genomes contained one or multiple vlgs, while only less than 1% encoded for a bio-
synthetic gene cluster (BGC). By phylogenetic reconstructions, our results highlight the co-evolu-
tion of the different vlgs, indicating that the most diffused are the ones coding for putative Vany
carboxylases, which can be found alone in the genomes or associated with a vanS/R regulatory pair.

Keywords: glycopeptide antibiotics, multidrug-resistance, antibiotic resistance, van-genes.

1. Introduction

Starting with the discovery of penicillin [1], humanity has been involved in a never-
ending arms race between life-threatening bacterial pathogens and antibiotics, either nat-
ural, semisynthetic or completely synthetic. An estimation made by the United Nations
Interagency Coordination Group on Antimicrobial Resistance in 2014 predicted that the
spread of antimicrobial resistance (AMR) will cause up to dramatic 10 million deaths per
year by the 2050 [2]. However, recent events might make this number even more grim:
the worldwide health crisis caused by SARS-CoV-2 has led to an increase in antibiotic use
and misuse, which, in turn, is likely to further accelerate AMR diffusion [3]. AMR has
rendered many previously successful groups of antibiotics non-functional, leaving us hid-
ing behind the “thin red line” of last resort drugs, capable to combat multidrug-resistant
(MDR) pathogens. Glycopeptide antibiotics (GP’As) are a class of non-ribosomally synthe-
sized, highly cross-linked, halogenated and glycosylated natural products, which are con-
sidered frontline drugs against Gram-positive MDR pathogens, such as Staphylococcus ai-
reus, Enterococcus spp., Clostridioides difficile, etc. [4].
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GRHACE) MurNaz

GPAs are produced by high G-C content soil-dwelling actinobacteria and could be
divided into five types, according to their chemical structures and molecular targets [3].
Types I-IV group compounds having a cross-linked heptapeptide core highly glycosyl-
ated and/or lipidated. Their molecular target in pathogens is lipid II [6], a highly con-
served macromolecule among bacteria which is essential for the cell-wall biosynthesis [7].
Types I-IV GPAs form five hydrogen bonds with D-alanyl-D-alanine (D-Ala-D-Ala) termi-
nus of the lipid II pentapeptide stem (Figure 1a) [8-10]. Such binding terminates upstream
transpeptidation and transglycosylation reactions, preventing the formation of mature

() o

HaN

HO
Q

Wild type cell wall VanHAX-mediated VanY-mediated

cell wall remodeling cell wall remodeling

————— hydrogen bond
«——» repulsion of lone

electron pairs

Figure 1. Schematic representation of (a) vancomycin (as a model GPA), interacting with the D-Ala-D-Ala terminus of lipid II
pentapeptide stem of a Gram-positive cell wall, forming five hydrogen bonds (after [10]); (b) in the cell wall remodeled by the
action of VanHAX, p-Ala-D-Lac termini of lipid II pentapeptide stem interacts with a significantly lower (1000 fold lower) af-
finity with vancomydin, due to the formation of only four hydrogen bonds and the repulsion of lone electron pairs between
oxygen atoms [18]; (c) in the cell wall remodeled by the action of VanY D,D-carboxypeptidase, lipid II pentapeptide stem is
truncated by the excision of the terminal D-Ala, and vancomycin affinity for this target appears significantly reduced, although
at which extent has not been investigated yet.

peptidoglycan (PG). An old term describes type I-IV GPAs very precisely: dalbaheptides
[12], meaning D-Ala-D-Ala-binding antibiotics with heptapeptide structures. Lipid II is
obviously involved in the cell wall biosynthesis of dalbaheptide-producers as well. Thus,
to avoid suicide during GPA production, producing strains need self-resistance mecha-
nisms. This topic was recently revised in detail [13,14]. In brief, two main mechanisms of
cell-wall remodeling exist in dalbaheptide-producers as well as in the resistant pathogens
[15,16]. The tirst involves three genes — vanHAX — coding for: an a-ketoacid dehydrogen-
ase Vanl], that stereospecifically reduces pyruvate to D-lactate (D-Lac); a D-Ala-D-Lac lig-
ase VanA; and a D,D-dipeptidase VanX. VanX removes the D-Ala-D-Ala termini of lipid II
pentapeptide stems, while VanA prepares a pool of D-Ala-D-Lac dipeptides, which MurF,
a UDP-N-acetylmuramoyl-tripeptide ligase, installs instead of the terminal D-Ala-D-Ala.
As a result, GPAs form four, instead of five, hydrogen bonds with such D-Ala-D-Lac ter-
mini, and the repulsion of lone electron pairs between oxygen atoms contributes to make
these GPA-lipid II complexes unstable (Figure 1b). The second resistance mechanism re-
quires the expression of a D,D-carboxypeptidase Van, which cleaves the terminal D-Ala
residues of lipid II pentapeptide stems, hampering GPA complex formation with such

115

45
46
47
48
49

51
52

LR ED

57

59

61

SRR

66
67

69
70
71
72
73
74
75
76



Antibiotics 2021, 10, x FOR PEER REVIEW 3 of 29

truncated lipid II derivatives (Figure 1c). So formed tetrapeptide-carrying lipid Il mole- 78
cules are still able to enter transpeptidation and transcglycosylation steps yielding a3-3 79
cross-linked mature peptidoglycan [17]. Expression of either vanHAX or vanY (known 80
overall as van-genes) is otten inducible and regulated by a VanRS two-component regula- 81
tory pair. There, a sensor histidine kinase VanS (de)phosphorylates transcriptional regu-
lator VanR in response to the extracellular presence of GPAs, and phosphorylated VanR
activates the expression of van-genes involved in cell-wall remodeling. In dalbaheptide-
producers, van-genes are always localized inside the borders of GPA biosynthetic gene
clusters (BGCs), which group genes devoted to antibiotic biosynthesis, transport and reg-
ulation, guaranteeing co-regulation of self-resistance with antibiotic production. The only
exception is the chloroceremomycin BGC in Kibdelosporanginm aridimm A82846, which ap- 88
parently does not include van-genes [18]. 89
Type V GPAs are not glycopeptides sensu stricto, since there are not glycosylated; 90
moreover, they are not dalbaheptides, since they include also nonapeptide antibiotics (like 91
corbomycin and GP6738 [19,20]), and they target autolysins (named also murein hydro- 92
lases) instead of lipid II. Autolysins are enzymes breaking the bonds within the pepti- 93
doglycan to allow bacterial growth and cell division [21]; thus, type V GPAs block cell- 94
wall remodeling arresting cell division. Consistently, type V GPA BGCs lack cluster-situ- 95
ated van-genes needed to remodel lipid II termini [19,22]. van-genes are also missed inthe 9
related BGC of the uncrosslinked nonglycosylated peptide antibiotic known as feglymy- 97
cin [23], which inhibits peptidoglycan synthesis targeting MurA (the UDP-N-acetylglu- 98
cosamine l-carboxyvinyltransferase catalyzing phosphoenolpyruvate transfer to UDP-N- 99
acetylglucosamine) and MurB (the UDP-N-acetylenolpyruvoylglucosamine reductase 100
catalyzing the last step of the formation of UDP-N-acetylmuramic acid), both acting atthe 101
cytoplasmic step of cell-wall biosynthesis. However, type V GPA and feglymycin BGCs 102
carry genes for a two-component regulatory pair, consisting of a sensor histidine kinase 103
and a response regulator, which remind VanS and VanR of dalbaheptide BGCs, but whose 104
function remains unclear. 105
Intriguingly, functional van-genes are also found in non-producing actinobacteria like 106
in Streptomyces coelicolor [24] as well as in various other environmental non-infectiouslow 107
G-C content bacteria (like Paenibacillus popilliae [25] or Baciilus circulans [26]). As a conse- 108
quence, different hypotheses have been proposed to explain van-gene distribution and 109
evolution in bacteria. The most accredited one is that pathogens such as enterococci (and 110
the GPA non-producing environmental bacteria) might have acquired van-genes from 111
dalbaheptide-producers through a series of horizontal gene transfer events, likely pro- 112
moted by the selective pressure exerted by antibiotic environmental contamination [27]. 113
An alternative hypothesis suggests that pathogens received van-genes from soil low G-C = 114
Gram-positives (Firmicutes phylum), as the mentioned above Pnb. popilliae and Bac. circi- 115
lans [28], implying that in these bacteria van-genes evolved independently. 116
To get an insight into the phylogeny of zan-genes, in this work we analyze their dis- 117
tribution and arrangement within the different orders belonging to Actinobacteria phy- 118
lum, using the genomic data available in public databases. We have investigated more 119
than 7000 actinobacterial genomes and found wvan-like genes (defined hereafter vigs) in 120
more than one tenth of them. Thus, we can confirm that vigs presence is not limited tothe 121
dalbaheptide-producers, but these genes are also widely distributed among genomes of 122
type V GPA producers and in non-producing actinobacterial taxa, which do not need 123
them for self-resistance. In addition, phylogenetic reconstructions made for VanY-like 124
proteins as well as for the VanHAX triads and for the two-component VanS/VanR regu- 125
latory system, highlight the evolutionary independent stories of the corresponding gene 126
acquisitions. Thanks to this comparative genomic analysis, novel transposon-like mobile 127
element carrying vigs are here for the first time described, originated from poorly investi- 128
gated orders as Eggerthellales and Coriobacteriales. Finally, as a control, the same bioinfor- 129
matic analysis applied to more than 2000 Bacillales complete genome assemblies, yields 130
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only a few vigs, often adjacent to transposase-like open reading frames (ORFs). Taken al-
together, these data reveal that phylum Actinobacteria is an incredibly vast source of var-
iable GPA resistance determinants, which might potentially continue to move towards
pathogens, contributing to the alarming diffusion of AMR. Their study might help sur-
veillance of AMR spread in compliance with the One-Health approach [29].

2. Results

2.1. Organization of vlgs in GPA producers and beyond

Until now, vigs in actinobacteria were reported as BGC-situated in more than 20 “clas-
sical” dalbaheptide-producers [13]. The case of the GPA non-producer actinobacterium
S. coelicolor A3(2) — having a whole set of vlgs [30,31] — was rather interpreted as an excep-
tion. Thanks to the today abundance of genomic data on actinobacteria, our aim is to prove
or disprove the assumption that vigs are peculiar of GPA-producers, and to clarity how
these genes are eventually distributed and organized among different orders belonging
to Actinobacteria phylum. Thus, we screened all the genome assemblies available for ac-
tinobacteria in GenBank at the moment of this work preparation (April, 2020, Supplemen-
tary Excel File 1). This search covered 28 orders of the Actinobacteria phylum (Table 1),
including two “candidate” ones (namely candidatus Actinomarinales and Nanopelagicales).
We searched for vanY- and vanHAX- sequences, co-localized with vanRS5-like two compo-
nent regulatory pairs, and then we analyzed the genetic context of these genes.

Table 1. List of orders belonging to Actinobacteria phylum for whom genome assemblies were available in GenBank
at the moment of this work preparation (April, 2020, Supplementary Excel File 1) and summary of the zlgs found in

them.

Number of

Number of genome

enome assemblin Occurrence vanY- wvanR- wvanS-
Sl fssemblies contai_ningg (%) fike Tike |like TP el pex
analyzed at least one
vlg
Acidimicrobiales 216 0 0 - - - - - -
Actinomycetales 223 1 0,45 1 1 1 - - -
Actinopolysporales 10 0 0 - - - - - -
Bifidobacteriales 1028 0 0 - - - - - -
Candidarus 214 0 0 - x - 2 : -
Actinomarinales
Candidatus 26 1 3,85 § = - - : :
Nanopelagicales
Catenulisporales 3 1 34 1 1 1 i 1 1
Coriobacteriales 217 2 0,9 1 2 2 2 2
Corynebacteriales 707 110 15,6 122 23 25 14 14 14
Cryptosporangiales 3 2 67 - 1 1 i 1 1
Eggerthellales 106 1 09 - 1 1 1 1 1
Egibacterales 3 0 0 - - - - - -
Frankiales 46 7 15 - 6 7 8 8 8
Gaiellales 3 0 o - - - - - -
Geodermatophilales 60 11 18 12 10 9 - - -
Glycomycetales 12 11 92 10 10 10 8 8 8
Jiangellales 11 10 91 12 11 10 7 % 7
Kineosporiales 12 1 8,4 1 1 1 - - -
Micrococcales 1741 15 0,86 2 13 13 15 15 14
Micromonosporales 200 83 42 14 86 88 5 57 56
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Nakamurellales 6 6 100 6 1 1 - - -
Nitriliruptorales 6 1 17 1 - - - - -
Prapionibacteriales 593 16 2,7 13 16 16 16 16 16
Psendonocardiales 243 135 56 141 129 139 105 105 105
Rubrobacterales 8 1 125 2 1 1 - - -
Solirubrobacterales 45 4 8,9 6 6 6 2 2 2
Streptonmycetales 1138 418 37 126 414 429 93 92 94
Streptosporangiales 228 63 28 52 67 63 7 ¥ 6

At least one vig-sequence was found in the majority of orders (22, Table 1); only the
orders Acidimicrobiales, Actinomarinales, Actinopolysporales, Bifidobacteriales, Egibacteriales
and Gaiellales lacked any vlgs. vigs were most abundant (found in more than 10% of the
genomic records per each order) in orders Catenulisporales, Corynebacteriales, Cryptosporan-
giales, Frankiales, Geodermatophilales, Glycomycetales, Jiangellales, Micromonosporales, Naka-
murellales, Nitriliruptorales, Psendonocardiales, Rubrobacterales, Streptomycetales and Strepto-
sporangiales (Table 1, Supplementary Excel File 2). Since known GPA-producers belong to
Pseudonocardiales, Streptosporangiales, Micromonosporales, Streptomycetales [5], we started to
investigate vigs organization in these orders in detail, to move then in the analysis of the
still unexplored taxa.

2.1.1. Order Pseudonocardiales

Order Psendonocardiales is the most abundant source of types I-IV GPAs [5,32]. So far,
GPA BGCs were described only in Amycolatopsis and Kibdelosporangium genera. In our
screening of 242 genomes from Psendonocardiales spp., we found at least one vigs-sequence
in 150 assemblies (Table 1, Supplementary Excel Files 1 and 2). Only 30 assemblies con-
tained GPA BGCs (Supplementary Excel File 2). Besides the known GPA producing gen-
era Amycolatopsis and Kibdelosporangium [18], a GPA BGC was, for the first time, found in
species belonging to the genus Actinokineospora. Overall, none correlation between quality
and quantity of vigs in GPA producers and non-producers was observed. The repertoire
of vlgs was quite difterent in each strain. The following combinations were found: van YRS,
vanHAXRS, vanHAX, vanYHAX, vanYHAXRS. A significant portion of vanY-like genes
was found to be “orphan” (meaning not co-localized with any other vlgs). Sequences sim-
ilar to van] and vanZ genes, that were previously sporadically reported as involved in
GPA resistance, but apparently without an essential role [14], were rare and always co-
localized with vanRS-like pair (except cases in Pseudonocardia sp. CNS-139 — vanHAXZ ar-
rangement and in Psendonocardia cypriaca DSM 45511 — vanHAX] arrangement).

To study the arrangement of vigs in detail, we focused on the 30 genomes of the
known GPA producers and, as a control, on 25 genomes of never previously investigated
non-producing Psendonocardiales spp. (Figure 2). Thus, in the majority of the GPA produc-
ing Amycolatopsis, vanHAX operon was found just upstream the bbr-orthologue (coding
for a StrR-like cluster-situated-pathway-specific regulator of GPA biosynthesis [33]), in
rare cases having van Y-like gene in between (Figure 2). At the same time, genomes of these
Amycolatopsis GPA-producers contained two copies of vanY-like genes located outside the
GPA BGCs (Figure 2). One of these copies was always co-localized with vanRS-like two-
component regulatory genes. Amycolatopsis balhinjcina DSM 5908 (balhimycin producer)
and Amycolatopsis sp. H5 were notable exceptions: belonging to a different clade than
other Amycolatopsis spp. GPA producers, they had a vanSRY-genes cluster-situated and a
vanHAX operon outside the BGC (Figure 2). In Amycolatopsis bartoniae DSM 45807, only a
vanY-like gene was found upstream the bbr-orthologue, while a vanHAX operon coupled
with vanRS-like two-component regulatory genes was placed somewhere else on the chro-
mosome (Figure 2). However, according to 165 rRNA gene phylogeny (see phylogenetic
framework on Figure 2), Am. bartoniae appeared to outgroup all other Anrycolatopsis spp.
together with Prauserella muralis DSM 45305, Tamaricthabitans halophyticus DSM 45765 and
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Anycolatopsis sp. KNIN50.9b. Thus, it is likely that Am. bartoniae (as well as Amycolatop-
sis sp. KNIN50.9b) might not belong to the Amycolatopsis genus at all. GPA producing
Kibdelosporanginm spp. had no cluster-situated vigs, but vanHAX operons and multiple
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Figure 2. Organization of vigs found within the set of 55 chosen genomes from Pseudonocardiales spp. Maximum Likelihood phyloge-
netic tree of 165 rRNA genes of corresponding species (see Methods section for details) served as a phylogenetic framework for the
scheme. Amycolatopsis sp. MJM2582 (in bold at the top of the figure) is outside the framework due to the lack of full 165 tRNA gene
in the corresponding genome assembly. vlgs from the metagenomic CA878 BGC (highlighted with red frame) were arbitrary intro-
duced in this scheme since the retrieved sequences likely belong to Saccharothrix spp. Names of Pseudonocardiales genera were abbre-
viated according to ESM Table 1. Legend below the figure explains the color-coding of the scheme. Please refer to the text for the role
of the single genes. Pseudogenes are shaded.
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copies of vanY-like genes were found somewhere else on the chromosome (Figure 2). Fi- 210
nally, in Actinokineospora auranticolor YU 961-1 vlgs were only GPA cluster-situated —a set 211
of vanHAXRSY genes was found upstream the bbr-orthologue (Figure 2). 212

Notably, in some cases (e.g. Saccharopolyspora hirsuta DSM 44795), vanHAX operon 213
was followed by a homologue of 012 (a gene coding for a protein with unknown function) 214
previously identified in Rhodocaccus equi S7B vanO-operon [34]. As it does occur in vanO- 215
operon, orf2 homologue was in some species followed by a murG-like gene (e.g. T. halo- 216
phyticus DSM 45765), coding for an essential peptidoglycan glycosyltransterase [35]. Itis 217
so far unknown how exactly MurG contributes to GPA-resistance, but it might be assisting 218
van-mediated cell-wall remodeling. In few species as Pr. muralis DSM 45305, murG was 219
following wvanHAX directly. Genes coding for a GCNb3-related N-acetyltransferases 220
(GNATS) were also found often co-localized with Psendonocardiales spp. vigs. 21

Finally, we introduced in our phylogenetic framework the only metagenomics-de- 222
rived GPA BGCs — CA878 [36] — which was recently shown to be rather closely related to 223
BGCs from Amyycolatopsis spp. [18]. We speculated that this BGC might alsobelong to some 224
unknown species of Psendonocardiales — the organization of cluster-situated vlgs here 225
seemed identical to the one from Ak. auranticolor YU 961-1. Fortunately, at the momentof 226
its discovery, CA878 BGC was sequenced together with unannotated DNA flanks (ca. 26 227
and 3 kbp). This allowed to annotate 9 ORFs upstream and 6 ORFs downstream the bor- 228
ders of CA878 BGC (ESM Figure 1). It appeared, thatthe vast majority of these ORFs coded 229
for proteins with orthologues in Saccharothrix spp. (ESM Figure 1). In our opinion, itis 230
possible that CA878 comes from an unknown species belonging to Saccharothrix genus, 231
further expanding the list of GPA-producing Psendonocardiales genera. 232

2.1.2. Order Streptosporangiales 233

Order Streptosporangiales is the source of valuable lipidated dalbaheptides like the 234
A40926 trom Nonomuraea gerenzanensis ATCC 39727, which is the precursor of second- 235
generation dalbavancin [4,37]. In addition, N. gerenzanensis was the first model for study- 236
ing the role of VanY-like carboxypeptidases in self-resistance [38,39]. Other known GPA 237
producers are Nonomiiraea coxensis DSM 45129, recently reported to produce the lipopep- 238
tide A50496 [40] and Nononmuraea sp. ATCC 5507, which produces the type V kistamicin 239
[41]. Here, we analyzed the genomic records from 228 Streptosporangiales spp. (Supple- 240
mentary Excel File 1). vigs were found in 63 out of them (Table 1, Supplementary Excel 241
File 2). vanY-like genes were the most abundant, in almost all cases being co-localized with 242
vanRS-like regulatory pairs (although few “orphan” ones were also found). vanHAX-op- 243
erons were not found so often, coming exclusively from Actinomadura spp.; anyhow, 244
vanHAX-operon was never found associated with vanY-like genes. Accessory vlgs, such 245
as van], were found rarely and tended to be co-localized with vanRS-like regulatory pairs. 246
Only in one case — in Actinomadura sp. H3C3 — a vanZ pseudogene was discovered, co- 247
localized with vanRSY. 248

Going into more detail, we analyzed the genomes from the three known GPA pro- 249
ducers, those from five strains carrying putative GPA-like BGCs, including Nonomuraea 250
sp. WAC 01424 [18], together with 17 genomes of other Streptosporangiales spp. lacking 251
any GPA BGCs (Figure 3). We found that the two type IV GPA producers — N. gerenzanen- 252
sis ATCC 39727 and N. coxensis DSM 45129 — carried one BGC-situated vanY-like gene and 253
an additional vanY-like gene, co-localized with vanRS-like regulatory pair, distantly from 254
the BGCs. The similarity of both distant- and cluster-encoded VanY-carboxypeptidases 255
(amino acid sequence identity of 82.4% in N. coxensis and of 80.7% in N. gerenzanensis) was 256
remarkable. The vanRSY-triad was tound also in other Nonomuraea spp., lacking any GPA 257
BGCs, as in Nononmraea fuscirosea CGMCC 4.7104 (Figure 3). As well, it was present on 258
the chromosome of the kistamicin producer Nonomuraea sp. ATCC 55076 away from its 259
BGCs, although this type V GPA probably targets autolysins (like corbomycin and com- 260
plestatin [19]), thus not requiring van-genes for self-resistance. Peculiarly, in the putative 261
type IV GPA producer Nonommuraea sp. WAC 01424 [18], GPA BGC seemed to belocalized 262

120



Antibiotics 2021, 10, x FOR PEER REVIEW

8 of 29

just downstream the zanRSY-triad (which indeed was not cluster-situated in other three
GPA-producing Nonomuraea spp., Figure 3). WAC 01424 BGC carried another two-com-
ponent regulatory pair, but without an additional copy of vanY.
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Figure 3. Organization of vlgs found within the set of 25 chosen genomes from Streptosporangiales spp. Maximum Likelihood phylo-
genetic tree of 165 rRNA genes of corresponding species (see Methods section for details) served as a phylogenetic framework for
the scheme. Names of Streptosporangiales genera were abbreviated according to ESM Table 1. Legend below the figure explains the
color-coding of the scheme. Please refer to the text for the role of the single genes. Pseudogenes are shaded.

Another two findings are worth of mention. Similar to what was observed for Psen-
donocardiales, we found that all vanHAX-operons (present exclusively in Actinomadura spp.
among Streptosporangiales) had a homologue of vanO-operon orf2 (and sometimes a murG-
like gene, too) downstream vanX (Figure 3). Finally, vanRSY-triad was in rare cases co-
localized with genes coding for alanine/aspartate racemase- and D-Ala-D-Ala-ligase (Ddl)-
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like proteins (e.g. Allonocardiopsis opalecscens DSM 45601 and Murinocardiopsis flavida DSM
45312, Figure 3), whose role would merit further investigation, indicating a possible alter-
native mechanism of cell wall remodeling such the one reported in few enterococci based
on the incorporation of D-Ala-D-Ser termini in the resistant peptidoglycan precursors [14].
2.1.3. Order Micromonasporales

Order Micromonosparales is rich for GPA producers coming from genus Actinoplanes [42]. These
are: ;) the dinically relevant lipo-GPA teicoplanin, coming from Actinoplares teichonmyceticis ATCC
31121 [43,44], 1) the sultated GPA UK-68,597 [45], coming from Actinoplanes sp. ATCC 53333, ii1) the
hyperglycosylated GPA actaplanin from Actingplines missouriensis ATCC 23342 [46]. We screened
200 genome assemblies (Supplementary Excel File 1) and we found vigs in 83 of them (Table 1, Sup-
plementary Excel File 2). Complete sets of manHAXRS genes were found only in GPA producers
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Figure 4. Organization of vigs found within the set of 28 chosen genomes of Micromonosporales spp. Maximum Likelihood phyloge-
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CA37 BGCs (highlighted with red frame) were arbitrarily introduced within the scheme since the retrieved sequences likely belong
to some Actinoplanes spp. Legend below the figure explains the color-coding of the scheme. Please refer to the text for the role of the
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and Actinoplanes sp. ATCC 53533 as well as in GPA non-producer Actinoplanes derwenten- 298
sis DSM 43941 (Figure 4). 299

We chose a total of 26 genomes (including only two genomes of GPA producers, since 300
the genome of Apl. missouriensis ATCC 23342 is not yet available) for more detailed exam- 301
ination. vanY-like genes were found in Actinoplanes spp., although they were not co-local- 302
ized with vanRS-like regulatory pairs. Instead, vanRS-like regulatory pairs were often 303
found co-localized with vanZ genes (like in Actinoplanes missouriensis 431, Figure 4) or 304
found without any other close vig (like in Actinoplanes italicus DSM 43146). However, one 305
peculiarity specifically attracted our attention. In the course of our screenings, a particular 306
gene arrangement was found to occur very often in the genomes of different Micromono- 307
sporales spp., especially in those belonging to the Micromonospora genus (Figure 4, Supple- 308
mentary Excel File 2). This arrangement included a triad of genes coding for a PALP (pyr- 309
idoxal-phosphate dependent)-like serine-threonine dehydratase, a Ddl-like proteinand a 310
VanX-like dipeptidase (further referred to as pdx-operon). Such triad was accompanied 311
with a VanRS-like regulatory pair. Overall, such arrangement strikingly resembled typical 312
vanHAX-vanRS operons, although the gene for lactate dehydrogenase was replaced by a 313
serine-threonine dehydratase. 314

Finally, two metagenome-derived GPA-BGCs were described as related to the Acti- 315
noplanes-derived ones [18]. These were CA915 and CA37 [47]. Both of them were submit- 316
ted to GenBank with rather long un-annotated flanking regions. As in the case of CA878 317
(see above), we annotated the genes present on these flanks. Majority of the BGCs flanking 318
genes seemed to be homologous to Actinoplanes spp. genes (ESM Figure 2). Thus, CA915 319
and CA37 most likely belong to some unknown Actinoplanes spp. 320

2.1.4. Order Streptomycetales 321

Although multiple genomes of Streptomiyces spp. were sequenced (definitively more 322
than in the other orders belonging to Actinobacteria phylum), only few type I-IV GPA 323
BGCs are known for this genus. These are A47934 BGCs from Streptomyjces toyocaensis 324
NRRL 15009 [48] and pekiskomycin BGCs from Streptomyces spp. WAC 04229 (WAC4229) 325
and WAC1420 [49]. Our current analysis involved 1138 genome assemblies of Streptomy- 326
cetales spp. (Supplementary Excel File 1), but none other novel BGC for types I-IV GPA 327
was found (Supplementary Excel File 2). On a contrary, BGCs for type V GPAs and feg- 328
like BGCs were found in 44 assemblies — all Streptomyces spp. except two Kitasatospora spp. 329
Some of these BGCs were already reported [18], but we identified new ones (see Supple- 330
mentary Excel File 2). vlgs were found exceptionally widespread in Streptomycetales spp.: 331
more than one third of the analyzed genomes (418) contained vigs (Table 1, Supplemen- 332
tary Excel File 2). Once again, we observed no correlation between the distribution of vigs 333
and of the GPA-like BGCs. More detailed analysis of 76 Streptomycetales spp. genomes 334
(including 46 genomes carrying GPA- and feg-like BGCs) showed several different com- 335
binations, where certain strains carried a putative type V GPA BGC and no vigs (e.g. Strep- 336
tomyces fradiae NKZ-259, Figure 5) along with strains carrying type V GPA BGCs and a 337
full set of vigs (e.g. Streptomyces sp. NRRL WC-3897, Figure 5). Additionally, different com- 338
binations of vigs were found in strains carrying no GPA-like BGCs. One peculiar trait of 339
Streptomycetales spp. carrying the canonical vanHAX-vanRS operons is the presence of 340
vanK, coding for an enzyme, belonging to the Fem family, which adds the branch amino 341
acid(s) to the stem pentapeptide of peptidoglycan precursors carrying the D-Ala-D-Lac 342
termini [50]. 343
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Figure 5. Organization of vigs found within the set of 74 chosen genomes of Streptontycetales spp. Maximum Likelihood phylogenetic
tree of 165 TRINA genes of corresponding spedies (see Methods section for details) served as a phylogenetic framework for the scheme.
Names of Streptontycetales genera were abbreviated according to ESM Table 1. We were unable to detect the BGC for pekiskomycin
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2.1.5. Occurrence of vigs in GPA non-producing groups 351

Order Actinomycetales. Although being known for various opportunistic animal and 352
human pathogens, Actinomycetales spp. did not carry multiple vlgs. The only taxon (out of 353
the 200 genome assembles screened, Supplementary Excel Files 1 and 2) carrying vanYRS- 354
genes was Actinomycetales bacterium JB111 (Table 1, Figure 6a). 355

Order Catenulisporales. Only three genomes of Catenulisporales spp. were available, 356
an in one of them — Catenulispora acidiphila DSM 44928 — a complete set of vanHAXRSY 357
was found (Table 1, Figure 6b, Supplementary Excel Files 1 and 2). 358

Order Coriobacteriales. Only two genomes, out of the 217 available for Coriobacteriales 359
spp., contained a complete set of vanHAXRSY (Table 1, Supplementary Excel Files1 and 360
2 see next paragraph for more detailed description). 361

Order Corynebacteriales. vigs appeared to be quite commeon in Corynebacteriales spp. 362
(707 genomes available for screening) (Table 1, Supplementary Excel Files 1 and 2). Re- 363
markably, a full set of vigs (vanHAXRS) was discovered within the genome of Wil- 364
liamsia marianensis DSM 44944 — a species isolated from Mariana trench (10.898 m below 365
the sea level) in 1998 [51]. Other vigs combinations included: vanY-like genes paired with 366
vanRS-like regulatory pair; “orphan” vanY-like genes; vanHAXRSY-genes, often accom- 367
panied with murG genes and homologues of vanO-operon orf2 (see typical examples on 368
Figure 6c). Peculiarly, during this analysis, a putative unknown GPA BGC was found in 369
the genome of Nocardia terpenica NC_YFY_INTOO01, which is a clinical isolate derived from 370
a human cerebrospinal fluid (see CP023778 genome assembly information). 371

Order Cryptosporangiales. vlgs were found in two out of the three available genome 372
assemblies of Cryptosporangiales spp. and were arranged as vanHAXRS/HAXRSZ (Table 1, 373
Supplementary Excel Files 1 and 2); indeed, multiple copies of “orphan” vanZ-like genes 374
were also present in the genome of Cryptosporangium. sp. A-T5661 (Figure 6d). In the ge- 375
nome of the latter, a gene coding for a GNAT was co-localized with vanHAXRS-genes 376
(Figure 6d). 377

Ovrder Eggerthellales. Only in one genome out of the 106 available for Eggerthellales, a 378
vlg was found (Table 1, Supplementary Excel Files 1 and 2, see next paragraph). 379

Order Frankiales. Approximately 15% of the analyzed Frankiales spp. genomes (46 on 380
total, Supplementary Excel Files 1 and 2) possessed wvlgs, arranged most often as 381
vanHAXRS (and sometimes co-localized with murF- and murG-like genes) (Table 1, Figure 382
be). 383

Order Geodermathophilales. A large portion of the analyzed Geodermathophilales spp. 384
genomes (60, Supplementary Excel Files 1 and 2) carried vlgs, namely vanY-like genes co- 385
localized with vanRS-like regulatory pairs (Table 1). Rarely, vanYRS-like genes were 386
found together with genes coding for a Ddl and for an alanine-racemase (as it was ob- 387
served in Alr. opalescens DSM 45601, Figure 6f). Other unique feature (discovered only in 388
Geodermathophilales spp.) was the presence of genes coding for putative VanY-VanZ fusion 389
proteins (e.g. in Modestobacter sp. I12A-02628, Figure 6f). 390

Order Glycomycetales. vlgs were ubiquitously found in Glycomycetales spp. genomes 391
(12 available in total), organized as vanYRS, vanHAXY or vanHAXRSY (Table 1, Supple- 392
mentary Excel Files 1 and 2, Figure 6g). Latter arrangements were coupled with the genes 393
coding for MurF and GNAT. Multiple copies of “orphan” vanZ-like genes were also found 394
(Figure 6g). 395

Order Jiangellales. vlgs were found in more than 90% of the eleven analyzed [iangel- 396
lales spp. genomes (Table 1, Supplementary Excel Files 1 and 2). The most frequent ar- 397
rangement was vanHAXRSY, although in Jiangella anatolica GTE31 vanHAXS-genes were 398
co-localized with vanK and with genes coding for MurF-, MurG- and GNAT-like proteins 399
(Figure 6h). 400
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Order Kineosporiales. A single set of vigs in this order — vtanRSY — was found in Pseu-
dokineococcus lusitanus CECT 7306 (Figure 6i) among the twelve genomes analyzed (Table
1, Supplementary Excel Files 1 and 2).
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Figure 6. Arrangements of vigs discovered in representative genomes from orders (a) Actinomy-
cetales, (b) Catenulisporales, (c) Corynebacteriales, (d) Cryptosporangiales, (e) Frankiales, (f) Geodermath-
ophilales, (g) Glycomycetales, (h) Jiangellales and (g) Kineosporiales. Please refer to the main text for
more details; genus names were abbreviated according to the ESM Table 1. Legend below the figure
explains the color-coding of the scheme. Pseudogenes are shaded.
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Order Micrococcales. vlgs were found in less than 1% of analyzed Micrococcales spp. 411
genomes (a total of 1741, Supplementary Excel Files 1 and 2) and were represented mainly 412
as vanHAX, vanHAXRS or vanHAXRSY arrangements (Table 1, Figure 7a). vanZlike 413
genes, coupled with vanRS-like regulatory pairs were also observed as well as “orphan” 414

vanY-like genes co-localized with vanZ genes (Figure 7a). 415
416
(a) Micrococcales
Rb. toxicus 70137 = =1
Ls. sp. CL147 = -
Dab. aenjata DSM 27393 = - -
Pms. sukumoe SAI-064 = =
A albus DSM 15934 = —» > — i
- - e

Gb. sp. YIM 131861

(b) Nakamurellales
Nm. silvestris DSM 102309 HyEE» >~ -
Nm. multipartita DSM 44233 1

{c) cand. Nanopelagicales
¢. Pp. sp. MMS-VB-114

(d)  Nitriliruptorales
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(e) Propionibacteriales
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417
Figure 7. Arrangements of vigs discovered in representative genomes from orders (a) Micrococcales, 418
(b) Nakamurellales, (¢) Nanopelagicales, (d) Nitriliruptorales, (e) Propionibacteriales, (f) Rubrobacterales 419
and (g) Solirubrobacterales. Please refer to the main text for more details; genus names were abbrevi- 420
ated according to the ESM Table 1. Legend below the figure explains the color-coding of the scheme. 421

422

Order Nakamurellales. vlgs were found within all the 6 genome assemblies of Naka- 423
murella spp., either as van YRS or as “orphan” vanY-like and vanZ genes (Table 1, Figure 424
7b, Supplementary Excel Files 1 and 2). 425

Order cand. Nanopelagicales and order Nitriliruptorales. In the few genome assem- 426
blies belonging to the species of both orders, only “orphan” vanY-like genes were rarely 427
found (Table 1, Supplementary Excel Files 1 and 2, Figure 7c and d). 428

Order Propionibacteriales. vlgs were found in the genome assemblies belonging to 429
few genera of Propionibacteriales (Table 1, Supplementary Excel File 2), although it was 430
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possible to analyze 593 genomes (Supplementary Excel File 1). There, vigs exhibited dif- 431
ferent arrangements, summarized on Figure 7e. Genes coding for MurF, MurG and GNAT 432
proteins were often co-localized with vigs. 433

Orders Rubrobacterales and Solirubrobacterales. Only a small portion of species, be- 434
longing to both orders, carried vigs within their genomes (Table 1, Supplementary Excel 435
Files 1 and 2). vigs mainly were arranged as either van YRS or vanRSHAXY (sometimes co- 436
localized with a murF gene, Figure 7f and g). 437

438

2.1.6. Putatively novel transposable elements carrying vlgs in Eggerthellales and Coriobac- 439
teriales spp. 440

Analyzing the genomes of actinobacteria belonging to orders Eggerthellales and Cori- 441
obacteriales, we found vigs in Enterorhabdus mucosicola NM66_B29, Parvibacter caecicola 442
DSM 22242 and Atopobinm minutum 10063974. When we examined the genetic neighbor- 443
hood of these genes, it emerged that they might belong to the family of transposon-like 444
mobile genetic elements (MGEs), involving multiple genes deputed to DNA transfer (Fig- 445
ure 8). Moreover, it resulted that these vlgs-carrying putative MGEs were almostidentical 446
in Er. mucosicola NM66_B29 (order Eggerthellales) and Pb. caecicola DSM 22242 (order Cori- 447
obacteriales), while the MGE from Atp. minutiin 10063974 (order Coriobacteriales) signifi- 448
cantly differed from both (Figure 8). Transposons and other MGEs are believed to be one = 449

450
(a) Egerthellales ™
w—ﬂwﬂm et 070 el
o™ o
Er mucosicola NM8E B20 - -4 - - ---m ‘- - L '-H
- Sy, 4, D% 8y, Ty, J/,,;g e,
Vit aoﬂr@%"ws e, er/s Qp’nﬁq% ms 4‘% ot
o 2 h Ui &)
Vtsy, e, x’zf% D’w% % N or%o A}’;’a‘efﬁ oy, 50
o, Sy '
(b) Coriobacteriales
&
b
&
Puvb. caecicola DSM 22242 HlD- 4 W - W ----- ' D B
K 6'79 by, De"” O @S\, B I*G’C‘
/‘F@ 6\9&\?% /‘4’5 -is&&* 9;, 4, Jisq -qe 4;99@-,9‘_@
0"%‘9 %n%"b’s,, E.»Dfa( .-95"0 P4 fe/,P ‘3'11,79, el
Ly =
,a,% s g om %.,a ’ty,%
a2 o1
e &
smital ‘SW ms‘S\:; o o~ 1t
P\Gq_ v_ai'é-c“ avie &F c,nﬂ\"“‘3 g O‘D\ ye 91O
o yrans! pos it st
Atp. minutum 10063974 —t .‘- -&/ ? 0-- 2 -- - - z -—i
I'QL ong 8y g ey
P e r;p
Hig f’soﬁxe ,”’fsp@ %w S\ew o, %"?e sgga,ﬁ
Oy, a;,séo% ey, ;;%”9 FrQ,) é‘%
. 73 5o 0
W vanR/S-like vanHAX v vanW ) Sy =0 "o, %
» van¥ike
B ORF for VanYD
I ORF for recombinase/integrase
> DNA transfer-related ORFs 451

Figure 8. A scheme of putative MGEs found in (a) Er. mucosicola (Eggerthellales) and (b) Coriobacte- 452
riales spp. Povb. caecicola and Atp. minutum. MGEs from Er. miucosicola and Puvb. caccicola seem to be 453
almost identical (identical genes are joined with gray dashed lines), while MGE from Atp. minutum 454
differs from both. Legend below the figure explains the color-coding of the scheme. 455

456

of the main sources of van-genes dissemination throughout pathogens [52]. Thus, we de- 457
cided to check whether MGEs from the three abovementioned species corresponded to 458
those already known. For this, we compared putative integrases/recombinases from 459
Er. mucosicola NM66_B29, Pb. caecicola DSM 22242 and Atp. minutiim 10063974 with inte- 460
grases found in known MGEs carrying van-genes (ESM Table 2). It came out that the pu- 461
tative integrase from Atp. minutum 10063974 (EMZ42128) was identical to the integrase 462
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from Enterococcus faecalis transposon Tn1549 [53]. Further comparison of Tn1549 genes 463
with the genes from Atp. minutum 10063974 MGE confirmed that they were identical. 464
However, both integrases from Er. micosicola NM66_B29 and Pb. caecicola DSM 22242 465
(EMZ42128 and MVX60893, respectively) were only slightly related to the transposa- 466
ses/integrases from Tn1549 and Enterococcus faecium insertion sequence IS1216V [54], shar- 467
ing only 18.6% and 14.6% of amino acid sequence identity respectively. Thus, MGE found 468
in Er. mucosicola NM66_B29 and Pb. caecicola DSM 22242 might represent a novel MGE, 469
carrying van-genes. Notably, this last putative MGE seemed to code for a VanYD protein 470
[55], which is a D-Ala-D-Ala carboxypeptidase belonging to the penicillin binding protein 471
family, structurally unrelated with VanY M15 peptidases (see below). 472

2.1.7. Occurrence of vigs in Bacillales spp. (Firmicutes phylum) 473

Soil low G-C Gram-positives and in particular bacilli were considered as a one of pos- 474
sible sources of vigs for pathogens, as it was considered that ancestral vanHAX-cluster 475
might had evolved in one of such species (e.g. those belonging to the Paenibacillus genus) 476
and then disseminated to pathogens in transposon-mediated fashion [28]. We decided to 477
test such hypothesis by screening 2379 full genome assemblies of Bacillales spp. (Supple- 478
mentary Excel File 3), available in GenBank, searching for vigs. The results indicated that 479
vlgs were quite rare in Bacillales spp. genomes: vanHAXRS were found in the genomes 480
assemblies of Brevibacillus lateresporus E7593-50, Thermoactinontyces vilgaris and Paenibacil- 481
lus sonchi LMG 24727 (Figure 9, Supplementary Excel File 3). vanAX-pseudogenes were 452
also found in Paenibacillus yonginensis DCY84, while vanHA-genes (degraded to different 483
extents) were found in 7 strains of Paenibacillus larvae (Figure 9, Supplementary Excel File 484
3). Only one vanY-like gene was found in Bbac. laterosporus E7593-50. Most of vigs were 485
found adjacent to transposase-related genes, except the cases of Pnb. yjonginensis DCY84, 486
Pnb. sonchi LMG 24727 and Tam. vulgaris, by the way this last strain being known to be 487
naturally competent for exogenous DNA [56]. Overall, such findings indicated that the 488
occurrence of vlgs in bacilli is not comparable to their distribution in most of the orders 489
belonging to actinobacteria, making it highly unlikely for van-genes to arise inde- 490

pendently in bacilli. 491
492
Bacillales
Pnb. yonginensis DCY84 —A X -
Pnb. larvae ssp. larvae DSM 25430 Hl-H A WA
Pnb. sonchi LMG 24727 HEE - - -
Tam. vulgaris 2H f— -
Bbac. laterosporus E7593-50 HEp— W C<"H - -amam—
B vanFk/S-like W vanY-lke W) transposase ORF
vanH/AX > vanZ [ function unknown
W vanW 493
Figure 9. Arrangements of vigs discovered in species belonging to Bacillales order. Please refer to 494
the main text for more details; genus-names were abbreviated according to ESM Table 1. Legend 495
below the figure explains the color-coding of the scheme. Pseudogenes are shaded. 496
497
2.2, Phylogeny of VanY-like carboxypeptidases 498

Surprisingly, vanY-like genes were the most common vlgs found in actinobacteria. We = 499
decided to reconstruct the phylogeny of VanY-like proteins to comprehend such variety 500
and its relation with similar proteins described in low G-C Gram-positives, including 501
pathogens such as GPA resistant enterococci To this purpose, we selected 251 proteins 502
(see Methods section) coming either from actinobacteria or from low G-C Gram-positives, 503
which, according to MEROPS peptidase database [57,58], belonged to M15B subfamily of 504
M15-family of metallopeptidases (mostly carboxypeptidases and dipeptidases). Other 505
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subfamilies are M15A, composed by a specitic group of the so-called Streptomyces-type
zinc-D-Ala-D-Ala carboxypeptidases [59], and M15D, to which VanX D-Ala-D-Ala dipep-
tidases belong (see the following section) [60,61]. To check that our selected proteins were
VanY-like and no other carboxypeptidases, we controlled their sequence by CD-Search
[58] and excluded those sharing the putative peptidoglycan binding domain on N-termi-
nal region, which is typical of MI5A proteins.

Reconstruction of Maximum-likelihood phylogeny of VanY-like proteins from our
dataset yielded a tree, where 5 distinct clusters might be differentiated (Figure 10, ESM
Figure 3). Cluster Y1 (Figure 10, ESM Figures 3 and 4) did outgroup the tree and contained
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Figure 10. Maximum-likelihood phylogenetic tree of 251 Van'Y-like M15B carboxypeptidases. To show the topology of the tree better,
branch lengths were ignored; the same tree drawn to scale is given in ESM Figures 3-7. Five well supported clusters - Y1 to Y5 — were
distinguished on the tree. “cs/ncs” abbreviations in the label at the tip of each branch mean “cluster-situated/non-cluster-situated”.
BGC-encoded proteins are given in red. Importantly, the mostly studied VanYn (Dbv7) from the A40926 producing N. gerenzanensis
ATCC 397272 [62] belongs to Y2, while VanYas (coming from the balhimycin producer Ant. balhintycina DSM 5908 [63]) to Y5 cluster.
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VanY-like proteins originating from enterococci and other low G-C Gram-positives, con- 522
sistently with previous reports [37]. Differently from what described a decade before [38], 523
this cluster included also VanY-like proteins coming from different Actinoplanes spp., from 524
Bd. soli BR7-21, H. rhizosphaerae DSM 101727 and All. opalescens DSM 45601 (Figure 10, 525
ESM Figure 4). This discrepancy is due to the increasing number of genomes that have 526
become accessible meanwhile. Notably, all the genes corresponding to Y1 proteins inac- 527
tinobacteria were ‘orphan’ (i.e. not co-localized with any other vigs, see Figures 3,4 and 7, 528
and Supplementary Excel File 2). 529

Contrary, VanY-like proteins from large Y2 cluster were almost exclusively encoded 530
by genes adjacent to vanRS-like pairs and/or other vigs (Figure 10, ESM Figure 5, Supple- 531
mentary Excel File 2). They were found in the genomes of multiple orders of actinobacteria 532
(Figure 10, ESM Figure 5, Supplementary Excel File 2). Importantly, Y2 included VanY- 533
like proteins from Nonomuraea GPA BGCs (including the mostly studied VanYns from 534
N. gerenzanensis ATCC 39727 [62]) and pekiskomycin BGCs (Strtreptomyces spp. 535
WACI1420, WAC4229, WAC 04229 [49]). 536

Next clusters — Y3 and Y4 (Figure 10, ESM Figure 6) — were composed of VanY-like 537
proteins coming from Psennocardiales and Corynebacteriales, respectively, with correspond- 538
ing genes being ‘orphan’, again. 539

Finally, Y5 was the last cluster defined within the tree of VanY-like proteins. It was 540
the biggest and well separated from the others, although the internal branching pattern 541
was not completely clear, often lacking a trustable bootstrap support (Figure 10, ESM Fig- 542
ure 6). Nevertheless, genes, corresponding to Y5-proteins, were found either co-localized 543
with different other vigs, or ‘orphan’. VanY-like proteins coded by Pseudonocardiales spp. 544
GPA BGCs, including the mostly studied VanYar from the balhimycin producer 545
Am. balhimycina [63], formed a distinct subclade within Y5. VanY-like proteins encoded 546
within CA878, CA37, CA915, auk and Ncd. terpenica NC_YFY_NT001 BGCs were also 547
found in Y5. 548

2.3. Phylogeny of VanHAX 549

VanH lactate dehydrogenases. For the phylogenetic reconstruction of VanH, we used 550
a dataset of 156 VanH proteins from actinobacteria and low G-C Gram-positives, with 551
SCO2118 lactate dehydrogenase serving as an outgroup (see Methods section). It ap- 552
peared that VanH proteins were quite conserved, and a branching pattern with com- 553
Pletely reliable bootstrap support was difficult to obtain (ESM Figure 8). Nevertheless, 554
few features could be presumed with certainty. First, VanH-proteins coded within the 555
putative MGEs of Er. mucosicols NM66_B29 and Puvb. caecicola DSM 22242 reliably out- 556
grouped all other proteins (ESM Figure 8). Then, a well-defined cluster (named VH1, ESM 557
Figure 8) was composed of VanH proteins from pathogens and from soil low G-C Gram- 558
positives. VHI was not that close to the base of the tree, with multiple actinobacterial 559
VanH proteins out-grouping it (ESM Figure 8). Another well-supported cluster — VH2 560
(ESM Figure 8) — was composed of VanH proteins coming from different Streptomyces 561
spp., including those from A47934 BGC (Str. toyocaensis NRRL 15009) and pekiskomycin 562
BGC (Streptomyces sp. WAC 04229). A third big cluster (VHS3) was formed by VanH pro- 563
teins coming from different GPA non-producing Streptomyces spp. Finally, VanH-proteins 564
coded within tei, auk, CA37 and CA915 also grouped together on the tree (ESM Figure 8). 565

VanA D-Ala-D-Lac-ligases. Overall, from previous works, it seems plausible that 566
VanA D-Ala-D-Lac-ligases are a specialized evolutionary branch of D-Ala-D-Ala ligases 567
(Ddl) involved in the “primary metabolism” of cell wall in actinobacteria [64]. As reported 568
above, Ddl-like proteins were also found encoded in metagenomic-sourced CA37, CA915 569
and in the ank BGCs; additionally, in Micrononosporales we found a peculiar putative pdx- 570
operon (see section 2.1.3) composed with genes for a PALP threonine dehydratase, aDdl- 571
like ligase and a VanX-like dipeptidase, adjacent to a vanRS-like regulatory pair. Thus, 572
here we decided to test the phylogeny of VanA ligases together with the above-mentioned 573
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Ddl-like proteins on a background of ‘house-keeping’ Ddl-ligases from main actinobacte- 574
rial orders. The protein set (see Methods section) used for this phylogenetic reconstruction 575
contained 153 VanA ligases from actinobacteria and low G-C Gram-positives, 12 Ddl-like 576
ligases from Micromonosporales spp., the 3 Ddl-like ligases trom CA37, CA915 and auk 577
BGCs, as well as 81 "house-keeping” actinobacterial Ddl-ligases. 578

In the resulting phylogenetic tree (ESM Figure 9), "house-keeping’ Ddl-ligases formed 579
a number of distinct clades which corresponded to the orders of origin (ESM Figure 9). 580
There, Ddl-like ligases coded in CA915, CA37 and ank BGCs grouped together with 581
“house-keeping” Ddl-ligases trom order Eggerthellales, while Ddl-like ligases from Mi- 582
cromonosporales (coded in putative pdx-operons) formed a distinct clade among the other 583
clades of ‘house-keeping” Ddl-ligases (ESM Figures 9 and 10). Most strikingly, clades for 584
VanA ligases from low G-C Gram-positives (ESM Figure 11) and actinobacteria (ESM Fig- 585
ure 12) (both out-grouped by VanA ligases coded within the putative MGEs of Er. mucos- 586
icola NM66_B29 and Pub. caecicola DSM 22242) clustered together with ‘house-keeping’ 587
Ddl-ligases from the order Coriobacteriales (ESM Figure 9). 588

Composition of the main actinobacterial VanA-clade (ESM Figures 9 and 12) required 589
further comments. The resolution of this clade was high-enough to distinguish four well- 590
supported clusters — VAl-4. VA1 was formed by the VanA ligases from GPA non-produc- 591
ing streptomycetes together with the one coded in A47934 GPA BGC from Str. toyjocaensis 592
NRRL 15009. Other VanA ligases from GPA non-producing streptomycetes composed 593
VA2, while VA3 contained proteins from different groups of actinobacteria. Finally, VA4 594
was formed by VanA ligases coded within GPA BGCs of Amycolatopsis spp. VanA-ligases 595
from CA915, CA37 and tei BGCs grouped together on the tree. Notably, VanA-ligases 59
from pekiskomycin BGCs (from Str. sp. WAC 04229 and Str. sp. WAC1420) grouped to- 597
gether with VanA from Str. varsoviensis NRRL B-3589, which does not carry any GPA 598
BGC. 599

VanX M15D dipeptidases. According to MEROPS database, VanX-dipeptidases be- 600
long to the same MI5 family as VanY-carboxypeptidases, but group in the M15D subfam- 601
ily. The dataset used for the phylogenetic reconstruction contained 155 VanX dipeptidases 602
coded within different van HAX-operons from actinobacteria and low G-C Gram-positives 603
and 12 VanX-like dipeptidases coded in the putative pdx-operon found in Micromonospo- 604
rales. So-obtained phylogenetic tree revealed that VanX-like dipeptidases coded in pdx- 605
operon and VanX proteins from low G-C Gram-positives formed well-supported clusters 606
(VX1 and VX2, respectively, ESM Figure 13). All other actinobacterial VanX-like dipepti- 607
dases were out-grouped by VanX-like dipeptidases coded within the putative MGEs of 608
Er. mucosicola NM66_B29 and Pub. caecicola DSM 22242 (ESM Figure 13). Unfortunately, 609
internal topology of the latter clade had non-optimal bootstrap support, since VanX-pro- 610
teins appeared well conserved (ESM Figure 14). However, it was possible to distinguish 611
two clusters — VX3 and VX4. Interestingly, composition of VX3 and VX4 corresponded to 612
the clusters VA4 and VA3, respectively, of VanA-like ligases tree (ESM Figure 12). Finally, 613
VanX dipeptidases coded in pekiskomycin BGCs (from Str. sp. WAC 04229 and Str. sp. 614
WAC1420) again grouped together with VanX from Str. varsoviensis NRRL B-3589, which 615
is not a GPA producer. 616

van-genes from pathogenic enterococci often code a peculiar group of bifunctional 617
D,D-peptidases/D,D-carboxypeptidases known as VanXY [65]. In 2014, a comparative 618
structural study of VanXY, VanX and VanY [57] assumed VanXY-peptidases to be a spe- 619
cialized evolutionary branch of VanY-carboxypeptidases in pathogens. This assumption 620
was supported with a phylogenetic reconstruction of M15 family peptidases [57]. How- 621
ever, rather few protein sequences were available at that time. Thus, we decided to check 622
the phylogeny of VanXY-peptidases in relation to our VanX- and VanY-datasets simulta- 623
neously. We used a dataset of 425 proteins, including 7 VanXY-peptidases. The topology 624
of the resulting tree correlated with the topologies of the trees received for the VanX- and 625
VanY-datasets separately. At the same time, VanXY-peptidases appeared to root deeply 626
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within VanY-clade (ESM Figure 15) from low G-C Gram-positives (corresponding to Y1 627
cluster of VanY-carboxypeptidases, Figure 10). Therefore, our large-scale reconstruction 628
was in line with the previously made assumption about VanXY origin [57]. 629

2.4. Phylogeny of VanRS-like two-component regulatory pairs 630

In the course of our screen for vigs, many of them were found co-localized with vanRS- 631
like regulatory pairs. vanRS-like regulatory pairs were also found adjacent to i) putative 632
pdx-operon in Micromonosporales, ii) putative operons formed with genes coding for ala- 633
nine/aspartate racemase, Ddl and VanY-like carboxypeptidase (like in All. opalescens DSM 634
45601 and Mcp. flavida DSM 45312, respectively, Figure 3), or iii) genes for (-lactamases 635
(asin Xa. phaseoli DSM 45730, Figure 4). Additionally, multiple BGCs for type V GPAsand 636
feg-like BGCs from Streptomyces, Microbispora and Actinomadura spp., as well as for type 637
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Figure 11. Phylogenetic trees of actinobacterial VanR-like response regulators (a) and VanS-sensor 640
histidine kinases (b). Defined clusters on each tree were collapsed; for the expanded versions please 641
refer to ESM Figures 16-31. Coherent clusters are joined with thick grey lines. Please see main text 642
for more details. Scale bar represents number of substitutions per site. 643
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IV GPAs from Nonomuraea spp. were found to carry vanRS-like regulatory pairs. To clarity 644
if, how, and to what extent all these VanR-like response regulators and VanS-like sensor 645
histidine kinases are related to each other and with the VanRS-proteins from low G-C 646
Gram-positives, we reconstructed separately phylogenies of two datasets, one for VanR- 647
and the other for VanS-like proteins. First dataset contained 295 proteins, while the second 648
was composed of 313 proteins. Such discrepancy in numbers derives from the fact that 649
vanRS-like pairs often lacked one of the genes, or had it impaired (as pseudogene). Over- 650
all, final topology of both trees was quite coherent, implying the co-evolution of VanR- 651
and Van5-like proteins coded within one gene pair (Figure 11); this allowed us to define 652
a set of well-supported clusters (named VS in VanS- and VR in VanR-trees, respectively). 653
Both trees showed a set of clusters formed as basal clades as well as defined crown groups. 654
Basal clades formed VRI1-4 clusters plus a Dbvé-like cluster in VanR-phylogenetic treeand 655
VS1-3 clusters plus a Dbv22-like cluster in VanS-phylogenetic tree. These data were con- 656
sistent with what previously reported on Dbv6/Dbv22, which is a cluster-situated two- 657
component regulatory pairin A40926 BGC from N. gerenzanensis, not grouping with “clas- 658
sic” VanRS-like proteins from other GPA BGCs [66]. 659

Proteins from coherent clusters VR1 (VanR-tree, Figure 11a, ESM Figure 16) and V52 660
(VanS-tree, Figure 11b, ESM Figure 17) had genes co-localized with vanY-like genes, cod- 661
ing for Y2-cluster VanY-like proteins (Figure 10); overall topology of Y2 was tound similar 662
to both VR1 and V52 (ESM Figures 4, 16 and 17). Then, VR2+3 and V51 clusters were also 663
coherent and contained VanS- and VanR-like proteins found in low G-C Gram-positives, 664
as well as the ones coded within the MGEs from Coriobacteriales and Eggerthellales spp. 665
(Figure 11, ESM Figures 18 and 19). Next pair of coherent clusters contained VanS- and 666
VanR-like proteins coded within feg-like BGCs, type V GPA BGCs and type IVGPABGCs 667
from Nononnraea spp. (Figure 11). Basically, both clades were formed with orthologues of 668
either Dbv6 or Dbv22 from dbv BGCs, thus they received corresponding naming (ESM 669
Figures 20 and 21). Finally, last pair of coherent basal clusters were VR4 and VS3 (Figure 670
11), formed by VanR- and VanS-like proteins coded adjacent to putative pdx-operon from 671
Micromonosporales (ESM Figures 22 and 23). 672

Similar to what was previously observed for VanX-, VanA- and VanH-phylogenies, 673
the resolution of VanR and VanS-trees crown groups was not perfect (ESM Figures24 and 674
25). Nevertheless, we defined three additional clusters in the VanR-phylogenetic tree — 675
VR5-7 (ESM Figures 24 and 26). VanR-regulators from clusters VR5-6 were coded adjacent 676
to vanY-like genes in different actinomycetes, while VR7 was composed with VanR-regu- 677
lators coded adjacent to vanHAXYK in Streptomyces spp. VR7 contained VanR coded 678
within pekiskomycin BGC from Str. sp. WAC1420. The resolution of VanS-tree crown 679
group was better, allowing to distinguish there five additional clusters — V54-8 (ESM Fig- 680
ure 25). Here, V54 and VS5 clusters were formed by VanS-kinases coming from different 681
actinobacterial orders and coded adjacent to vanY-like genes and vanZ-like genes, respec- 682
tively (ESM Figures 27 and 28). Then, proteins forming VS6 cluster were coded adjacent 683
to vanHAX-genes in different actinobacteria (ESM Figure 29), while VS7 was formed by 684
VanS-kinases coded adjacent to vanHAXYK-genes from Streptomyces spp., including the 685
one from pekiskomycin BGC (Str. sp. WAC1420, ESM Figure 30). Finally, proteins from 686
VS8 were coded adjacent to vanHAXK-genes in streptomycetes; VS8 also included VanS 687
from model Str. coelicolor (ESM Figure 31). 688

Some other notable features in VanS- and VanR-crown groups phylogenies require 689
comments. First, both reconstructions placed VanS- and VanR-proteins encoded within 690
tei and A47934 BGCs together (ESM Figures 25 and 26). Second, both trees showed evi- 691
dence of a possible evolution of VanRS-like regulatory pair, expanding its regulon control =~ 692
from van genes to some other genes: although VanRS-pair from All. opalescens DSM 45601 693
and Mcp. flavida DSM 45312 were related to VanRS-proteins coded adjacent to vanHAX- 694
genes, corresponding vanRS-like gene pairs actually were co-localized with genes for ala- 695
nine or aspartate racemases, together with ddl and vanY-like genes. 696
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3. Discussion 697

In the current work we aimed to address certain unclear issues about van-genes, their 698
distribution and phylogeny. Although we are aware that our results mightrisk to generate 699
more questions than answers, we tried in the following section to summarize what are, in 700
our opinion, the most relevant findings. 701

Actinobacteria are the most likely primary sources of vlgs. First of all, the results of 702
our screens, covering more than 7000 actinobacterial genomes and 2000 Bacillales ge- 703
nomes, revealed that vigs are abundant within Actinobacteria phylum (with an incidence 704
of ca. 13%), while vanishingly rare in bacilli and related spp. belonging to Firmicutes phy- 705
lum. This disproves the idea of van-like genes and operons emerging independently in 706
soil-dwelling actinobacteria and bacilli [28]. Abundance and context variability of actino- 707
bacterial vlgs point to Actinobacteria phylum as to the original source of van-genes. Atthe 708
same time, the assumption that ubiquitous low G-C soil Gram-positives served as a bridge 709
for vigs to arrive in pathogens [28] seems likely. Such transfer was probably achieved via 710
MGESs, which often were proved to carry vlgs in low G-C soil Gram-positives and patho- 711
gens [52]. In fact, we found the classical Tn1549 transposon in the actinobacterium 712
Atp. minutum 10063974, although, until now, Tn1549-like transposons were described 713
only in enterococci [53]. It is hard to say whether Atp. minntim 10063974 might represent 714
the original actinobacterial source of Tn1549, or if this is an example of reverse HGT event: 715
G-C content (estimated from vanRSYWHAX-genes) of Atp. minutum 10063974 Tnl549is 716
the same as in Enterococcus faecalis BM4382 Tn1549 — 47%. However, this is comparableto 717
the overall genome G-C content of Atp. minutim 10063974 which is ca. 48%. At the same 718
time, two novel, putative MGEs (very similar to each other) were also found in the ge- 719
nomes of the actinobacteria Er. micosicola NM66_B29 and Pub. caecicola DSM 22242 These 720
MGEs coded unusual transposases, carrying vigs coding proteins that in our phylogenetic = 721
reconstructions did not cluster with Van-proteins derived from low G-C Gram-positives. 722
Once again, it is not clear if these MGEs might represent the ‘original actinobacterial vlg- 723
carrying elements. G-C content of MGEs from Er. micosicola NM66_B29 and Pvb. caecicola 724
DSM 22242 (as estimated from the G-C content of their vanRSHAXY-D-genes) is ca. 55%. 725
This is higher than the usual G-C content of MGEs from low G-C Gram-positives, but 726
lower than the overall genome G-C content of Er. mucosicola NM66_B29 and Povb. caecicola 727
DSM 22242 (64.6% and 62.4% respectively). Thus, the study of vigs in soil mobilome re- 728
quires more detailed and focused research, which could in future contribute to a better 729
understanding on how vigs were disseminated from actinobacteria. 730

vlgs are distributed in actinobacteria without any evident strict correlation to GPA 731
BGCs distribution, although a complex co-evolution with BGCs likely occurred. Our 732
comparative genomic analysis of the different orders belonging to Actinobacteria phylum 733
showed that vlgs are not necessarily co-localized with type I-IV GPA BGCs; moreover, in 734
the majority of the cases, vigs were found in GPA non-producers as well asin type VGPA 735
producers. Consequently, it is reasonable to assume that non-cluster-situated vlgs existed 736
independently from GPA BGCs and might actually be considered a preadaptation feature, 737
which then facilitated the spread of GPA BGCs within Actinobacteria phylum. Next, GPA 738
cluster-situated vigs are not monophyletic, meaning that different GPA BGCs likely ac- 739
quired these genes from different sources of the vast actinobacterial pool. All our phylo- 740
genetic reconstructions in fact showed that cluster-situated vigs emerged randomly on the 741
trees, surrounded by non-cluster-situated vlgs. One of the most prominent evidence came 742
from VanY-phylogeny, where Nonomuraea spp. and Amycolatopsis spp. GPA cluster-en- 743
coded VanY-carboxypeptidases belonged to distant clusters (Y2 and Y5, Figure 9), sepa- 744
rated by multiple other non-cluster-encoded VanY-proteins. Such evidence cautions 745
against overt reliance on out-of-context phylogenetic reconstructions of cluster-situated 746
vlgs [18], which might distort the real situation. 747

Moreover, vigs and GPA BGCs seem to have shared complex co-evolution patterns. 748
We were able to reconstruct one of the most obvious, observed for the self-resistance phe- 749
notype in the A40926 producer N. gerenzanensis, which relied on the expression of the 750
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cluster-situated vanY-like gene — dbv7. In the corresponding dbv7 knockout mutant, GPA 751
resistance was significantly reduced, but not completely abolished [62]. Screening the full 752
genome of N. gerenzanensis [67], the reason became evident: an additional vanY allele was 753
found far away the dbv BGC. Interestingly, this allele was co-localized with a vanRS-like 754
regulatory pair, whereas dbv7 was not. Same situation was observed for N. coxensis DSM 755
45129 — a recently described producer of A40926-like type IV GPA [68]: a cluster-situated =~ 756
dbv7 homologue (almost identical) and a non-cluster-situated vanRSY-triad were identi- 757
fied in its genome. Other two screened genomes of Nonomitraea spp. — the GPA non-pro- 758
ducing N. fuscirosea CGMCC 4.7104 and the kistamicin producer Nonomuraea sp. ATCC 759
55076 — contained close homologues of the vanRSY-triad. In addition, the genome of the 760
other putative GPA producer Nonomuraea sp. WAC 01424 presented the GPA BGC just 761
upstream the vanRSY-triad, while no vanY-allele was found in the BGC itself. Finally, in 762
our reconstructed phylogeny of VanY-like carboxypeptidases, dbv and noc cluster-en- 763
coded VanY-proteins out-grouped (Y1 cluster) all other ones (Figure 10). We believe that 764
such a picture is a result of a series of HGT events. In our hypothesis, summarized in 765
Figure 11, first, noc and dbv protoclusters recruited vanY-gene from the vanRSY-triad pre- 766
sent in the common ancestor of Nonomiuraea spp., whereas WAC 01424 and kistamycin = 767
ancestral BGCs did not acquire it. Then, noc and dbv, through another HGT event, were 768
introduced in Nonomiraea ancestors already carrying the vanRSY-triad. Another HGT 769
event delivered WAC 01424 BGC to Nonomuraea sp. WAC 01424 and kistamycin BGC to 770
Nonomuraea sp. ATCC 55076, explaining why vanRSY-triad is the only resistance determi- 771
nant in these strains. Finally, none of such HGT event occurred in N. fuscirosea CGMCC 772
4.7104, leaving this strain without any GPA BGCs, but anyhow carrying the vanRSY-triad. 773

774
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Figure 12. Scheme for the discussed scenario for vanY-like genes and GPA BGCs co-evolution in 776
Nonomuraea spp. Please refer to the main text for more details. 777
778

Is the GPA resistance the original function of vlgs? As reported above, actinobacteria 779
are an extremely abundant source of vigs. It is quite difficult to consider that such variety 780
of vlgs in GPA non-producing actinobacteria is needed to protect them versus the GPA 781
producers, which definitively seemed quite rare. Alternatively, vigs might have natural 782
functions in cell wall remodeling in response to environmental and/or developmental trig- 783
gers. For instance, VanY-like M15B carboxypeptidases are extremely abundant in actino- 784
bacteria, forming diverged evolutionary lineages; it is tempting to suspect their role in, for 785
instance, cell wall remodeling during the life cycle (a function indeed shown for some 786
other D-Ala-D-Ala carboxypeptidase [69]). Our finding of co-called pdx-operon, common 787
for Micromonosporales, contributed to such idea. This putative operon is composed of a 788
PALP-like serine-threonine dehydratase, a Ddl ligase and a VanX-like dipeptidase genes, 789
co-localized with a vanRS-like regulatory pair. This organization suggests an alternative 790
mechanism of peptidoglycan precursor remodeling, which reminds the introduction of D- 791
Ala-D-Ser termini in the cell wall of some enterococci, showing a low level of GPA re- 792
sistance [14]. It is unknown whether the pdx-operon is functional and if its expression 793
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leads to some cell wall remodeling, but such case indeed merits further experimental eval- 794
uation. 795

To conclude, we must say that current work only scratched the surface of actinobac- 796
terial vigs, leaving many issues without a complete final evaluation and understanding. 797
However, we hope that this should provoke other in silico, in vitre and in vive studies, 798
which will shed light on such an important question as GPA resistance. Our findings por- 799
tray actinobacteria as a Pandora’s box, hosting myriads of putative GPA resistance genes 800
which might be transferred sooner or later to pathogens, significantly contributing to 801
AMR. A thorough understanding of GPA resistance in actinobacteria may prove usefulin 802
the future surveillance of emerging mechanisms of resistance to clinically used GPAs. Alt- 803
hough further experiments are necessary to show that the discovered in silico putative vigs 804
have a real function in vivo conferring GPA resistance, their study may reveal newinsights 805
of their biological functions in actinobacteria, augmenting our comprehension of this re- 806

markable phylum. 807
4. Materials and Methods 808
4.1. Routine analysis of nucleic and amino acid sequences 809

All routine analytic work with nucleic acid and amino add sequences was performed using Gene- 810
ious 4.8.5 [70], Mega X [71]; routine amino acid sequence alignments were performed with Clustal 811

Omega (EMBL-EEI) [72]. 812
4.2. vlgs search pipeline 813
To perform the search for van-like genes (named vlgs), all genome assemblies of Actinobacteria — 814

available at the ime of work preparation (April 2020) as either full sequences or uncompleted ones 815
— were retrieved from GenBank database (in few exceptions, genome assemblies were retrieved 816
from RefSeq database), for a total of 7108 assemblies from species belonging to 26 established and 2 817
tentative orders within the Actinobacteria phylum, represented by 653111 corresponding nucleic 818
acid sequences. Full list of the genome assemblies and corresponding nucleic acid sequencesis given 819
in Supplementary Excel Table 1. MultiGeneBlast tool [73] was utilized to screen chosen set of ge- 820
nome assemblies for vlgs. To do that, chosen set of genome assemblies belonging to each order was 821
downloaded from GenBank (or RefSeq) in a genomic GenBank format (*.gbff). These files were then 822
used to create offline MultiGeneBlast custom databases for each order belonging to the Actinobac- 823
teria phylum. MultiGeneBlast was run in a “homology” mode with the default settings, whichin- 824
cluded 25% minimal sequence coverage of the BLAST hits and 30% minimal amino add sequence 825
identity of BLAST hits. The maximum distance between genes in locus was increased to 40 kb (con- 826
sidering that vigs inside a BGC might be separated by some other genes - like in A47934 BGC [48]). 827
Two input files were used as queries for MultiGeneBlast search: one included van-genes from 828
Str. coelicolor — SCO3589-3590-3594-3595-3596 (van SRHAX); and the other included balhimycin BGC- 829
situated van-genes from Am. balhimycing — DMA12_00360, DMA12 00365 and DMA12_00370 (vanS, 830
vanR and vanY respectively). First input files allowed to detect vanHAX orthologues co-localized 831
with vanR S-like regulatory pairs, while the second helped to detect cases when vanY-like geneswere 832
co-localized with vanRS but lacked other van-genes in their genetic neighborhood. MultiGeneBlast 833
outputs were then carefully examined, and amino acid sequences of the proteins coded with the so- 834
identified vlgs were extracted. The information about these vlgs, including corresponding protein 835
accession numbers, nucleic acid accession numbers and taxa are summarized in Supplementary Ex- 836
cel Table 2. To refine this initial screening, chosen sets of genomes for each order (highlightedinred 837
in Supplementary Excel Table 2) were manually reexamined for vigs using BLASTP [74] with 838
SCO3589 (VanS), SCO3590 (VanR), SCO3592 (Van]), SCO3593 (VanK), SCO3594 (VanH), SCO3595 839
(VanA), SCO3596 (VanX), CAG25753 (VanY), ELS50663 (VarZ) as queries. These last sets of ge- 840
nomes were chosen to cover all the genera within a certain order and to include all the genomes 841
carrying known and putative type [-V GPA BGCs as well as feg-like BGCs. Selected hits were tested 842
for orthology with queries using Reciprocal Best Hit BLAST approach. Information received here 843
was used to build Figures 2-9. 844
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4.3. Search for putative GPA-like BGCs 846

MultiGeneBlast tool [73] was used to screen all the genome assemblies for GPA-like BGCs. We uti- 847
lized the same offline custom databases created for vlgs-screening. MultiGeneBlast was alsorunin 848
a “homology” mode with the default settings, however the maximum distance between genes in 849
one locus was increased to 60 kb. An input file was composed of teicoplanin BGC [75] genes: tei4*, 850
tei8”, teil5”, teil7*, tei23”, tei24”, tei28* and t¢i29”, coding for: an ABC transporter, teicoplanin halo- 851
genase, StrR-like transcriptional regulator, prephenate dehydrogenase, 1-4-hydroxyphenylglycine 852
biosynthesis enzyme HpgT, type Il polyketide synthase DpgA (involved in the biosynthesis of both 853
1-4-hydroxyphenylglycine and 1-3,5-dihydroxyphenylglycine), HmaS and Hmo (1-3,5-cdihydroxy- 854
phenylglycine biosynthesis enzymes), respectively. All these genes have their orthologuesinBGCs 855
for type I-V GPAs and in feg. MultiGeneBlast outputs were manually examined and the nudeicadd 856
sequences containing MultiGeneBlast hits were applied for upstream antiSMASH [76] analysis. A 857
list of obtained putative GPA- and feg-like BGCs is given in Supplementary Excel Table 2. 858

4.4. Phylogenetic reconstruction 859

Since screening revealed hundreds of vigs, it was difficult to use all the sequences for a comprehen- 860
sive phylogenetic analysis. Therefore, phylogenies were reconstructed for sets of proteins coded 861
with vlgs from chosen genomes for each order (highlighted in red in Supplementary Excel Table 2). 862
Final protein datasets for the reconstruction of phylogenies of VanY-like carboxypeptidases; VanH; 863
VanA and Ddl; VanX and VanX-like dipeptidases; VanY-like carboxypeptidases, VanX and VanX- 864
like dipeptidases; VanR-like regulators; VanS-like sensor histidine kinases; are given in Supplemen- 865
tary FASTA Files 1-7, respectively. Some additional information was coded in the name of each 866
protein sequence to indicate {) whether this protein is BGC-encoded or not; ii) whether this protein 867
is coded with an ‘orphan’ gene or corresponding gene is co-localized with other vlgs. For instance, 868
“VanYnes-HAXRS Tt_sp_HY188” indicates that this is VanY-like non-BGC-encoded peptidase, 869
with the corresponding gene co-localized with vanHAXRS, coming from Tomitella sp. HY188. 870

Mega X [71] package was used to perform phylogenetic reconstructions. On a road to representative 871
phylogenetic trees we always followed the next algorithm. First, multiple amino add sequence 872
alignments for each dataset were generated using Muscle; obtained alignments were manually cu- 873
rated to preserve as much meaningful data as possible. Then curated multiple sequence alignments 874
were analyzed using Mega X model finder to discover the most appropriate evolutionary models 875
and the best scoring models were applied to generate Maximum likelihood phylogenies for each 876
protein dataset. Similar approach was used to generate 165 rRNA gene phylogenetic trees, which 877
could be found on Figures 2-5. Final topologies of either protein or gene trees were derived from 878
500 bootstraps. 879

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Supple- 880
mentary materials file; Supplementary Excel Files 1-3; Supplementary FASTA Fils 1-7. 881
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ESM Table 1. Abbreviations of Actinobacteria and Bacillales genera names, used throughout

the work.

Full genus name:

Abbreviation used in the work:

Agromyces. A.
Actinocrispum Ae.
Aeromicrobium Aer.
Actinokineospora Ak.
Alloactinosynnema Al
Allonocardiopsis All
Amycolatopsis Am.
Actinomadura Amd.
Actinophytocola Ap.
Actinoplanes Apl.
Actinopolymorpha Apm.
Atopobium. Atp.
Bacillus Bac.
Blastococcus Be.
Brevibacillus Bbac.
Baekduia Bd.
cand. Planktophila e. Pp.
Catellatospora Cls.
Diaminobutiricimonas Dab.
Enterorhabdus Er.
Frankia F.
Gordonia G.
Glacibacter Gb.
Geodermathophilus Gdp.
Glycomyces Gm.
Herbihabitans H.
Haloactinospora Ha.
Herbidospora Hs.
Jiangella Ja.
Jishengella Js.
Kutzneria K
Kibdelosporangium Kib.
Kribbella Kr.
Kitasatospora Ksp.
Lentzea L.
Leifsonia Ls.
Microbispora M.
Mycobacterium Mb.
Mycolicibacterium Meb.
Murinocardiopsis Mep.
Modestobacter Mdb.
Micromonospora. Mms.
Nonomuraea N.
Nocardia Ned.
Nitriliruptoraceae bacterium NiB
Nakamurella Nm.
Nocardiopsis Np.
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Full genus name:

Abbreviation used in the work:

Paenibacillus Pnb.
Pseudokineococcus Pke.
Promicromonospora Pms.
Prauserella Pr:
Pseudonocardia Ps.
Parvibacter Pbv.
Rathayibacter Rb.
Rhodococcus Re.
Stackebrandtia Sh.
Streptomonospora Sms.
Saccharopolyspora Sp.
Streptosporangium Ss.
Saccharothtix St.
Streptomyces Str.
Tamaricihabitans T.
Thermoactinomyces Tam.
Tsukamurella Tm.
Tomitella Tt.
Verrucosispora Ves.
Williamsia W
Xiangella Xa.
Cryptosporangium Cs.
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ESM Table 2. List of transposases from known MGEs carrying vi/gs used for comparing with
the transposases encoded within Aropobium minutum 10063974, Enterorhabdus mucosicola

NMG66 B29 and Parvibacter caecicola DSM 22242 MGEs.

Protein ID: | Name: Source: Reference:
AAQIL7155 | Tnl546 transposase Staphylococcus aureus [1]
plasmid pLW043
AAQI17125 | 1S43Imec transposase | Staphylococcus aureus [1]
plasmid pLW043
AAQ17171 | Tn552 transposase Staphylococcus aureus [1]
plasmid pLW043
AAB42161 | Tn5506 IS1252 Enterococcus faecium [2]
transposase plasmid pHKK701
RNL10277 | site-specific integrase | Parvibacter caecicola -
DSM 22242
AABO00677 | Tn5482 IS3-like Enterococcus faecium [3]
transposase insertion sequence
IS1216V
AAB00676 | Tn5482 ISS1 Enterococcus faecium [3]
homolog transposase | insertion sequence
IS1216V
AAO083056 | IS256 transposase Enterococcus faecalis [4]
V583 plasmid pTEF1
AAO083057 | IS1216 transposase Enterococcus faecalis [4]
V583 plasmid pTEF1
AAF72368 | Tnl549 integrase Enterococcus faecalis [5]
transposon Tnl549
AAT27448 | Tn6202 Int410 Enterococcus faecalis [6]
integrase N00-0410 transposon
Tn6202
AAC44460 | Tnl547 transposase Enterococcus faecalis [7]
insertion sequence IS16,
Tnl547
EMZ42128 | site-specific Atopobium minutum -
recombinase/integrase | 10063974
MVX60893 | tyrosine-type Enterorhabdus -

recombinase/integrase

mucosicola NM66_B29
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94 4% aa Sl to WP_123743886.1
TIGR02680 family protein,
Saccharothrix texasensis

91.2% aa Sl to TQM80882.1
hypothetical protein FHX81_3232
Saccharothrix saharensis

96% aa Sl to WP_073888874.1
hypothetical protein
Saccharothrix sp. CB00851
86.3% az Sl to WP_204842104 .1
hypothetical protein,
Saccharothrix algeriensis

87.7% aa Sl to WP_106193560.1
hypothetical protein,

Umezawaea tangerina

83.3% aa Sl to GGP44880.1
hypothetical protein GCM10010185_15790,
Saccharothrix coeruleofusca

no significant hits

no significant hits

86.0% aa Sl to QTR02739.1
serine/threonine protein phosphatase,
Saccharothrix algeriensis

CA878-1

CA878-43

67.3% aa Sl to WP_1849823237 1
hypothetical protein,

Saccharothrix ecbatanensis

77.6% aa Sl to RAS63618.1
hypothetical protein C8D87_10619,
Lentzea atacamensis

65% aa Sl to WP_209617005.1
hypothetical protein,

Saccharothrix coeruleofusca
90.5% aa Sl to WP_073896897 .1
DUF2795 domain-containing protein,
Saccharothrix sp. CB00851

60.6% aa S| to WP_199440077.1
VWA domain-containing protein,
Umezawaea sp. RENB

85% aa Sl to WP_091448590.1
alpha/beta hydrolase,
Actinokineospora iranica

s 4 44 [ @ 4  J /4 / /445

ESM Figure 1. Defining the genes annotated within previously unannotated regions flanking the
CA878 GPA BGC (HM486075, genes CA878-1 to CA878-43), coming from metagenomic
sample. Majority of newly annotated genes encode proteins which have homologues with highest

amino acid sequence identity percentages (aa SI) in Saccharothrix spp.
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(a) (b) ,
90.6% aa Sl to WP_071802791 1 71.3%% aa Sl to WP_132620882 .1
NADPH-dependent F420 reductase, small multidrug efflux protein,
__Couchioplanes caeruleus ________Nonomuraea terrae
84.8% aa Sl to GIM75594 .1 76.6% aa Sl to WP_0B6367518.1
hypothetical protein Aau0Znite_66710, GPP34 family phosphoprotein, '
Actinoplanes auranticolor Herbidospora mongoliensis
94.8% aa Sl to WP_203773400.1
S-methyl-5'-thioadenosine phosphorylase, - CA37-1
Actinoplanes nipponensis
99% aa Sl to GIM75588.1 X
UPF0304 protein, hY
Aclinoplanes auranticolor
79.8% aa Sl to WP_045740251.1 ' CA37-55
hypothetical protein,
Actinoplanes rectilineatus 79% aa Sl to WP_122979852.1 '
72.1% aa Sl to WP 089006652.1 malonic semialdehyde reductase,
VanZz family protein, Actinoplanes teichomyceticus
Micromonospora viridifaciens 80.9% aa Sl to WP_122982387 1 -
4'-phosphopantetheinyl transferase
no significant hits superfamily protein,
Actinoplanes teichomyceticus I
CA915-1
CAQ915-51

82.46% aa Sl to GIM74516.1
hypothetical protein Aau02Znite_61380,
Actinoplanes auranticolor

77.3% aa Sl to GIM74516.1
hypothetical protein Aau02nite_61380,
Actinoplanes auranticolor

84.9% aa Sl to WP_160165876.1
hypothetical protein,

Actinoplanes sp. OR16

no significant hits

no significant hits

no significant hits

66.8% aa Sl to AGL16591 1
FG-GAP repeat-containing protein
Actinoplanes sp. N902-109
68.3% aa Sl to WP_196204398.1
hypothetical protein,
Plantactinospora sp. $1510

40% aa Sl to WP_203756169.1
hypothetical protein,

B _Aclinoplanes cyaneus
83% aa Sl to WP_184996815 1
hypothetical protein,
Actinoplanes digitatis

79% aa Sl to WP_203834824.1
N-acetyltransferase,

ctinoplanes humidus

dEacdaTPrPPbPbPba bDEabaTas

ESM Figure 2. Defining the genes annotated within previously unannotated flanks of (a) CA915
(HM486076, genes from CA4915-1 to CA915-51) and (b) CA37 (HM486074, genes from CA37-1
to CA437-35) GPA BGCs, coming from metagenomic samples. Majority of newly annotated
genes encode proteins which have homologues with highest amino acid sequence identity

percentages (aa SI) in Actinoplanes spp.
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Actincbacterial VanY-like M15B,
Y5 genes either adjacent other VLGs or orphan;
also contains VanY coded in auk, Amycolatopsis GPA BGCs, etc.

_ \anYnes MiB ZYFTT6
5 VanYnes Pp. sp. MMS-VB-114
- VanY?2ncs-RS Kr. antibiotica JGM 13523

L Y4 Actincbacterial VanY-like M15B, corresponding genes are “orphan’.
H 100 Y3 Actinobacterial VanY-like M15B from Pseudonocardiaceae,
corresponding genes are “orphan”.

35 WVanYncs-RS He. albg DSM 45211
J—‘ VanYnes Cfs. acidiphila DSM 44928

Actinobacterial VanY-like M15B,
Y2 geres always adjacent to vanRS-like pairs;
also contains VanY coded in dbv, noc, pek, etc.

75 :ﬂ‘f'l Contains VanY-like M15B from
low G-C Gram-positive bacteria.

1

]
| 104

ESM Figure 3. Phylogenetic tree showing the overall phylogeny of VanY-like M15B
carboxypeptidase dataset. Five main clusters (Y1-Y5) were collapsed. Expanded clusters are
given separately: Y1 in ESM Figure 4; Y2 in ESM Figure 5; Y3 and Y4 in ESM Figure 6; Y5 in
ESM Figure 7. Phylogenetic tree was constructed as described in Methods section. “cs/ncs”
abbreviations in the label at the tip of each branch here and further means “cluster-situated/non-

cluster-situated”. Scale bar represents number of substitutions per site.
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Y1

VanY1ncs Bd. soli BR7-21
10 AAFT2360 VanYB Enterococcus fascalis BM4382 plP834 Tn1549
q\.’anYncsHAXWRS Atp. minutum 10063974
AABO5B824 VanY Enterococcus faecalis V583
ABAT1729 VanYG Enterococcus faecalis G1-01247
— AAABGS5958 VanY Enterococcus faecium BM4147 Tn1546
100 o VanY-RSHAXW Brevibacillus laterosporus E7593-50

AAF36805 VanY Paenibacillus popilliae ATCC 14706
VanY4ncs H. rhizosphaerae DSM 101727
58 — VanYnecs1 All. opalescens DSM 45601
VanYncs Apl. teichomyceticus ATCC 31121
VanYncs Apl. awajinensis ssp. mycoplanecinus NRRL B-16712
VanY1ncs Apl. regularis DSM 43151

VanYncs Apl. derwentensis DSM 43941

s VanYncs Apl. missouriensis 431
VanYncs Apl. brasiliensis DSM 43805
VanYnecs Apl. friuliensis DSM 7358
VanYncs Apl. sp. ATCC 53533

100

25

95

ESM Figure 4. Expanded clade corresponding to the Y1 cluster from ESM Figure 3. Scale bar

represents number of substitutions per site.
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Y2 e
Van'Ynecs2 K.

Wanyncs3-RS K. afbida DSM 43870

bnes-RS K, buriramensis DSM 45791
a,‘bm‘a DSM 43870

VanYnes3 K. buriramensis DSM 45791

VanYncs1-S K. buriramensis DSM 4579

VanYnes-RS Nm. sifvesirs DSNI 102309

0.20 L_22f

a3

99— Van¥ncs-S Apl. italicus DSM 43146
L Van¥ncs2-S Apl regularis DSM 43151
VanYncs-RSHAXK Str sp. NRRL WC-3701
a3) VanYnes-RSHAXK Str. sp. SID5471
Vanynecs-HAXRSK Ksp. aureofaciens NRREL B-2658
Van'Yncs Sir. rimosus ssp. imosus NRRL WG-3897
VanYnecs-RSHAXK Str. sp. WAC 06725
VanYnes-RSHAXK Str. sp WA 06783
VanYncs1-RSHAX Sir. sp. Ik 121038
VanYncs-RSHAXK Str. kasugaensis AM-2504
vanYcs-RS Sir sp. WAC1420
WanYnos-RSHAXK Str. albofacfens JCM 4342
100, Vanycs Sfr. sp. WAC 04229
VanYcs Str. sp. WAC4229
“anYcs M. gerenzanensis ATCC 38727
—:Van"cs N._coxensis DSM 45129
vanYncs-RS . fuscirosea CGMCC 4.7104
I VanYcs-RS N sp. WAC 01424

kil

42

VanYnes-R M. sp. ATCC 55076
VanYncs-RS M. coxensis DSM 45129
Wan¥Yncs-RS M. gerenzanensis ATCC 39727
100, Van¥nes Sp. antimicrobica DSM 45119
T vanynes Sp. hirsuta DSM 44795
Van3ncs-RS Kib. aridurm AB2846
Van¥3ncs-RS Kib. aridum DSM 43828

Van¥ 1ncs-RS Kib. phiviohabitans KLBMP1111

VanYncs3-RS Si. ausiraiiensis DSM 43800

100

VanYncs3-RS St espanaensis DSM 44229
VanYncs5-RS K. albida DSM 43870

VanYnes-RS Amd. montamiterrae CYP1-1B
’iﬂ’_aq——\z’ann cs1-R5Z Amd. sp. H3C3
a9 VanYnes-ArDdIRS Amd. umbrina DSM 43927

VanYnecs-RS Amd. me;\erae DSM 44715

—— Van'¥ncs-RS Am. regifaucium DEM 45072
VanYncs-RS Am. orentalis B-37
Van¥ncs-RS Am. jurida NRRL 2430

ESM Figure 5. Expanded clade

encoded proteins are given in red.

WanYncs-R3 Am. furida DSM 43134
VanYncs-RS Am. sp. WAC 04182
Van'Ynsc-RS Am. decaplaning DSM 44534
Van¥ncs-RS Am. sp. WAC 05977

VanYnes-RS Am. thajlandensis JCM 16380
VanYnes-RS Am. sp. BJA-103
Van¥ncs-RS Am sfba DSM 44262

VanYnes-RS Am. azurea DSM 43854
VanYncs-RS Am. japonice MG417-CF17
72| VanYncs-RS Am. sp. MJM 2582
VanYncs-RS Am. sp. WAC 04197
VanYnes-RS Am. sp. CBOOO
gq- Van¥nes-RS Am_sp. WAC 01 375
WanYnes-RS Am. sp. WAC 01416
vanyncs-RS Am. sp. WAC 01376
VanYncs-RS Am. keratiniphifa DSM 44409
VanYncs-RS Am. keratiniphila ssp. no abecma FH 189
VanYnes-RS Am. keratin f:]dda I;gC

B3]

421 VanYncs-RS Am. sp. WA

corresponding to the Y2 cluster from ESM Figure 3. BGC-

Scale bar represents number of substitutions per site.
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Y3

95

83

eg VanYncs Am. keratiniphila DSM 44409
VanYncs Am. sp. WAC 04169

31 VanYncs Am. keratiniphila ssp. nogabecina FH 1893

VanYncs Am. japonica MG417-CF17
"vanYncs Am. sp. CB00013

VanYncs Am. sp. MUM 2582

‘anYncs Am. sp. WAC 04197

VanYncs Am. keratiniphila HCCB10007
VanYncs Am. sp. WAC 05977
Van¥Yncs Am. coloradensis DSM 44225
VanYncs Am. sp. WAC 01375

VanYncs Am. sp. WAC 01376
VanYncs Am. decaplanina DSM 44594
VanYncs Am. sp. WAC 04182
VanYnes Am. lurida NRRL 2430
100l VanYncs Am. lurida DSM 43134
VanYncs Am. sp. BJA-103
100 VanYncs Am. regifaucium DSM 45072

98 VanYncs Am. regifaucium GY080

VanYncs Am. orientalis B-37
VanYncs Am. alba DSM 44262
57| - VanYncs Am. azurea DSM 43854

77— VanYncs Am. thailandensis JCM 16380
VanY3ncs H. rhizosphaerae DSM 101727

J@an‘mncs St. australiensis DSM 43800
VanY2ncs St espanaensis DSM 44229

VanY2nces L. flaviverrucosa DSM 44664

VanY1ncs Ac. wychmicini DSM 45934

97
99 : VanY4dncs Kib. phyfohabitans KLBMP1111

gg[ VanY1ncs Kib. aridum A82846
VanY1ncs Kib. aridum DSM 43828

VanYncsd K. albida DSM 43870

0.20

Y4

—
0.20

VanY2ncs Ncd. cyriacigeorgica MDA3349

VanY2ncs Tm. paurometabola DSM 20162
VanY1ncs Tm. tyrosinosolvens MH1

VanY2ncs Ned. terpenica NC_YFY _NTO001

VanYncs G. bronchialis DSM 43247

VanYncs Nm. mulftipartita DSM 44233

ESM Figure 6. Expanded clades corresponding to the Y3 and Y4 clusters from ESM Figure 3.

Scale bar represents number of substitutions per site.
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100, Van¥nes-RSJ Str sp. KS 5
VanYncs-RSJ Str. sp. PAN FS17
VanYncs-R3J St charireusis ATCC 14822
wanYnos-REJ Sir. aiboflavus MDJK4
vanyYnes-RS Ps riaea DEM 45511

VanYncs-J Str. lanamyv:eﬂcus ATCC 12853
VanYnes-RSJ Str. alboniger ATCC 12481

3 &1 VanYnes-RS Sir. sp W07
as| vanYnes-RSJ Sir glotisporus C-1027
WanY1ncs-RSJ Sk flamentosus NRRL 11379
vanY2nce-REJ Sfr filamentosus NRRL 11379

i —M 4ok O A
VanYnos-RJ Str. sitvensis ATCC 53525
18 Van¥2ncs H. rhizosphaeras DSM 101727
VanYncs-AsiDAIRS Mop. favida DSM 45312
[ 5 vanynes-RSJ Sir. alfaifae ACCCA00;
VanYnes-RS. Sir. spectabilis NRRL 2?92
VanYncs-RS Mms. sp. PPFS- 17
VanYnes-REJ Str. davaonensis JCM 4913
0, Van'Yncs-RS Apri. cepnafufsm CPCC 202808
ncs-RSJ Str sp. YIM 121038
a4, VanVncs. RSHAXK K sandrrgrenms DSM 27082
F —— Vannes HAXRS Cb. wossel DSM 4584
VanYncs Z A, albus DSM 15934
l{mE VanYEncs RS Al u-'oﬁ!escens DSM 45601
Ynes-REJ Sir sp WAC 01529
1 Vanan HAXRS Am. sp. KNNS0.9
VanYncs-RS J& anarcfma GTFH
‘Wan¥cs CABTE
B——— VanY2Zncs-RSJ A sp. NEAU-GS14
VanYnes-RSHAX Kr. f)’awda DSM 17838
Wan'Ynos REAID4I p. DSM 44270
Van\‘1ncs RS Ncd. ferpenica NC YFY_NTOD1
Yan'Yes-HAXRS Aca. terpenice NC_YFY_NTO0
ncs-HAXRS St sustraliensis DSM 43800
553 ATCC 53533
e 3

yoms DSK 5908

VanY2nﬁ HAXR miedicamentivorans 111
a— Van'nes Amd. syzy;{/l GKU1 57 X
2nes-RS Sib. paulf DSM 14954
VanYnes-RS Ps. droxerrnzorans CB1180
Wany1ncs-RS Mok geao dit X7B
25 Ynes-REHAX Gm. sambucus CEGMGC 4 5147
57 Van¥nes-HAXRS Gm. artamisiae CGMCC 4 TOGT
1 VanY1nes-HAX Ja. afba DSM 45237
VanY 1ncs-RSHAX Ja, sp. DSM 45060
WanYnes-HAXRS Am. pretoriensis DSM 44654
VanyYncs-HAXRS TL sp. HY188
VanY2nes-RS Bd. solBR 21
ag VanYnes-HAXRS Am. meditermrans RB
Wan¥nes-HAXRS Am mediterrans 5693
WanYhes-HAXRS Am. rifamycinica DSM 46095
VanYnes-HAXRS Am, rojypamggma DSM 44544
VanYnes-HAXRS M. soff DS 215800
VanYncs RS Ned., brasiiensis ATCC 700358
anyincs-RS Med. ¢ y‘rrect&eodgice MDA3249
VanYmcs—HAXRS H, rzosphaerae DS
‘anY4ncs-RSHAX St espanaensis DSM 44228
Wanyncs-HAXRS Al iranicun IBRC-M 1040.
Wan¥2Znes-HAXRS Ac eicini DSM d5934
VanYnes-R Ap. xanthif 11-183
VanYnos RSHAK Pr. muraiis DSM 45305
VanY2ncs-HAXS Kib. phivlohabitans KLEMP1111
VanYnes1-HAXRS K. aitvda DSM 43870
vanydncs-HAXS K, buriramensis DSM 45781
45 VanYncs-RS Sh. nassavensis DEM 44728
L anYZngs-HAX 5b nassauensis DSM 44728
100, VanYncs-RSHAX Aar gmsengfsoir JCM 14732
T L VanYnos-HAXK Aer. (s:% 00123

thYnct‘:RJ ga‘.r sp.

Ire

Van¥ncs-RS Nei. sp, CR167
VanYncs-RE ActiB JB111
‘Vanyz2ncs Ja. afba DSM 45237
Van'2ncs Ja. sp. DS
VanYncs-RS Sms sp. M2
Van¥nes-RS P!ﬂ:. tusitanus CECT 7306
Vanyncs-RS Ap. ep. L17-MgMa3SLT
VanYncs Cls citrea DSM 44007
WanY1ncs-R3 H sp MEALU-(3514
cs Ss. subroseum CGMOT 4.2132
wanyncs Mms prsn DSM 45175
Van¥ncs-RS Sh. endopiytica DSM 45928
Van'Y2ncs Tm, fyrasinosafvens MH1
VanY1ncs Tm. pauwromafabola DSM 20182
74, VanYZnes-RS Mab sp 112A-02628
_42'—|:\}an‘f2ncs Be. sp. DSM 44270
VanYﬂw- S de sofrDSM 45843
————————————————————— Van'ncs Amd, sg
Van¥Yncs-RS Sir. x:amsnerrs\'s
n1ncs-RS Pb. msdrcamanrrvoranslﬂ
VanY 1ncs-R3 Srh. pauff DM 14954
a7 VanYnes Ro. anthropolis
28 Wan¥nes-RS Re sp. NEAU-CXET

L van¥ncs-RS Rc. sp. 15-549-2-2
Van'Yngs M. smegrmgfis MC2 155

100,
18 V‘anYchs Meb. goodii X7B
& Van¥ncs Afch. giluum PYR-GCK
Wan' Tncs-RS Kr. anfrbroﬂcaJ i) 1‘352
Wan' 2n 45781

1, fan ics-3 K. bunramensis DSM
VanYnes-RS Sir ciavuligerns ATCC 27064
oo— VanYZnes Kb andum AB2846

1
B7) VanY2ncs Kib. aridum DSM 43828
26| VanY3ncs Kib. phytohabians KLEMP1111
100 VanYncs-RS Mp. sinuspersici UTMC102
Van¥nes-RS Np. s[; TSRIOO?-B

100, Vanncs-RS Ksp. gnsso.la
54 E\@n‘(nc& RS Ksp. sp. CBO1850
vanynes-RS) Ksp. xanthocidica MMS 17-GHO09
35— Van¥lnas | fawwerucosa DSM 44664

¥ 050 1 lss——— WanY1incs St austraiensis DSM 43800
Vany1incs St. esp SM 44225

83

ESM Figure 7. Expanded clade corresponding to the Y5 cluster from ESM Figure 3. BGC-

encoded proteins are given in red. Scale bar represents number of substitutions per site.
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VanHes Am. lurida DSM 43134
VanHcs Am. lurida NRRL 2430
t VanHcs Am. sp. WAC 01378
B vanHcs Am. sp. WAC 04182
VanHes Am. sp. WAC 05977
WanHcs Am. sp, WAC 01375
88l VanHes Am. sp, WAC 01416
2 VanHcs Am. decaplarina DSM 44584
VanHcs Am. keratiniphila HCCB10007
VanHcs Am. sp. CBOO013
_| vanHcs Am. japonica MG417-CF17
| VanHes Am. sp. MJUM2582
8ol VanHcs Am. sp. WAC 04197
VanHcs Am. alba DSM 44262
VanHcs Am. azurea DSEM 43854
99{ VanHes Am. thailangensis JCM 16380
VanHes Am. coloradensis DSM 44225
VanHes Am. sp. BJA-103

)

VanHes Am. orientalis ATCC18795
VanHcs Am. regifaucivm DSM 45072
gg | WanHos Am regifavcivm GY080
VanHes CAB7S
WanHes Ak avranifcolor YU 961-1
VanHncs Kib. aridum DSh43828
WanHnes-RS Kib. aridium AB2846
qo~ VanHncs Am. balhimycina DSM 5908
[ WVanHncs Am. sp H5

VanHnos-RS Am. barfoniae DSEM 45807
19 WanHncs-J Ps. cypriaca DSM 45511

VanHnes-Y2 Sb. nessauensis DSM 44728

WanHnes-RSY 1 K, aibida DSM 43870

43 WanHcs Str sp. WAG1420
65 VanHnes Apl sp. ATCC 53533

VanHes-RSY Ned. ferpenica NC YFY NTOO1
@RS\Q Ac. wychimicini DSM 45834
a0, VanHnes Kib phyfehabitans KLBMP1111
VanHncs-SY2 Kib. phylohabitans KLBMP1111

gar ¥anHncs-REJK Sir. coelicolor A3(2)
48 [ VanHnes-REJK Sir. fividans TK24

|8 i anHncs-SK Sir. acidiscabies NCPPB 4445

VanHnos-RSKZ Str. vitaminophilus ATCC 31873
ler_{ VanHncs-RSKZ Str sp. WAC 01438
o5l VanHncs-RSZK St sp. WAC 01420
WanHnes-RSHAX Kr. flavida DSM 17836
VanHnos-RSY Br. murakis DSM 45305
VanHnes-RSY Al iranicum IBRC-M 10403
VanHnes-R3Y Am sp. KNN50.Sb

25— VanHnes-RSY1 H. rhizosphiaerae DSM 101727
WanHnes-RSK Sir. scabrisporus NF3
2] —— YanHncs-SK Str. sp. CNZ288
by VanHncs-SK Sir. sp. CMB-StM0423

Lol VanHnos-SK St sp. CNQ-609
—— ManHnes-5K Sir. sp. WAC 08738
VanHnes Ap. xanthi 11-183

10
VanHncs-RSK Cis. acidiphila DSM 44928
20 YanHnes Apm. cephalofaxi CPCC 202808
VanHnes-SY4 K. burramensis DSM 45791

a5 VarHes-RE Apl. feichomycelicus ATCC 31121
a | VanHes-RSY CA37
VanHes Apl sp. ATCC 53533
13 VanHes-RSY CAS15
VanHncs-SK St silvensis ATCC 53525

VanHncs-RSYK Sir, sp. NRRL WC-3701
VanHncs-RSYK Sir sp. 51D5471
VanHncs-RSYK Sir. imosus ssp. fimosus NRRL 'WC-3897
VanHnes-RSYK Ksp. avreofaciens NRRL B-2658
31 VanHnes-RSYK Sir. sp. WAC 06725
- 231 VanHnes-RSYK Str. sp. WAC 06783

32 VanHnes-RSYK Str. albofaciens JCM 4342
99 || —— VanHnes-RSY1 St sp. YIM 121038
211 VanHncs-RSYK Sir kasugaensis AM-2504 VH3
VanHnes-RSK Str. chrestomyceticus JCM 4735
g | VanHnes-RS Ak mizabensis CECT 8578
4‘ VanHncs-RS Ak, spheciaspongiae EG49

—————— “anHnes-RSY VanXncs-RSY Tt sp. HY188

99

89

B

75 - AHA41489 VanH Rhodococcus equi S7B VanQO
il {Vaancs-RS Re. sp. MTM3W5.2
~ VanHncs-RS Re. sp. NEAU-CX67
VanHncs-RS Amd. montaniterrae CYP1-18
VanHnes-RS Amd. sp. H3C3
VanHnes-S Amd. sp. NEAU-Ht49
74— ManHnes-8 Amd. syzygii GKU157
VanHnics-S Amd. sp. WMMB499
go—— VanHncs-RS Sp. hirsuia DSM 44785
WanHnes-RS Sp. antiricrobica DSM 45119
VanHncs-RS T. halophyticus DSM 45765
VanHcs Am. kerafinphila NRRL B24117
53 t WanHcs Am. sp. WAC 04169
WanHcs Am. keratiniphila DSM 44409
VanHes Am. kerafiniphila ssp. nogabecina FH 1803

0.50

ESM Figure 8. Continued on the next page.
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i g, VanHines-RS £ sp. Eifc
a7 VanH2nes-RE F sp. EiSe
£ WenHnes-REF fafice MRRL B- 16366
VanHnes-S L. flaweerrucosz DSM 44684
o VenHnes-RSY4 St espanoensis DSM 44225
15 WarH REJK Sl Bkl
L VanHncs-REZ Cs. aurantiacym DEM 46144
Wl: WanHnos-RS M anfilbionea JOM 13523
& WanHncs-REY Am. prefoviens’s DSM 44654
L VanHncs RSYK K. sindirgiansis DSK 27082
WanHnes-RSY1 Ja. aiba DEM 45237

L WanHnos-RSY 1 Ja sp. DSK 45060

anHncs-RSY Am. medilerane RE

0
1 VanHnes-RSY Am. mediteraner S598
VanHncs-RSY Am. rifamycin/es DSM 46095
a2z VanHnes-RSY Am. fafypampcirs DSM 44534

| g —————— vanHnes-R3 C= sp. AT 5551
t VarHncs-RSK Str. varsoviansts NRRL B-3583
WanHnes-RSY W, inananensts DSM 44944
Vantnes-REJK Sir sp. VIACHA 159 VH2
VanHnecs-SK St sp, Ag2 GE-5
VanHo:-REJK St fopoeasnsis NRRL 15008
VanHes Sir. sp. WAC 04229
Wanhncs-RK St acoinsnss NRRL 2036
VanHnes-SK St antibioficus DSM 40234
35 — VanHnos-8K Sir. sp. TLI 55
5 - VanHncs-SK St sp. BKD4Z
a0 YanHncs-SK Si sp. GGCR-G

vVanHnes-Z Ps. sp. CNE-139

| gp—— Vanhincs-RSY4 S ausiraliensis DSM 43800
o VanHres REY G artemisise CGMGE 4 TOET
VanHncs-R3Y Gm. sambucus COMOG 4.3147
% vanHnes F. sp. EAM1pec
| RS Ro w. 16640.22
VanHnes-RS A adbus DEM 15834

las VanHnos-KR . analoliza GTFA1

WanHnes-RSY L. woese) DSM 4884

ManHncs-REY2Z Ph. medicamanivorans 111
- VarHnes Pms. subumos SAL064
= VanHnes-RS Al derwentensis DSM 43841
WBnHnce-RSY Mr. pocheonens’s Gsail 818

® = VanHncs-RSKY Asr. sp. Rocl238
WanHncs-RSY Aer ginsengisch JOM 14732
e - AAFTZ362 VanHB Enteracoccus faecalis BMAIE2 Tn1548
i [Vanhines-RSYW Atp. minetum 10053974 VH1
1 5 AARITOS9 VanHD5 Epterococcys fascivm NIZ-KI72
| AAZIBE3E VanHD Enferacocous gakinardm NO4-0414 vanHD
— BAESE12ZE VanH Enformcoctis fscans pSL1-Tn 1546
1 91w GABSIZ28 Vand Bacies orcudans VROTDS
) L aRYS2004 VanH Pasnibacifius Misminolyiicus PT-2B1
VenH-REZ Poenibaciive sonch’ LMG 24727
vanH RSZ TH varlgaris 2H
AAF3B802 YanHE Pasnibacilius popiliae ATCC 14706
! v ACLBZE60 ¥anHM Enferococows faecim Efm-HS0661 1IS1216E
[ ARY52012 VanH Poenibaciius apfanius PA-B2B
207 VanH-RSWY Brevibails lalerospores E7566-60
nHncsRS Gir sp YIM 131861

E:] Wa
T anHees RSY Dab soniate DSM 27383

It

- I — v Al paursmetahils DSM 20182
WanHnce-RSY . ol DSM 21800
9 VanHnes Wei. 2p. CF16T
VanHrcs {6, 10%0Us 79157
fanHncs-RE L5 sp. CHAT

g - Vanknes-REY-D £r. musnsicola NMGE_B28

L WanHncs-RSY.0 Pyb. caecicala DS 22242
SL0R11E Sir. coshasor AHZ)

50

ESM Figure 8. Phylogenetic tree showing the overall phylogeny of VanH-dataset. Three well-
supported clusters (VHI-3) are highlighted. Phylogenetic tree was constructed as described in
Methods section, SCO2118 — a putative D-lactate dehydrogenase — was used as an outgroup.

BGC-encoded proteins are given in red. Scale bar represents number of substitutions per site.
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Main clade of actinobacterial
VanA ligases.

Clade contains VanA ligases

0.50

~

from low G-C Gram-positive bacteria

VanAncs-RSY-D Prb. cascicols DSM 22242
1L VanAncs-RSY-D Er. mumosicola NMBE B29
WP_072370560 1 Covlotaclenales Dd|
ﬂ WP_0T3283816 1 Corfobacianatss Dl
T WP_154025781 1 Covipbacteriaies Ddl
———— WP_037635749 1 Ghyeomycetaies Ddl
WE_0252723311 Ddl
54 NMTO45524.1 Sofrubrabecterafes Ddl
o I_— WP_02Z7004876.1 Suivubrobacismales Dl
L0 WP_022630083.1 Sefrubropacteraies Ddl
‘— WP _D28064512.1 Solirubrobacterales Ddl
WP_047865248 1 Rubrebacterales Ddl
AHY45577.1 Rubrobacterates Ddl
WP_119070523. 1 Rubrobacteraies Ddl
WP_114706107.1 Gamlales Ddl
WP_131153994.1 Egibacferaies Dl
TWR1154 1 pitrifinupforales Gdl
WP_083441488 1 Nitnfrunforales Ddl
WP_155379720.1 Mirllireplorates Dol

corresponding genes belong to pdx-operon,

o WIP_D6BST2070.1 Conprebacterizies Ddl
IWP_124709185.1 Conynebacfenates Ddl
WP_115817711 1 Corynebactenales Dl

WP_116987822.1 Acidimicrotiaies Ddl

o WWIP_13386%1 251 Acdimcrobizies Ddl

KROAE574.1 Aciaimir i bdi
WP_047287047.1 Bifidobactsriales Dd|

’—WFE VWP _OTE523817.1 Biftobaectenates Ddl
WP_006283612 1 Bifidohacterialss Dl

I WP_(IS5R8567T 1 Nannpelsgicates Ddl
WP_D85872505.1 Manopelagicales Ddl
WP_195888294 1 Manapeiagicaiss Ddl

WP _100415318 1 Pmplonibactenales DAl
YUP_065414556.1 Actinomycstztas Dl
—E:up_wzsmasm Actinamytetales Dl
WP_ 31 Ddl
WP_D7EA86134 1 Actnampcatales Del
WP_1243116827.1 Actinemycetates D
WP_106536382. 1 Jiangeliales Dl
WP_131801884.1 Jizngediaies Dol
WP_112259915.1 Jiengedisies Dl
| L ROP43783.1 Kingospansies Dd
- WP_012084286 .1 Kinensponaiss Ddl
E WP_104430942.1 Kineosnariales Del
WP_133788101.1 Fropionibacteraies Dil
— WP_063610302.1 Streplosporangiaies Ddl
L WP_132594465 1 Sfraptasporangiales Dal
WP _DETA&1663.1 Straptosgerangiales Dl
WP_141566150.1 Microcoecales Ddl
WP_0T9574712 1 Micrococcales Ddl
T WP 081123123.1 Propicnibactersles Dl
i WP_015796889. 1 Catenuiissorales Dl
WP 034383309.1 Catenuiisporales Dol
L WP_1266420081 Sweplomycetees Ddl
WP_1455042586.1 Strepomyeetales Dl
WP 150188424 1 Steptamycstales Dl
- NEC52383.1 Catenulisporates Del
o3| — WP_037677603.1 Streplomyretales Dl

ML WP_B29635 1 Streptomycetaiss Ddl

— i

— WP_011606884 1 Frankiafes Ddl
WP_101828B61.1 Fransizles Ddl
WP_011437885.1 Framiales Ddl
WiP_013020M96.1 Giycomycatates Ddl
5 WP_(T3421766.1 Geodermathophilalss Dl
100 WP 085336058 1 Gaodermathoptulaes Ddl
WP_110552962 1 Geodermathaphiales Dol
5HM30895 1 Crypfosporangiatas Odl
s e WIP_035B5T153 1 Cryplosparangiaies Dl
RKED98RE.1 Micromonosporales Ddl
WP_120677335 1 Micromonasporalas Ddl
WP _127497350.1 Micromonosporales Ddl
WP_120508827 1 Misrmmonesparales Del
al WP_D18746780 1 Nakamurafates Ddl
_!ﬁE WP _119385072.1 Makarmurelaies Ddl
| WP_084514554.1 Nakamuralfaies Ddl
WE_D13223838.1 Psevdonocardisles Ddl
L WP_112281088.1 Fseudonocardiales Ddl
WP_0158045660.1 Pseudorseataies Ddl
00| - WP_093148697.1 Peeudonocardiales Odl
WP_026449138.1 Actinopolysparaias Ddl
SDPAB311.1 Actinopolysporates Ddl
1oL WP _043572265.1 Aclinooolysporales Ddl
go— WF_114552285 1 Fggerfriafalas Ddl
— WP_154247978 1 Egreniheliates Ddi
Ddl_cs CA815

—mrna\_:s Apl ep ATCC 53532

wil Ddl_ce CAZT
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D-Ala-D-Ala ligases from Micromonosporales:

ESM Figure 9. Phylogenetic tree
showing the overall phylogeny of the
dataset composed with VanA proteins,
Ddl-ligases coded in Micromonosporales
putative pdx-operons, auk, CA915 and
CA37 BGCs as well as actinobacterial
“house-keeping” Ddl-ligases. Clades
containing Ddl-ligases coded in putative
pdx-operons and VanA-ligases from low
G-C  Gram-positive  bacteria  are
collapsed; for these clades expansion
please refer to ESM Figures 10 and 11.
Expanded crown group of the tree (main
clade of actinobacterial VanA-ligases) is
given in ESM Figure 12. Phylogenetic
tree was constructed as described in
Methods section. Scale bar represents

number of substitutions per site.
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—— DdI-RS Mms. terminaliae DSM 101760

DdI-RS Mms. chersina DSM 44151

DdI-RS Mms. mirobrigensis DSM 44830

100 DdI-RS Mms. noduli ALFpr19a

|— DdI-RS Mms. ureilytica LB19

38 —— DdI-RS Ves. sediminis CGMCC 4.3550

L DdI-RS Mms. avicenniae DSM 45758

DdI-RS Js. endophytica JCM 18317

54

99 DdI-RS Xa. phaseoli DSM 45730

DdI-RS Mms. krabiensis DSM 45344

DdI-RS Ves. sp. FIM060022

| 97
0.10

DdI-RS Js. zingiberis PLAI 1-1

ESM Figure 10. Expanded clade of Ddl-ligases coded in putative pdx-operons, which was

collapsed on the ESM Figure 9. Scale bar represents number of substitutions per site.

100 BADB0926 Van(A)D Enterococcus raffinosus

81 AAR37080 Van(A)D5 Enterocaccus faecium N03-0072

AAD41882 VanA Enterococcus faecium AS02
100 {
001 ABS72058 VanA Ruminococcus gauvreauii CCRI-16110

AAZ98839.1 Van(A)D Enterococcus gallinarum N04-0414
100 ACQE6105 VanA Enterococcus faecium BM4661
|: VanAncs-RSYW Atp minutum 10063974

VanA Paenibacillus larvae ssp. larvae DSM 25430

VanA-RSZ Paenibacillus sonchi LMG 24727

82

VanA-RSZ Thermoactinomyces vulgaris 2H

- ACP19236 VanA Enterococcus faecium C864 Tn1548

CABB61227 VanA Bacillus circulans VR0O709

WP_063856531 VanA Paenibacillus thiaminolyticus PT-2B1

5 ACL82961 Van(A)M Enterococcus faecium Efm-HS0661 1S1216E

74_( AAT70093 VanA Paenibacillus apiarius PA-B2B
00

0.10 1 VanA-RSWY Brevibacillus laterosporus E7593-50

ESM Figure 11. Expanded clade containing VanA-ligases from low G-C Gram-positive
bacteria, which was collapsed on the ESM Figure 9. Scale bar represents number of substitutions

per site.

i)

159



VanAcs Am, keratiniphila ssp, nogaebecing FH 1893
9 vianAcs Am. keratiniphila DSM 44400
YanAcs Am. keraliniphila NRRL B24117
VanAcs Arm. sp. WAC 04169
VanAcs Am. keratiniphila HCCB10007
1op; Yandcs Am. sp. MIM2582
* VanAcs Am. sp. WAC 04197
VanAcs Am. sp. CB0O0OD13
100k WanAcs Am. japonica MG417-CF17
- VanAcs Am. sp. WAC 05877
Vandcs A decaplaning DSM 44594
VanAcs Am. sp. WAC 04182
1| | VanAcs Am. Jurida DEM 43134
VanAcs Am. lurida NRRL 2430
VanAcs Am. sp. WAC 01376
ManAcs Am. sp. WAC 01416
100 VanAcs Am. sp. WAC 01375
VanAcs Am. sp. BJA-103

— o VanAcs Am. thaifandensis JCM 16380
VanAcs Am. azurea DSM 43854
100 5 VanAcs Am. albz DSM 44262

VanAcs Am. coloradensis DSM 44225
VanAcs Am. orfentalis B-37
Wi:rmﬂ YanAcs A regifaucium GY080 VA4
Vanhcs Am. regifaucium DSM 45072
2% VanAcs Ak auranticolor YU 961-1
L  VanAncs-RS Kib. aricdum AB2846
10— VanAncs Kib. aridum DSM43828
I VanAncs Am. sp. HS
100 VanAncs Am. balhimycina DSM 5908
VanAncs-RS Am. bartoniae DSM 45807
VanAncs Apl, sp, ATCC 53533
WanAncs Ap. xanthii 11-183
VanAcs CAB78
VanAncs Kib. phytohabitans KLBMP 1111
gp———— VanhAas Sir. sp. WAC 04229
100 L VapAcs Sir. sp. WAG1420
] - — — VanAnecs-RSK Sir. varsoviensis MRRL B-3589
VanAncs-RSY Am. sp. KNN50.9b
2| VanAncs-RSY Am. prelodensis DSM 44654
3 VanAcs-RBY CA915
——— Vanhcs-REY CA37
El VanAcs-RS Apl. tefchomyceticus ATCC 31121
26 VanAncs-Y2 Sb. nassauensis DSM 44728
WanAncs-RSZ Cs. aurantiacum DSM 46144
VanAncs-R3KY Aer. sp. Root236
W VanAnos-HAXY Aer ginsengisali JOM 14732
48 WVarAncs-RSYK Kr. sindirgfensiz DSM 270562
VanAncs-RSK Cls. acidiptiila DSM 44928
VanAncs Pms. sukurmos SAI-064
VanAncs-RSYK Sir. rimosus ssp. rimosus NRRL WC-3897
2 Van/ncs RSKY Ksp. atreofaciens NRRL B-2658 VA3
25! VanAncs-RSYK Str. sp. NRRL WC-3701
10| |VanAncs-RSYK Str. sp. 3109471
VanAncs-RSYK Sfr. sp. WAC 06725
3 51 VanAnes-RSYK Str. sp. WAG 06783
] VanAncs-RSYK Str. kasugaensis AM-2504
100 VanAncs-RSYK Sir. afbofaciens JOM 4342
—ml—— VanAncs-RSK Sir. chrestomyceticus JCM 4735
L VanAncs-RSY1 Sir. sp. YIM 121038
60 VanAncs-RS Rc. sp. 15-649-2-2
VanAncs-R8Y Tt sp. HY 188
8 VanAncs-RS T. halephyticus DSM 45765
2 anAnecs-S Amid. sp. WMMB439
100, VanAncs-RS Sp. hirsufa DSM 44785
VanAncs-RS Sp antimicrobica DSM 45119
AHA41500 VanA Rhodococous egid STB VanO
VanAncs-RS Re. sp. MTM3W5.2
. VanAncs-RS Re. sp. NEAU-CXE7
VanAncs-5 Amd. sp. NEAL-Ht29
VanAncs-5 Amd. syzygli GKLMa7
VanAncs-RS Amd. sp. H3C3
71; VanAncs-RS Amd. montaniferrae CYP1-1B

o 0.20

ESM Figure 12. Continued on the next page.
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VanAncs-RSY2 Ac. wyehmicini DSM 45934
_ﬂl— VanAncs-RS8Y1 H. rhizosphaerae DSM 101727

L vanAcs-RSY Nod. terpenica NC YFY NTO01
VanAncs-3Y2 Kili, phytohabitans KLBMP1111
51 Vanfnes-REY1 K. aflbida DSM 43870

16 VanAncs-RSY Pr. muraiis DSM 45305
S VanAnce-RSY Al iranicum IBRC-M 10403
2| - VanAncs-RS Ak. spheciospongiae EG49
109 VanAncE‘rRS Ak mzabensis CECT 8578
VanAncs-REY1 Jo. sp. DSM 45060

N 59 VanAncs-RSY1 Ja. alba DSM 45237
29 VanAncs-Z Ps. sp CNS-1298
| | VanAncs Apm. cephalotaxi CPCC 202808

vanAncs-J Ps. cypriaca DSM 45511
100 — VanAncs-SK Sir. sp. WAC 06738 VAz
9 r VanAncs-SK Str. sp. CNQ-509
100 VanAncs-SK Sir. sp. CMB-5tM0423
L VanAncs SK St sp. CNZ288
WanAnos-RSJK Sir. fividans TK24
VanAncs-RSJK Str. coslicofor A3{2)
100 | VanAncs—RSZK Sir. sp. WAC 01420

100 VanAncs-RSKZ Sir. sp. WAC 01438
22 VanAncs-RSKZ Str. vitaminophifus ATCC 31673
VanAncs-RSK Str sp. AgB2 G55

VanAncs-RSJK Str sp. WACD4189 VA1
Vanhcs-RSJK S, layocaensis NRRL 15008
VanAncs-RK Str. lincalnensis NRRL 2036
VanAncs-SK St sp. TLI 55
VanAncs-SK Str. antibioticus DSM 40234
VanAncs-SK Sir. sp. GGCR-6
100! VanAncs-SK Sir. sp. BKD42
VanAncs-KR Ja. enaialica GTF31
Sl VanAncs-RSY W. manianensis DSM 44944
151 VanAncs-RSK Str. scabrsporus NFJ
VanAncs-RSY2 Pb. medicamentivorans 111
ﬁ— VanAncs-RSY Cb. woesel DSM 4684
VanAncs-SK Str. acidiscabies NCPPB 4445
VanAnes-RSJK Str. xiamenensis 318
35 VianAncs-3Y4 K. burframensis DSM 45791
VanAncs-SK Str. silvarsis ATCC 53525
1 VanAncs-REY Am. rifamyeinica DSM 46095
1o VanAncs-SRY Am. tolypomycing DSM 44544
—5{ 100 | VanAncs-RSY Ami. mediferrane 3699
VanAncs-RSY Am. mediferranei RB
VanAncs-RS Api. denwentensis DSM 439441

3 VanAncs-RSY Mr pocheonensis Gsoil 818
2 VanAncs-RSHAX Kr. flavida DSM 17836

100]

12 VanAncs-5 L. flaviverrucosa DSM 44664
= VanAncs-RSY4 St espanaensis DSM 44229
VanAncs-RS Cs. sp. A-T 5661
5 VanAncs-RSY4 St australionsis DSM 43800

VanAncs-RSY Dab. aerilala DSM 27383
VanAncs-RSY Gm. sambucus CGMCC 4.3147
4 VanAncs-RSY G, arfemisiae CGMCC 4.7087
28 VanAnes-RSY M/ soi DSM 21800
1 VanAncs-RS Gh. sp. YIM 131861
VanAncs-RS Kr. antibiotica JCM 13523
T VanAncs Rb. foxicus 70137
i VanAncs-RS T pawrometabola DSM 20162
3 Wanhnes Nej. sp. CF167
VanAncs-RS Ls. sp. Cl47
B VanAncs-RS A. afbus DSM 15834

0.20

ESM Figure 12. Expanded crown group of VanA-phylogenetic tree, which was collapsed on the
ESM Figure 9. Four clusters with the best bootstrap support were distinguished — VA1-4. BGC-
encoded proteins are given in red. Please see main text for more details. Scale bar represents
number of substitutions per site.
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66 Main clade of actincbacterial
VanX M15D dipeptidases.

o0 YanXnes-R8Y-D Er. mucosicola NMBE B29
VanXnes-RSY-D Pvb. cascicola DSM 22242

ao~ BAE96118 VanX Enterococcus raffinosus GV5 VX2
AAZIBBA40 VanXD Enterococcus gallinarum ND4-0414
AAD42185 VanX Enterocaccus faecium BM4339
100L AAR37061 VanXD5 Enferococcus faccium NO3-0072
g YanXnes-REYW Aip. minutum 10063974
BAH02344 VanX Enterococcus faecalis pMG2201
00l AAF72364 VanXE Enterococcus faecalis Tn1549
Vanx-RSZ Thermoactinomyees vulgaris 2H
VanX-RSZ Paenibaciflus sonchi LMG 24727
AAF36804 VanXE Paenibacillus popilliae ATCC 14706
ACLB2862 VanXM Enterococeus faecium Efm-HS0681 I1IS1216E
BAES8130 VanX Enferococcus faecaiis pSL1 1S1216Y

84l VanX-RSWY Brevibacifius faterosporus E7593-50
azr VanXL-RS Jims. chersina DSM 44151 VX1
95t VanXL-RS Mms. terminaliae DSM 101760
VanxL-RS /ms. mirobrigensis DSM 44830
VanXLncs-RS Mms. avicenniae DSM 45758
100 [ VanXL-RS Mms. noduli ALFpr19a
VanXL-RS Mms. ureilytica LB19
VanXL-RS Mms. krabiensis DSM 45344
1 VanXL-RS Js. zingiberis PLAI 1-1
VanXLncs-RS Ves. sp. FIM0B0022
751 VanXLncs-RS Xa. phaseoli DSM 45730
30| VanXL-RS Js. endophytica JCM 18317
261 VanXLnecs-RS Ves. sediminis CGMCC 4.3550

ESM Figure 13. Phylogenetic tree showing the overall phylogeny of the dataset composed with
VanX-like proteins, including the ones coded in Micromonosporales putative pdx-operons. Tree
contains well-separated clusters containing VanX-like proteins coded in putative pdx-operons
(VX1) and VanX proteins from low G-C Gram-positive bacteria (VX2). The crown group of the
tree (main clade of actinobacterial VanX M15D dipeptidases) is collapsed; for the expanded
version please see ESM Figure 14. Phylogenetic tree was constructed as described in Methods

section. Scale bar represents number of substitutions per site.
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go— VanXncs-RS Amd. montaniterrae CYP1-1B

VanXncs-S Amd. sp. NEAU-Ht49
VanXnecs-S Amd. syzygii GKU157
VanXncs-RS Sp. antimicrobica DSM 45119
VanXncs-RS Sp. hirsuta DSM 44795

VanXncs-S Amd. sp. WMMB499
VanXncs-RS Rc. sp. NEAU-CX67
VanXncs-RS Re. sp. MTM3W5.2
83l AHA41501 VanX Rhodococcus equi S7TB
VVanXncs-RS T. halophyticus DSM 45765

45 VanXncs-RSY Tt. sp. HY188

66 VanXncs-RSYK Str. kasugaensis AM-2504
VanXncs-RSY1 Str. sp. YIM 121038
59 VanXncs-RSYK Str. albofaciens JCM 4342
VanXncs-RSK Str. chrestormyceticus JCM 4735
68 VanXncs-RSYK Str. sp. WAC 06725
52 VanXncs-RSYK Sir. sp. WAC 06783

o0 | VanXncs-RSKY Ksp. aureofaciens NRRL B-2658
VanXncs-RSYK Str. rimosus ssp. rimosus NRRL WC-3897
99 VanXncs-RSYK Str. sp. NRRL WC-3701
VanXncs-RSYK Str. sp. SID5471
VanXncs-RSHAX Kr. flavida DSM 17836
i I VanXncs-RSY W. marianensis DSM 44944
3 VanXncs-RS F. asymbiotica NRRL B-16386
Fl 12 VanXncs Ap. xanthii 11-183
VanXncs-RSY4 St. australiensis DSM 43800
100— VanXnes-RSJK Str. coelicolor A3(2)
i VanXncs-RSJK Str. lividans TK24

—— VanXncs F. sp. EAN1pec
4 VanXncs-RSY2 Pb. medicamentivorans 111
VanXncs-RSY Am. sp. KNN50.9b
VanXncs-J Ps. cypriaca DSM 45511
1 VanXncs-RS Re. sp. 15-649-2-2
1 VanXncs-RSY Pr. muralis DSM 45305
i 29 VanXncs Pms. sukumoe SAI-064
VanXncs-SK Sir. sp. Ag82 G5-5

100VanX1ncs-RS F. sp. EiS¢
5|: VanX2ncs-RS F. sp. Ei5¢
A VanXncs-SY4 K. buriramensis DSM 45791

LU 9 VanXncs-RSYK Kr. sindirgiensis DSM 27082
VanXncs-S L. flaviverrucosa DSM 44664
100— VanXncs-RSY1 Ja. alba DSM 45237
27 _ VanXncs-RSY1 Ja. sp. DSM 45060
VanXncs-RSZ Cs. aurantiacum DSM 46144
VanXcs-RSY CA915
VanXncs-R8Y2 Ac. wychmicini DSM 45934

VanXcs-RSY Ned. terpenica NC_YFY_NTO001

T VanXncs Apm. cephalotaxi CPCC 202808

1@XCS-RS Apl. teichomyceticus ATCC 31121

VanXcs-RSY CA37

24 VanXncs-RSY Am. pretoriensis DSM 44654
2 VanXncs-SK Sir. acidiscabies NCPPB 4445
VanXncs-RSK Cis. acidiphila DSM 44928
16 VanXncs-RSK Str. scabrisporus NF3

VanXncs-RSY Am. mediferranei RB
VanXncs-RSY Am. mediterranei 3699
VanXncs-RSY Am. rifamycinica DSM 46095
VanXncs-SRY Am. tolypomycina DSM 44544
VanXncs-SY2 Kib. phytohabitans KLBMP 1111
VanXncs-RSY St. espanaensis DSM 44229
VanXncs-RSY Al iranicum IBRC-M 10403
VanXncs-RSY1 H. rhizosphaerae DSM 101727
VanXncs-RS Cs. sp. A-T 5661

VanXncs Kib. phytohabitans KLBMP1111
" VanXncs-SK Str. silvensis ATCC 53525
VanXncs-RSKZ Str. vitaminophiius ATCC 31673
41005 VanXncs-RSZK Str. sp. WAC 01420
100! VanXncs-RSKZ Sir. sp. WAC 01438

0.20

ESM Figure 14. Continued on the next page.
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— 1 9z VanXnes-SK Str. sp. GGCR-6

82l VanXncs-K Str. sp. BK042

VanXncs-SK Str. antibiolicus DSM 40234
VanXncs-SK Sir. sp. TLI 55

VanXnes Apl sp. ATCC 53533

VanXncs-RS Apl. derwentensis DSM 43941
VanXncs-RSJK Str. xiamenensis 318
100 VanXncs-RS Ak. mzabensis CECT 8578
VanXncs-RS Ak. spheciospongiae EG49
VanXcs Str. sp. WAC 04229

VanXcs Str. sp. WAC1420

VanXncs-RSK Str. varsoviensis NRRL B-3589
VanXnecs-SK Str. sp. CNZ288

VanXncs-SK Str. sp. CMB-StM0423
VanXncs-SK Str. sp. CNQ-509

VanXncs-SK Str. sp. WAC 08738

4 VanXncs-RK Sir. lincolnensis NRRL 2036
1 VanXncs-RSJK Str. sp. WAC04189
! VanXcs-RSJK Str. toyocaensis NRRL 15009

VanXncs-Y2 Sh. nassauensis DSM 44728

5 VanXncs-KR Ja. anatolica GTF31
@ncs-ﬁs A. albus DSM 15934
VanXncs-RS Ls. sp. Cl147
VanXncs-RS Kib. aridum A82846
VanXnes Kib. aridum DSM43828
VanXncs-RSY1 K. albida DSM 43870
VanXcs Ak. auranticolor YU 961-1
VanXncs-RS Am. bartoniae DEM 45807
VanXcs C’&BTQ Am. balhi ina DSM 5908
anXncs Am. balhimycina
[ VanXncs Am. sp. H5
VanXcs Am. orientalis B-37
VanXcs Am. orientalis ATCC 19795
100 VanXes Am. regifaucitim DSM 45072
VanXcs Am. regifaucium GY080
o5 VanXcs Am. azurea DSM 43854
171 VanXcs Am. thailandensis JCM 16380
VanXcs Am. coloradensis DSM 44225
VanXcs Am. sp. BJA-103
VanXcs Am. alba DSM 44262
g Vanxcs Am. sp. WAC 01375
99[L VanXcs Am. sp. WAC 01416
VanXcs Am. sp. WAC 01376
g VanXcs Am. lurida NRRL 2430
VanXcs Am. lurida DSM 43134
6\."ar*:)(::-s Am. sp. WAC 04182
VanXcs Am. sp. WAC 05977
VanXcs Am. decaplanina DSM 44594
76 Vanxcs Am. japonica MG417-CF17
L VanXecs Am. sp. CB00013
VanXcs Am. sp. WAC 04197
VanXcs Am. sp. MUM2582

VanXcs Am. sp. WAC 04169

VanXcs Am. keratiniphila DSM 44409
VanXcs Am. keratiniphila NRRL B24117
7 VanXncs-RSY Mr. pocheonensis Gsoil 818
1 VanXncs Nci. sp. CF167
VanXncs-RS Tm. paurometabola DSM 20162
VanXncs-RSY Cb. woesei DSM 4684
VanXncs-RS Gb. sp. YIM 131861
15 VanXncs-RSY Dab. aerilaia DSM 27393
871 VanXncs-RSY Aer. ginsengisoli JCM 14732
VanXncs-RSKY Aer. sp. Root236

VanXncs Rb. foxicus 70137

VanXncs-RSY Gm. artemisiae CGMCC 4.7067
VanXncs-RSY Gmi. sambucus CGMCC 4.3147

VanXncs-RSY Mi. soli DSM 21800

VanXnes-RS Kr. antibiotica JCM 13523

proteins are given in red. Scale bar represents number of substitutions per site.
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VanXcs Am. keratiniphila ssp. nogabecina FH 1893

VX3

ESM Figure 14. Expanded version of the crown group of actinobacterial VanX MI15D
dipeptidases from ESM Figure 13. Please refer to the main text for more details. BGC-encoded
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_9—91: ABX54688 VanXY Enterococcus faecalis NOB-0364 1ISEnfa364

Sracords M <0 AEP40501 VanXYN Enterococcus faecium
(E SM I?Igrllr; 3"-}) 93 AAF61331 VanXYe Enterococcus gallinarum
. 99[— ABXT79419 VanXYc2/3 Enferococcus casseliflavus F22
__ 85| L AALZ27443 VanXYE Enterococcus faecalis NO0-0410 Tn6202

AAFT1282 VanXY Enterocaccus faecalis
2= 99L WP 063856783 VanXY-G2 Enterococcus faecalis
AAF3B805 VanY Paenibacillus popilliae ATCC 14708
2 £ AAABB58 VanY Enterococcus faecium Tn1546
ABAT1729 VanYG Enterococcus faecalis
56 % Van¥Ynes-HAXWRS Afp. minutum 10063974
499LEAA505624 VanY Enterococcus faecalis
971 AAFT2360 VanYB Enterococcus faecalis Tn1549
VanY1ncs Bd. soli BR7-21
VanYncs1 All. opalescens DSM 45601
VanYdncs H. rhizosphaerae DSM 101727
20 Jar- VanYnes Apl. fiiuliensis DSM 7358
58 VanYnes Apl. sp. ATCC 53533
VanY Apl. awajinensis ssp. mycoplanecinus NRRL B-16712
VanYncs1 Apl. regularis DSM 43151
VanYnes Apl. teichomyceticus ATCC 31121
VanYncs Apl. derwentensis DSM 43941

VanYncs Apl. brasiliensis DSM 43805
VanYnes Apl. missouriensis 431

43

VanYncs NiB ZYFT76

— 99 4 Corresponds to VX1 (ESM Figure 13).

26
% Corresponds to VX2 and the main clade
of actinobacterial VanX M15D dipeptidases
9% W (ESM Figure 13).
—
0,50

ESM Figure 15. Phylogeny of combined datasets for VanY-like M15B carboxypeptidases and
VanX MI15D dipeptidases, including also VanXY -proteins. Phylogenetic tree was constructed as

described in Methods section. Scale bar represents number of substitutions per site.
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VR1

VanRnecs-Y1 H. sp. NEAU-GS14

@ VanRnecs-Y5 K. albida DSM 43870
99| E VanRnes-Y1 K. buriramensis DSM 45791
VanRncs-Y Nm. silvestris DSM 102309
99— VanRnes-Y Re. sp NEAU-CX67
L VanRncs-Y Re. sp. 15-649-2-2
anRncs-Y Ha. alba DSM 45211
a7— VanRncs-Y3 Kib. aridum DSM 43828
VanRncs-Y3 Kib. aridum AB2846
WanRnecs-Y1 Kib. phytohabitans KLBMP1111
VanRncs-Y3 St. espanaensis DSM 44229
VanRncs-Y3 St. australiensis DSM 43800
VanRcs-Y M. sp. WAC 01424
I WanRncs-Y N. sp. ATCC 55076
95— VanRncs-Y M. coxensis DSM 45129
VanRncs-Y N. gerenzanensis ATCC 39727
VanRncs-Y N. fuscirosea CGMCC 4.7104
VanRnes-Y5 K. buriramensfs DSM 45791
99 VanRnecs-Y3 K. albida DSM 43870
7 og— VanRncs-Y Am. regifaucium DSM 45072
VanRnes-Y Am. orientalis B-37
— VanRnes-Y Am. sp. BJA-103
VanRnecs-Y Am. sp. CB00013
551 | 54 VanRncs-Y Am. japonica MGA417-CF17
55 VanRncs-Y Am. sp. WAC 04197
4| VanRncs-Y Am. keratiniphila HCCB10007
VanRnes-Y Am. sp. MJM 2582
87 VanRncs-Y Am. sp. WAC04169
g5 VanRncs-Y Am. sp. WAC 01416
ﬂf’ VanRnecs-Y Am. sp. WAC 01375
VanRncs-Y Am. sp. WAC 01376
L| - VanRncs-Y Am. azurea DSM 43854
60147 vanRncs-Y Am. alba DSM 44262
I VanRnes-Y Am. decaplanina DSM 44584
4 1\."anF{ncs—‘v' Am. keratiniphila DSM 44409
o VanRnes-Y Am. keratiniphila ssp. nogabecina FH 1893
VanRncs-Y Am. thailandensis JCM 16380
_‘LVaancs-Y Am. sp. WAC 05977

35

VanRnecs-Y Am. sp. WAC 04182
18] VanRncs-Y Am. lurida NRRL 2430
98l VanRncs-Y Am. lurida DSM 43134

ESM Figure 16. Expanded version of the VRI cluster from the phylogenetic tree of
actinobacterial VanR-like response regulators (Figure 11a). Please refer to the main text for more
details. BGC-encoded proteins are given in red. Scale bar represents number of substitutions per

site.
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VSs2
VanSncs-Y1 H. sp. NEAU-GS14

Van8ncs-Y Gdp. soli DSM 45843
47 VanSncs-Y5 K. albida DSM 43870
100|—| VanSncs-Y1 K. buriramensis DSM 45791

L VanSncs;)’ Nén. sr’f\lf/'ejgtns Dshfl\u'llE ;%2%[;?67
100—— YanSncs-Y Rc. sp. =
L VanSncs-Y Rc. sp. 15-649-2-2

g5
VanSncs-Y Ha. alba DSM 45211
VanSnes-Y3 Kib. aridum DSM43828

VanSncs-Y3 Kib. aridum A82846

VanSncs-Y1 Kib. phytohabitans KLBMP1111

VanSncs-Y3 St espanaensis DSM 44229

45 VanSncs-Y3 Si. australiensis DSM 43800

10—  VanSncs-Y5 K. buriramensis DSM 45791

L VanSncs-Y3 K. aibida DSM 43870

VanSncs-Y N. coxensis DSM 45129

VanScs-Y M. sp. WAC 01424

40 VanSncs-Y N. gerenzanensis ATCC 39727
VanSncs-Y M. fuseirosea CGMCC 4.7104

VanSncs-Y Am. regifaucium DSM 45072

VanSncs-Y Am. orientalis B-37

VanSncs-Y Am. thailandensis JCM 16380

87 VanSncs-Y Am. azurea DSM 43854

100 YanSnes-Y Am. sp. WAC 04169

100/l VanSncs-Y Am. keratiniphila HCCB10007

VanSncs-Y Am. keratiniphila DSM 44409

98l VanSncs-Y Am. keratiniphila ssp. nogabecina FH 1893

VanSncs-Y Am. sp. WAC 01416

VanSncs-Y Am. sp. WAC 01376

VanSncs-Y Am. sp. WAC 01375

VanSncs-Y Am. lurida DSM 43134

&7 _r VanSncs-Y Am. sp. MJM 2582

18 *1g01 Vansncs-Y Am. japonica MG417-CF17

VanSncs-Y Am. sp. BJA-103

VanSncs-Y Am. alba DSM 44262

18 hs VanSncs-Y Am. sp. WAC 04197

VanSncs-Y Am. sp. CB00013

VanSnecs-Y Am. decaplanina DSM 44594

67/ VanSncs-Y Am. sp. WAC 05977

VanSncs-Y Am. sp. WAC 04182

&1 vanSnecs-Y Am. lurida NRRL 2430

83 a6

a5

100|

39

0.50

ESM Figure 17. Expanded version of the VS2 cluster from the phylogenetic tree of
actinobacterial VanS-like sensor histidine kinases (Figure 11b). Please refer to the main text for

more details. BGC-encoded proteins are given in red. Scale bar represents number of

substitutions per site.
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VR2 ACL82957 VanRM Enterococcus faecium Efm-HS0661

99|
AARB4672 VanR Paenibacillus popilliae ATCC 14706

™ VanRncs-HAXY-D Pvb. caecicola DSM 22242

| VanRncs-HAXY-D Er. mucosicola NM66 B29

. AAY52009 VanR Paenibacillus apiarius PA-B2B
VanR-WHAXY Brevibacillus laterosporus E7593-50

o

AAABS953 VanR Enterococcus faecium BM4147
CAB61229 VanR Bagillus circulans VR0709
AAL27445 VanRE Enterococcus faecalis NO0-0410

o AAF86641 VanRc Enterococcus gallinarum BM4174
ggEEAAKBS‘E)&‘I VanRc-2 Enterococeus casseliflavus
Tl L AEP40503 VanRN Enterococcus faecium UCN71
AAQ16268 VanR Enterococcus faecalis BM4518
AXB64454 VanR Clostridioides difficile DSM 27639

% AAZ9I8835 VanRD Enterococcus galfinarum N04-0414

—
1 L. AAM09851 VanR Enterococcus fascium 10/96A
VanRncs-HAXYW Atp. minutum 10063974

VR3 i P

| AAQ12900 VanR Enterococcus faecium BM4524

—— AABQ5622 VanR Enterococcus faecalis V583
VanR-ZHAX Paenibacillus sonchi LMG 24727
0,20 I

ESM Figure 18. Expanded versions of the VR2 and VR3 clusters from the phylogenetic tree of
actinobacterial VanR-like response regulators (Figure 11a). Please refer to the main text for more

details. Scale bar represents number of substitutions per site.
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VS1 AAVE8812 VanSB Clostridium sp. CCRI-9842
AAQ12903 VanS Enterococcus faecium BM4525
BAHO02339 VanS Enterococcus faecalis pMG2200
100 AHHB83941 VanS(B) Enterococcus faecium SAU28
VanSncs-HAXYW Atp. minuturn 10083974
VanS-ZHAX Paenibacillus sonchi LMG 24727
100 ACL82958 VanS(M) Enterococcus faecium Efm-HS0661

4,:AAR84673 van$ Paenibacillus popilliae ATCC 14706

100 — VanSncs-HAXY-D Pvb. caecicola DSM 22242
L VanSncs-HAXY-D Er. mucosicola NM86 B29

100

100 WP_034869172 VanS Enterococcus casseliflavus

AAYB7972 VanS Enterococcus galfinarum N04-0414
AEP40504 VanS(N) Enterococcus faecium UCNT71
ABX54692 VanS Enterococcus faecalis NOB-0364

58
74

AAL27446 VanSE Enterococcus faecalis N0O0-0410
96 - AAABS954 VanS Enterococcus faecium BM 4147
79| 100 "L AB61230 Vans Bacillus circulans VRO709

100
VanS-WHAXY Brevibacillus laterosporus E7593-50

VanS-HAXZ Thermoactinomyces vulgaris 2H
54 ——— AAQ16269 VanS Enterococcus faecalis BM4518
AAZIB8836 VanS(D) Enterococcus gallinarum N04-0414

100
o AAR37057 VanS(D5) Enterococcus faecium N03-0072
100 BADB0925 VanS Enterococcus raffinosus
— 53 L ABS72055 VanS Ruminococcus gauvreauii CCRI-16110

1

ESM Figure 19. Expanded version of the VSI1 cluster from the phylogenetic tree of
actinobacterial VanS-like sensor histidine kinases (Figure 11b). Please refer to the main text for

more details. Scale bar represents number of substitutions per site.
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Dbv6-like VanRcs Str. sp. PAN FS17
BI’lVachs Str.sp.KS 5

99 vanRcs Str. chartreusis ATCC 14922
23] VanRcs Str. sp. MK-45
37 VanRcs Amd. sp. RB68

— VanRcs1 Str. sp. TLI 55
991 VanRcs1 Str. sp. GGCR-6
g9r— VanRcs Amd. sp. WMMB499
644'-_Van Rcs Amd. sp. WAC 06369
VanRcs M. sp. Gxj-6
a9 q7] VanRes Str. sp. PRhS
VanRcs Sir. sp. DASNCL29
99|, VanRcs Str. rapamycinicus NRRL 5491
96! VanRcs Str. antioxidans MUSC_164
ggr VanRcs2 Str. sp. TLI 55
| VanRcs2 Str. sp. GGCR-8
g7r— VanRcs N. gerenzanensis ATCC 39727
97 VanRcs N. coxensis DSM 45129
81 98 L VanRcs N. sp. WAC 01424
VanRcs N. sp. ATCC 55076
VanRcs Sir. sp. CNQ-509
VanRcs Str. sp. CMB-5tM0423
L VanRcs Sir. sp. CNZ288
VanRcs Str. kanamyceticus ATCC 12853
30 VanRcs Str. formicae KY5
43l L VanRcs Str. venezuelae ATCC 14583
VanRcs Str. sp. FOO1
ga[— VanRcs Str. spectabilis NRRL 2792
& _[ VanRcs Str. sp. YIM 121038
VanRcs Str. xinghaiensis ATCC 19609
Hggjai VanRcs Str. xinghaiensis OIgR
| VanRcs Str. sp. BA2
0,50 9L VanRcs Str. avermitilis NBRC 14893

9

)

98

ESM Figure 20. Expanded version of the Dbv6-like cluster from the phylogenetic tree of
actinobacterial VanR-like response regulators, coded within type V. GPA BGCs, Nonomuraea
spp. type IV GPA BGCs, and feg-like BGCs (Figure 11a). Please refer to the main text for more

details. Scale bar represents number of substitutions per site.
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Dbv22-like

100 VanScs Str. sp. PAN_FS17

’%ﬁ VanScs Sir. sp. KS_5
100 VanScs Str. chartreusis ATCC 14922

VanScs Str. sp. MK-45
VanScs Amd. sp. RB68

ml

— VanScs Amd. sp. WMMB499

100 — VanScs Amd. sp. WAC 06369
VanScs M. sp. Gxj-6

VanScs Str. antioxidans MUSC 164
100 VanScs Str. rapamycinicus NRRL 5491
‘“02 VanScs Str. sp. PRh5
°2 1 VanScs Str. sp. DASNCL29

100 vanScs Str. sp. TLI 55

100

74

—

0.20

L VanScs Str. sp. GGCR-6
100 100 VanScs N. gerenzanensis ATCC 39727
o1 VanScs N. coxensis DSM 45129
VanScs N. sp. WAC 01424

VanScs N. sp. ATCC 55076

g;“ VanScs Str. sp. WAC 06738

100 ’_|§ VanScs Str. sp. CNQ-509
VanScs Str. sp. CMB-StM0423

VanScs Str. sp. CNZ288
100 _ vanScs Str. xinghaiensis OlgR
& VanScs Str. xinghaiensis ATCC 19609
VanScs Sir. sp BA2

&3 VanScs Str. avermitilis NBRC 14893

84

VanScs Str. speclabilis NRRL 2792
100 |: VanScs Sir. sp. YIM 121038
—— VanScs Sir. venezuelae ATCC 14583

100 __ VfanScs Str. kanamyceticus ATCC 12853

o VanScs Str. formicae KY5

%8 VanScs Str. sp. FOO1
% _ VanScs Str. sp. WAC 01529
[ VanScs Str. alboniger ATCC 12461
100 vanScs Str. fradiae NKZ-259
Wr_ VanScs Str. alfalfae ACCC40021

ESM Figure 21. Expanded version of the Dbv22-like cluster from the phylogenetic tree of

actinobacterial VanS-like sensor histidine kinases, coded within type V GPA BGCs,
Nonomuraea spp. type IV GPA BGCs, and feg-like BGCs (Figure 11a). (Figure 11b). Please

refer to the main text for more details. Scale bar represents number of substitutions per site.
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VR4
R-PALPDdIVanXL Js. zingiberis PLAI 1-1

R-PALPDdIVanXL Ves. sp. FIM060022
R-PALPDdIVanXL Js. endophytica JCM 18317
R-PALPDdIVanXL Xa. phaseoli DSM 45730
R-PALPDdIVanXL Vcs. sediminis CGMCC 4.3550
R-PALPDdIVanXL Mrms. terminaliae DSM 101760
R-PALPDdIVanXL Mms. mirobrigensis DSM 44830
R-PALPDdIVanXL Mms. chersina DSM 44151
R-PALPDdIVanXL Mms. krabiensis DSM 45344

E. R-PALPDdIVanXL Mms. avicenniae DSM 45758

R-PALPDdVanXL Mms. ureilytica LB19 RR

i “[ R-PALPDdIVanXL Mms. noduli ALFpr19a

ESM Figure 22. Expanded version of the VR4 cluster from the phylogenetic tree of

actinobacterial VanR-like response regulators, coded within putative pdx-operons from
Micromonosporales (Figure 11a). Please refer to the main text for more details. Scale bar
represents number of substitutions per site.

\'
83 S5-PALPDdIVanXL Xa. phaseoli DSM 45730

66

S-PALPDdIVanXL Vcs. sediminis CGMCC 4.3550

—— S-PALPDdIVanXL Vcs. sp. FIM060022

S-PALPDdIVanXL Js. zingiberis PLAI 1-1

S-PALPDdIVanXL Js. endophytica JCM 18317

S-PALPDdIVanXL Mms. ureilytica LB19

S-PALPDdNManXL Mms. nodufi ALFpr19a

S-PALPDdIVanXL Mms. krabiensis DSM 45344

8-PALPDdIVanXL Mms. avicenniae DSM 45758
S-PALPDdIVanXL Mms. mirobrigensis DSM 44830

100 S-PALPDdIVanXL Mms. ferminafiae DSM 101760

{
99
S-PALPDdIVanXL Mms. chersina DSM 44151 0.20

ESM Figure 23. Expanded version of the VS3 cluster from the phylogenetic tree of
actinobacterial VanS-like sensor histidine kinases, coded within putative pdx-operons from
Micromonosporales (Figure 11b). Please refer to the main text for more details. Scale bar

represents number of substitutions per site.
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Crown group of actinobacterial VanR-like regulators 2 VanRnes-Z Str. sp. Gi386

VanRnes-Z Str. offvochromogenes NBRC 3561

VanRncs-Z Sir. viridochromogenes NRRL 3427
VanRncs-J M. sp. Gxj-6
VanRncs-Z Sir. roseus ATCC 31245
VanRnes-J M. fusca NEAU-HEGS1-5

VanRncs-Z Mms. mirobrigensis DSM 44830
2| 18 VanRncs-Z Mms. auratinigra DSM 44815
VanRnes-Z Apl. awajinensis ssp. mycoplanecinus NRRL B-16712

VanRncs-Z Apl. brasiliensis DSM 43805
VanRncs-Z Apl. regularis DSM 43151
VanRncs-Z Mms. rifamyeinica AM105
VanRnes-Z Apl. missouriensss 431
VanRnes-Z Apl. friufiensis DSM 7358
VanRnes-Z L. flaviverrueosa DSM 44664
VanRncs-Y Apm. cephaiolaxi CPCC 202808
————— VanRncs-Z Sir. sp. AgB2 G5-5
VanRnes Kib. phytohabitans KLEMP1111
WVanRncs-Z Sir. vitaminophiius ATCC 31673

& vanRncs-J Amd. sp. NEAU-HI49
VanRnes-ZY1 Amd. sp. H3C3
VanRncs-YAIrDdl Amd. umbrina DSM 43827
VanRncs-Y Amd. montaniterrac CYP1-1B
VanRncs-Z Sfr. rapamycinicus NRRL 5491
VanRncs-Z Str. sp. DASNCL29
VanRnes-Z Str. bingohenggensis BOW-1

VanRnos-Y1 Sb. nassavensis DSM 44728
VanRncs-J Amd. sp. RB68
e VanRncs Amd. sp. WHMMB499

VanRnes-HAXY An. sp. KNN50.9b
3 VanRnes-HAX Ls. sp. Cl147

VanRnes-J Amd, meyerae DSM 44715
A VanRnos-HAX Am. bartoniac DSM 45807
a1 VanRncs-Y Ap. xanthi 11-183

—— 1 VanRncs Ap. xanthii 11-183

— VanRnecs-YJ Sir. sp. CNQ-509

= VanRnes-YJ Str. sp. CNZ288
51 VanRncs-YJ Str. sp. WAC 06738
74 VanRncs-YJ Str. sp. CMB-StM0423

VanRcs-Y Am. balhimycirra DSM 5908
VanRcs-HAXY Ak, auranticofor YU 961-1
VanRes-Y Am. sp. HS
VanRncs-Y1 Ned. cynacigeorgica MDA3349
VanRncs-YJ Str. formicae KY5
VanRnes-Y Ps. diovanivorans CB1190
VanRnes-Y2J H. sp. NEAU-GS14
VanRncs-Y Sir, sp. WO007
99, VanRnes-Y2J Str. filamentosus NRRL 11379
VanRncs-Y1J Str. filamentosus NRRL 11379
VanRnes-YJ Sir. globisporus C-1027
VanRnes-HAX Cs. sp. A-T 5661
VanRnes-HAXK Sir. varsoviensis NRRL B-3589
g5, VanRncs-HAXY Am. tolypomycina DSM 44544
VanRncs-HAXY Am. rifamycinica DSM 46095
VanRncs-HAXY Am. mediterranei $699
7| VanRncs-HAXY Am. mediterranie/ RB
a9 Vaancs HA)(JK Str. lividans TK24
VanRnes-HAXJK Str. coelicolor A3(2
VanRncs-HAXYZ Pb. medicamentivorans |11
VanRnes-Y1 Mob. goodii X7B
VanRnos-YJ St sifvensis ATCC 53525
VanRncs-Y Ps. cypriaca DSM 45511
VanRnecs-HAXJK Str. xiamenensis 318
VanRcs CAB78
VanRes-HAXJK Str. toyocasnsis NRRL 15009
_:Vanl-{(,b HAX Apl. teichomyceticus ATCC 31121
VanRnes-J Str. sp. TLI 55
g1 VanRncs-J Str. sp. BK0O42
VanRncs-J Sir. sp. GGCR-6
VanRncs-J Str. antibioticus DSM 40234
VanRncs-YJ Str. specfabilis NRRL 2792
56! VanRnes-Y2J Str sp. YIM 121038
WanRnes-YJ Str. alboflavus MDJK44
3 VanRnes-J Str. venezuelae ATCC 14583
VanRnes-YJ Str. davaonensis JCM 4913
VanRnes-YJ Str. charfreusis ATCC 148922
VanRnes-YJ Sir. alialfae ACCC40021
VanRnes-YJ Sir. sp. PAN FS17
571 VanRnes-YJ Str. sp. KS 5

0.50
ESM Figure 24. Continued on the next page.
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Crown group of actinobacterial VanR-like regulators

wanRncs-Z St sp. FOO1
VanRncs-YJ Mrns. sp. PPF5-17
VanRncs-YJ M. sp. GKU 823
nRnecs-beta Xa. phaseoli DSM 45730
- VanRncs-YJ Sir aiborigar ATCC 12461
VanRncs-J Sirt. nodosus ATCC 14888
VanRncs-YAIIDd A opafeswcens DSM 45801
VanRnes-Y Negl brasiliensiz ATCS 700
VanRnes-HAXY Fr. muzfis DSM 45305
WanRnes-KpXa Str speciabils NRRL 2782

VanRnes HAX.JK Sfr sp. WACO4 180

VanRres Sir sp. MK
Vaan:a-HAxKZ S!r vitaminophifus ATCS 31673
VanRnes-HAXZK S sp. WaC 01420
3 VanRnes-HAXKZ Sir. sp, WAC 0143l
VanRnes-YAIDd| 52, sp. DSM 44270

WariR-J Str: fincomensis NRRL 2036
ans—Y Ja. anatoliea GTFR1
VanRnes F.osn. EANTD,
iof 3 - vanRnes HAXY T Ja so. DSM4

5060
VanRngs-HAXY1 Ja. s DSM 45207
VanRncs-HAX Kib. askdur ABZ646
mnﬂnc&w Str, sp. WAG 01529
! VanRres-J Sir NCPPR 4445

VEnRNcs-Y Str. 5p. BAZ
WanRncs-J S canus DSM 40017
WanRncs-HAXY4 8L espansensis DEM 44225
VenRncs-HAXY Cb. woessl DSN 4684
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ESM Figure 24. Expanded version of the clade corresponding to the crown group of bacterial
VanR response regulators from tree on Figure 11a. Well-defined clusters VR5-7 were collapsed

their expanded versions are given on ESM Figure 26. Please refer to the main text for more

details. BGC-encoded proteins are given in red. Scale bar represents number of substitutions per
site.
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Crown group of actinobacterial VanS kinases
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ESM Figure 25. Continued on the next page.
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Crown group of actinobacterial VanS kinases
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ESM Figure 25. Expanded version of the crown group of bacterial VanS-like sensor histidine
kinases from tree in Figure 11b. Well-defined clusters VS4-8 were collapsed; their expanded
versions are given in ESM Figures 27-31. Please refer to the main text for more details. BGC-

encoded proteins are given in red. Scale bar represents number of substitutions per site.
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ESM Figure 26. Expanded versions of the VR5-7 clusters of the phylogenetic tree from ESM
Figure 24. Please refer to the main text for more details. BGC-encoded proteins are given in red.

Scale bar represents number of substitutions per site.
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ESM Figure 27. Expanded version of the VS4 cluster of the phylogenetic tree from ESM Figure

25. Please refer to the main text for more details. Scale bar represents number of substitutions

per site.
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ESM Figure 28. Expanded version of the VS35 cluster of the phylogenetic tree from ESM Figure
25. Please refer to the main text for more details. Scale bar represents number of substitutions

per site.
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VanSncs-HAX Amd. sp. WMMB499

5 VanSncs-HAX Sp. hirsuta DSM 44795
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ESM Figure 29. Expanded version of the VS6 cluster of the phylogenetic tree from ESM Figure

25. Please refer to the main text for more details. Scale bar represents number of substitutions

per site.
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ESM Figure 30. Expanded version of the VS7 cluster of the phylogenetic tree from ESM Figure
25. Please refer to the main text for more details. BGC-encoded proteins are given in red. Scale

bar represents number of substitutions per site.
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ESM Figure 31. Expanded version of the VS8 cluster of the phylogenetic tree from ESM Figure

25. Please refer to the main text for more details. Scale bar represents number of substitutions

per site.
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CHAPTER 4:

Exchange of StrR and LuxR pathway-specific
regulators activates the production of glycopeptide
antibiotics in N. gerenzanenesis and A.
teichomyceticus
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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 teil5* and
teil6* 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 teil6* 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 zei/5*-StrR gene
was also achieved in N. gerenzanensis Adbv4, restored production in 4. teichomyceticus
Ateil5* 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/teil5* StrR regulators share high sequence similarity, their cross
talking was quite ineffective, while unrelated dbv3/teil6* 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.! 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.*> 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).?

As majority of specialized metabolites, GPAs biosynthesis is strictly regulated by
cluster-situated regulators (CSRs). CSRs directly address antibiotic biosynthesis
activated by pleiotropic* or global regulators,>® 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,” A.
teichomyceticus NRRL B-16726%° and Nonomuraea gerenzanensis ATCC 39727,'%!!
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: Teil5* (StrR-
like) and Teil6* (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 teil6* LuxR-like are non-orthologous
genes.” 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.®!® In fact, overexpression of teil5*, teil6*, dbv3 and dbv4 improves
significantly antibiotic biosynthesis in the homologous producers.®!?

StrR-like proteins are present in all GPA BGCs known so far.!> Moreover, DNA-
binding sites of StrR-like CSR in GPA BGCs are identified with some certainty. The
target binding region of Bbr, Teil5* and Dbv4 contains the highly conserved sequence
[GTCCAa(N)7TtGGAC].”*!* Bbr binds in vitro to five regions within bal cluster: the
promoters of bbr (own gene), tha (ABC-transporter gene) orf7 (Na'/K" antiporter gene),
dvaA (dehydrovancosamine biosynthesis gene) and oxyA4 (cross-linking oxygenase
gene).” Dbv4 positively regulates the expression of two operons: dbvi4-8 (oxidative
cross-linking and tailoring enzymes genes) and dbv30-35 (Dpg biosynthesis genes).!*
Teil5* directly controls the transcription of at least 17 genes and binding sites were found
upstream fei2-3 (resistance genes), teid (NRPS gene), fei2 * (tailoring enzyme gene), tei5 *
(oxidative cross-linking gene), teil6* (LuxR-like CSR gene), teil 7* (DpgA biosynthesis
gene), tei23* (HpgT biosynthesis gene), tei26* (tailoring enzyme gene), tei28* (Hpg
biosynthesis gene), fei30* (tailoring enzyme gene) and fei3/* (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 (teil6*) and N. gerenzanensis (dbv3). Nevertheless, these regulators
are less understood than StrR-like and their binding sites were not yet identified. Teil6*
DNA-binding analysis in vitro did not reveal putative targets within the cluster.® Dbv3
positively controls the expression of four genes within dbv BGC: dbv4 (gene of StrR-like
regulator), dbv29 (tailoring enzyme gene), dbv36 (type Il thioesterase gene) and dbv37
(HpgT biosynthetic gene); and six operons: dbv2-dbvi (Hpg biosynthetic genes), dbvi4-
dbv§ (oxidative cross-linking and tailoring genes), dbvi7-dbvl5 (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.'? 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 teil5* are distantly related
on the overall phylogeny of StrR-like GPA biosynthesis regulators, while dbv3 and teil6*
are not related at all.”
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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.'> 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.'® Both strains
were grown on an orbital shaker in baffled Erlenmeyer flasks at 30°C, 220 rpm.
Escherichia coli DH5a was used for routine DNA cloning. E. coli strains carrying
recombinant plasmids were grown in Lysogeny broth (LB) agar at 37 °C supplemented
with 100 pg/mL apramycin-sulfate, 50 pug/mL hygromycin B, 50 pg/mL of kanamycin-
sulfate and 25 pg/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.!” 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 12

containing dbv3 regulatory gene under the
control of aac(3)IVp promoter
pSAD4 pSET152A derivative 12
containing dbv4 regulatory gene wunder the
control of aac(3)!Vp promoter

plJ10700 Template vector for the amplification of 18
hygromycin resistance cassette for pPSHAD3 and
pSHADA4 construction

pSHAD3 pSAD3 derivative containing hygromycin | This work
resistance gene instead of apramycin

pSHAD4 pSAD4 derivative containing hygromycin | This work
resistance gene instead of apramycin

plJ12551 ¢C31-actinophage based integrative expression 19

vector with ermE™* promoter
plJ12551dbv4 plJ12551 derivative containing dbv4 regulatory Dr. Elisa

gene under the control of ermE* promoter Binda
(unpublished
data)
pSET152Ateil5* | pSET152A derivative 8

containing teil5* regulatory gene under the
control of aac(3)IVp promoter
pSET152Ateil6* | pSETI152A derivative 8
containing teil6* regulatory gene under the
control of aac(3)IVp promoter
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plJ12551teil5* | plJ12551 derivative containing teil5* regulatory Dr. Elisa
gene under the control of ermE* promoter Binda
(unpublished
data)
pKC1132 Suicide plasmid lacking actinobacterial oriR 20
pKCKOD3 pKC1132 derivative containing dbv3 flanking | This work
regions and streptomycin resistance cassette
pKCKODA4 pKC1132 derivative containing dbv4 flanking | This work
regions and streptomycin resistance cassette
pKCKOD3-4 pKC1132 derivative containing dbv3 and | This work
dbv4 flanking  regions and streptomycin
resistance cassette
plI778 Template vector for the amplification of 21
streptomycin resistance cassette for PCR-
targeted mutagenesis
A40Y SuperCosl derivative, including 22 kb fragment 22
of dbv cluster (dbvI-dbvl7)
A40dbv3::aadA | A40Y derivative with dbv3 replaced by aadA- | This work
oriT cassette derived from plasmid plJ778
A40dbv4::aadA | A40Y derivative with dbv4 replaced with aadA- | This work
oriT cassette derived from plasmid plJ778
N. gerenzanensis | Wild type, A40926 producer ATCC 39727
N. gerenzanensis | Wild type with dbv3 replaced with aadA4-oriT | This work
Adbv3 cassette
N. gerenzanensis | Wild type with dbv4 replaced with aadA4-oriT | This work
Adbv4 cassette
N. gerenzanensis | Wild type with dbv3 and dbv4 replaced with | This work
Adbv3-4 aadA-oriT cassette
N. gerenzanensis | N. gerenzanensis Adbv3 derivative carrying | This work
Adbv3 pSAD3 pSAD3 plasmid
N. gerenzanensis | N. gerenzanensis Adbv4 derivative carrying | This work
Adbv4 pSAD4 pSAD4 plasmid
N. gerenzanensis | N. gerenzanensis Adbv4 derivative carrying | This work
Adbv4 plJ12551dbv4 plasmid
plJ12551dbv4
N. gerenzanensis | Wild type derivative carrying pSET152Ateil5* | This work
pSET152Ateil5* | plasmid
N. gerenzanensis | Wild type derivative carrying pSET152Ateil6* | This work
pSET152Ateil6* | plasmid
N. gerenzanensis | Wild type derivative carrying plJ12551teil5* | This work
plJ12551teil5* | plasmid
N. gerenzanensis | N. gerenzanensis Adbv4 derivative carrying | This work
Adbv4 pSET152Ateil5* plasmid
pSET152Ateil5*
N. gerenzanensis | N. gerenzanensis Adbv3 derivative carrying | This work
Adbv3 pSET152Ateil6* plasmid
pSET152Ateil 6*
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N. gerenzanensis | N. gerenzanensis Adbv4 derivative carrying | This work
Adbv4 plJ12551dbv4 plasmid
plJ12551dbv4
A. teichomyceticus | Wild type, teicoplanin producer NRRL-
B16726
A. teichomyceticus | Wild type derivative carrying pSAD3 plasmid This work
pSAD3
A. teichomyceticus | Wild type derivative carrying pSAD4 plasmid This work
pSAD4
A. teichomyceticus | Wild type derivative carrying plJ12551dbv4 | This work
plJ12551dbv4 plasmid
A. teichomyceticus | Wild type derivative with feil5* gene replaced 8
Ateil5* with aac(3)IV-oriT cassette
A. teichomyceticus | Wild type derivative with feil6* gene replaced 8
Ateil 6* with aac(3)IV-oriT cassette
A. teichomyceticus | A. teichomyceticus Ateil5* derivative carrying | This work
Ateil 5* pPSHAD4 | pPSHAD4 plasmid
A. teichomyceticus | A. teichomyceticus Ateil6* derivative carrying | This work
Ateil 6* pSHAD3 | pSHAD?3 plasmid
A. teichomyceticus | A. teichomyceticus Ateil5* derivative carrying Dr. Elisa
Ateil 5* plJ12551dbv4 plasmid Binda
plJ12551dbv4 (unpublished
data)
E. coli DH5a General cloning host MBI
Fermentas,
SN
E. coli ET12567 | (dam-13::Tn9 dcm-6), pUZ8002" (AoriT), used 17
pUZ8002 for conjugative transfer of DNA
Bacillus subtilis | CU1065 liaR::kan 23
HB0933
Bacillus subtilis | CU1065 SPR2A2::Tn917::®(Pjiar-74-cat-lacZ) 2
HB0950

dbv3 and dbv4 inactivation in N. gerenzanensis

First of all, dbv3 and dbv4 genes were replaced on A40Y cosmid,** which contains
the majority of dbv BGC genes, with a spectinomycin resistance cassette aadA-oriT
derived from plasmid plJ778 using the A-Red recombination process,”! 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 (Sm®) and apramycin resistance cassette (Am®) were grown several times
on ISP3 solid medium without antibiotic selection until we obtained Sm® AmS3 strains,
due to a second crossover event, resulting in the loss of Am® cassette, leaving only Sm®
cassette, replacing the target gene. Mutant strains were verified by PCR, using
3/4AKOVER_F/R primer pair. Steps in details are discussed in Results.
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Cloning of tei15* and dbv4 into pIlJ12551

The coding sequences of teil5* and dbv4 were amplified from the genomic DNA
of A. teichomyceticus and N. gerenzanensis, respectively and cloned into plJ12551
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 Ndel and NotI and cloned via the same recognition

sites into plJ12551, generating plJ12551teil5* and plJ12551dbv4.

Table 2. Primers used in this work

Primer Nucleotide sequence (5'-3")* Purpose
dbv3KO_R TTTACTAGTCCCCGATGAGCCTCGGTCC Amplification of
dbv3KO_F TTTAAGCTTGCCGATCAGACCGGTGCCG dbv3 with 2 Kbp

flanks
dbv4KO_R CCTCGCGAGCTCGTAGCCG Amplification of
dbv4KO_F CGTGGAAGCGCAGTGCCTC dbv4 with 2 Kbp
flanks
3/4KOVER _ GATATCCTGCCCGAGGCCG Verification of
R deletion for
3/4KOVER _ CCAGATGCTGCAGGCGCGA dbv3 and
F dbv4 genes
dbv3_P1 GCAAACCAAGTCGACGAACCGCTTGGGGGA | Replacement of
CGAGCAAGAATTCCGGGGATCCGTCGACC dbv3 with the
dbv3_P2 | GCCCGAGGCCGGCGAATTCGGCTTGTCGAA aadA-oriT
CTCTTCGCTTGTAGGCTGGAGCTGCTTC cassette within
the cosmid
A40Y
dbv4_P1 CCCCGGCTCCGATATGACGCTAATCGAATC Replacement of
GGAGGCTAGATTCCGGGGATCCGTCGACC dbv4 with the
dbv4_P2 GTCGCTCTACATACGGCCGCCCGGCTCATC aadA-oriT
CACTCGTGCTGTAGGCTGGAGCTGCTTC cassette within
the cosmid
A40Y
dbv3_FWplJ | AAAACATATGCTGTTCGGGCGAGATCGT Amplification of
dbv3_RVpl] | AAAAGCGGCCGCCTACAGCCGCACTGCCTC dbv3
dbv4_FWplJ | AAAAAACATATGGACCCGACGGGAGTTGAC | Cloning of dbv4
ATA into plJ12551
dbv4_RVpll | TTTATTAGCGGCCGCTCATCCAGCGGCCAGA
TCGGTCG
teil5_FWplJ | GGGCATATGACACCTGACGAAGAG Cloning of
teil5_RVpll | AAAAGCGGCCGCTCAGCTCGCCATC ;%1152’; 51 into
pSET_ver_F | GCATCGGCCGCGCTCCCGA Verification  of
teil5* and teil6*
cloned into
pSET152Ateil5*
and
pSET152Ateil 6%,
respectively
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teil5*_ver_ | CAGCTCAGCGCCGCTGAGCA Verification  of
R teil 5* cloned into
pSET152Ateil5*
teil6*_ver_ | CTCGCACACGCCCGGGCC Verification  of
R teil6* cloned into
pSET152Ateil6*
aac(3)IV_F | GTTTTCCCAGTCACGACGTT Verification  of
W apramycin
aac(3)IV_Rv | TATCCGCTCACAATTCCACA resistance cassette

# 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.!”?*> 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 @5 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 X 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 10° of donor E. coli cells and the mixtures were plated on well dried
VMO.1 agar plates supplemented with 20 mM of MgCl,. 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 pg of nalidixic acid sodium salt. Transconjugants were
selected as resistant to 50 pg/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 °C until spores were released from sporangia. Then, spores were centrifuged (15 min,
3,220 x g) and resuspended in 1 mL of 15% v/v glycerol, and stored at —80°C. For
conjugation, approx. 10° spores were mixed with 107 E. coli donor cells and plated on
SFM agar plates supplemented with 20 mM of MgCl,. 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 HB0933?* and HB0950%**
were grown in LB liquid medium at 37 °C 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 pl of so-obtained B.
subtilis culture were inoculated to 30 mL of Muller Hinton Agar (MHA). In case of B.
subtilis HB0950, additional 50 pg/mL of 5-bromo-4-chloro-3-indolyl-B-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 °C, 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 H3BO; (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 x g for 15 min) to obtain
debris-free supernatants. Extracts containing A40926 were centrifuged (16,000 x g for
15 min) and supernatants were incubated at 50 °C, 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 x 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 pL of sample onto a 5 pm-
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 uL of a pure sample of 150 pg/mL A40926 (Sigma-Aldrich, St. Louis, MO,
United States) and 100 pg/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 tei/5* and feil6* knockouts completely abolished
the production of teicoplanin. Expectedly, reintroduction of the wild-type alleles restored
teicoplanin production.® The same was also shown for dbv3 and dbv4, pathway-specific
regulators of A40926 production in N. gerenzanensis.'® Since ultimate aim of our work
was to cross-complement knockouts of dbv3/dbv4 with teil5*/teil 6* and vice versa, we
required apramycin-sensitive mutants of N. gerenzanensis. Unfortunately, dbv3 and dbv4
knockout mutants, described in the literature!® 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 A-RED induced single gene substitutions. In both
cases, the dbv genes were replaced with a spectinomycin resistance cassette aadA-oriT
derived from plasmid p1J778.%!

The dbv3 gene was replaced with the aadA-oriT cassette within the cosmid A40Y
(Table 1) using the A-Red recombination process.?! 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 A-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 Hindlll and Spel restriction
endonucleases and cloned into the HindlIll and Xbal recognition sites of pKC1132 suicide
vector. Obtained plasmids were named pKCKOD3 and pKCKOD#4 and transferred into
N. gerenzanensis via intergeneric conjugation with E. coli ET12567 pUZS8002.
Transconjugants were selected as resistant to 50 pg/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 pPKCKOD3" 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 procedure!” 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 Adbv3 and Adbv4.
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A Replacement of dbv3/4/3-4 within A40Y cosmid B Generation of suicide plasmids for dbv3/4/3-4 knackouts
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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 Adbv3, Adbv4 and
Adbv3-4 strains. Please see main text for more details.
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A40926 production in Adbv3 and Adbv4 and complementation of these strains

To verify that both knockouts abolish A40926 production, we cultivated
N. gerenzanensis Adbv3 and Adbv4 in FM2 production medium according to the
previously described protocol.!> Bioassays (antimicrobial activity on B. subtilis) and
HPLC analysis indeed showed that neither N. gerenzanensis Adbv3 nor Adbv4 were able
to produce A40926 (Figure 2).

A B

N. gerenzanensis

‘

| | I
Y i
J o Q‘--, \f\dk \f}“\& i B

Figure 2. In N. gerenzanensis Adbv3 and Adbv4 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 uLL 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 Adbv3 in green and N. gerenzanensis Adbv4 in blue. A40926 complex
peaks are indicated with black arrows.

Then, to complement N. gerenzanensis Adbv3 and Adbv4, two different plasmids
carrying dbv3 and dbv4 were used: pSET152A and plJ12551 (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.'? dbv4 was also cloned into plJ12551, yielding
plJ12551dbv4. 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.'>*® At the same time, plJ12551 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.'?> Both plasmids are
¢C31-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 Adbv3 pSAD3", N. gerenzanensis Adbv4 pSAD4" and N.
gerenzanensis Adbv4 plJ12551dbv4™ 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 Adbv3 pSAD3" and Adbv4 pSAD4"
restored 30% biosynthesis while plJ12551 restored 100% production in N. gerenzanensis
Adbv4 plJ12551dbv4™. We believe that this peculiar result is due to the strength of
aac(3)[Vp; 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.
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Figure 3. N. gerenzanensis Adbv3 and Adbv4 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 uL 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 ba/ (balhimycin), tei (teicoplanin) and dbv
(A40926) BGCs. Bbr and Dbv4 share 80% of amino acid sequence identity, while Teil5*
and Dbv4 share only 53% of amino acid sequence identity. Finally, Teil5* and Bbr share
50% identity of amino acid sequence identity. Instead, Dbv3 and Teil6* 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 4. teichomyceticus. We used pSAD3 and pSAD4 plasmids previously constructed for
the overproduction of A40926 in N. gerenzanensis'? as well as pSET152Ateil5* and
pSET152Ateil6* for the overproduction of teicoplanin in A. teichomyceticus.® All these
plasmids were derivatives of pSET152A, where desired genes are under control of strong
aac(3)IVp. Since A. teichomyceticus Ateil5* and A. teichomyceticus Ateil 6* mutants are
resistant to apramycin (having feil5* and teil 6* replaced with aac(3)IV-oriT cassette)?,
we had to initially disrupt aac(3)IV gene in pSAD3 and pSAD4 introducing a hygromycin
resistance cassette (hygR), derived from plJ10700, and yielding the recombinant vectors
pSHAD?3 and pSHAD4 (Table 1). pPSHAD4 and pSHAD?3 were then transferred into 4.
teichomyceticus Ateil5* and A. teichomyceticus Ateil 6*, respectively, by means of
intergeneric conjugation with E. coli ET12567 pUZ8002. Resulting strains were called 4.
teichomyceticus Ateil 5* pPSHAD4" and A. teichomyceticus Ateil 6* pSHAD3". The same
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approach was performed for N. gerenzanensis Adbv4 and Adbv3, where pSET152Ateil5*
and pSET152Ateil6* (respectively) were transferred. Obtained strains were named N.
gerenzanensis Adbv3 pSET152Ateil6*" and N. gerenzanensis Adbv4 pSET152Ateil 5*".
All recombinant strains were verified by PCR (Figure 4).
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Figure 4. Verification of the recombinant strains. pSET_ver_F/teil5*_ver_ R,
pSET_ver_F/teil6*_ver_R, dbv3_F/RWplJ, dbv4_F/RWpll, teil5_F/RWplJ primer
pairs were used to amplify an internal region of pSET152A and tei/5* (1,291 bp), internal
region of pSET152A and feil6* (1,385 bp), dbv3 (2,604 bp), dbv4 (966 bp) and teil5*
(990 bp), respectively. 3/4AKOVER_F/R were used to check knockout (3,834 bp for V.
gerenzanensis, 2,642 bp for N. gerenzanensis Adbv3 and 4,840 bp for N. gerenzanensis

Adbv4).

195



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 Adbv4 and Adbv3, complemented with tei/5* and teil6*. 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
Adbv3 pSET152Ateil6*" and no antimicrobial activity for N. gerenzanensis Adbv4
pSET152Ateil5*". HPLC analysis showed no A40926 production in both
N. gerenzanensis ~ Adbv3  pSETI152Ateil6*" and  N. gerenzanensis  Adbv4
pSET152Ateil5*" (Figure 5A). We also tried to complement N. gerenzanensis Adbv4
with teil 5* expressed under the control of ermEp (plJ12551teil5* plasmid, see previous
section). N. gerenzanensis Adbv4 plJ12551teil5*" 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
Adbv3 pSET152Ateil6*" and in N. gerenzanensis Adbv4 plJ12551teil5*" 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 Adbv3-4 double
knock-out mutant (Table 1 and Figure 1) following the same approach above described
for the generation of N. gerenzanensis Adbv3 and Adbv4. 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.?’ In the double knockout mutant, none antimicrobial activity on bioassays nor
GPA detection in HPLC were noticed, like in N. gerenzanensis Adbv3 and Adbv4. The
introduction of feil5* and feil6* in the double knocked-out mutant (strains called
N. gerenzanensis  Adbv3-4 plJ12551teil5*" and N. gerenzanensis Adbv3-4
pSET152Ateil6*") did not trigger any antimicrobial activities, demonstrating that the low
antimicrobial activity observed in both N. gerenzanensis Adbv3 pSET152Ateil6*" and in
N. gerenzanensis Adbv4 plJ12551teil 5** was likely due to A40926 production, albeit in
trace level. Thus, either feil5* or teil 6* seemed able to induce A40926 production in N.
gerenzanensis Adbv4 and Adbv3, although to a negligibly low level.

To confirm the production of A40926 was triggered by the introduction of the
heterologous teil5* and teil6*, we also tested the extracts of both N. gerenzanensis
Adbv3 pSET152Ateil6*" and in N. gerenzanensis Adbv4 plJ12551teil5*" against a
special recombinant strain of B. subtilis named HB0950 (Figure 5B). This strain in fact
contains a lacZ gene (coding for B-galactosidase) fused to the /ial promoter (Plial), which
activates lacZ in response to the cell wall stress caused with lipid II binders.>* 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 -
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 Adbv3 pSET152Ateil6*" and in N. gerenzanensis Adbv4
plJ12551teil5*" recombinants, indicating that they produce A40926 (Figure 5B).
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N. gerenzanensis N. gerenzanensis

A. teichomyceticus A. teichomyeeticus

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 Ateil6* pSHAD3" sample was collected at 96 h in E25 + 1g/L L-valine.
GPA extraction was done by raising pH up to 12. 50 pL 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 Adbv3
pSET152Ateil6*" and in N. gerenzanensis Adbv4 plJ12551teil5*”, 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 Adbv3
pSET152Ateil6*" produced ca. 20 mg/L A40926, whereas N. gerenzanensis Adbv4
plJ12551teil5**only 2 mg/L (Figure 6), confirming that heterologous expression of
teil5* and teil 6*could somehow restore A40926 production in N. gerenzanensis.
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Figure 6. Chromatograms of concentrated samples. N. gerenzanensis Adbv3
pSET152Ateil6*" (A) and N. gerenzanensis Adbv4 plJ12551teil 5*" (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 4. teichomyceticus mutants knocked out in
teil6* and teil5*, which were complemented with dbv3 or dbv4, respectively. The
recombinant strains were grown in the traditional TM1 production medium, previously
optimized for teicoplanin production.'® In bioassays, none antimicrobial activity was
detectable versus B.subtilis in the case of A. teichomyceticus Ateil5* pSHAD4" (Figure
5A), while A. teichomyceticus Ateil 6* pSHAD3" did not even grow in TM1 production
medium. As in the case of N. gerenzanensis, we also tried to complement
A. teichomyceticus Ateil 5* with plJ12551dbv4 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.?® In none of these conditions, mutants complemntedwith the heterologous dbv4
produced any antimicrobial activity. Surprisingly, bioassays of A. teichomyceticus
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Ateil6* 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 Ateil 6* pSHAD3" indicating GPA production, but not
in Ateil 5* 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 Ateil 6* pSHAD3" restored teicoplanin
production. Blue chromatogram shows the production profile of A. teichomyceticus in
TMI at 96 h, in red A. teichomyceticus Ateil 6* pPSHAD3" 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
Ateil6* 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 tei/5* and teil 6* restored A40926 production in
N. gerenzanensis Adbv3 and Adbv4, respectively, we tested if their overexpression in N.
gerenzanensis wild type would affect antibiotic production. The result was that N.
gerenzanensis pSET152teil 5*", N. gerenzanensis plJ12551teil5*" and N. gerenzanensis
pSET152teil 6* antibiotic productivity in FM2 production medium was the same as in
the wild type (Figure 8A). When the same approach was used for A. feichomyceticus
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).
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Figure 8. GPA production in cross-overexpression recombinants. A) Maximum A40926
production in FM2 by N. gerenzanensis, N. gerenzanensis pSET152teil5*", N.
gerenzanensis Adbv4 plJ12551teil5*" and N. gerenzanensis pSET152teil6*" 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 4m.
Jjaponicum) could replace each other in governing the reciprocal GPA synthesis.?®?° 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.'? In our
study we were going wider and wanted to test whether dbv4 and teil5* (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 feil5* was able to
restore A40926 production in N. gerenzanensis Adbv4, 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 4. feichomyceticus Ateil 5*.

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.**?!
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.>? 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 feil5* 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 Teil6* 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. feichomyceticus Ateil 6*
pSHAD3" had teicoplanin production fully restored, while N. gerenzanensis Adbv3
pSET152teil6*" 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 4. 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.** Moreover, LuxR-like regulators are necessary to modulate
the expression of virulence factors, immune response, intracellular signaling or biofilms
formation in Gram-negative bacteria.>* 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.** 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. fteichomyceticus Ateil6*
pSHAD3" did not grow in TMI 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.!2

To conclude, if teil5* and dbv4 are only partially able (feil5*) or unable (dbv4) to
“cross-talk” between the pathways, dbv3 and teil6* 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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V. GENERAL CONCLUSIONS
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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 20" 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 19'" 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 20" 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 teil6*/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 zeil5* 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 teil5* 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.
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