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Abstract: This review focuses on the genetic and biotechnological aspects of the biosynthesis of
ramoplanin (Rmp), enduracidin (End), and other related lipodepsipeptide antibiotics, herein named
collectively ramoplanin and ramoplanin-related lipodepsipeptide (RRLDPs). These compounds
exhibit a promising antimicrobial activity against Gram-positive bacterial pathogens, showing no
cross-resistance with vancomycin. Rmp is in clinical development for human treatment and End has
been used as animal growth promoter for decades. Other RRLDPs as ramoplanose and janiemycin
had been poorly investigated in the past, whereas new molecules as chersinamycin have been
recently discovered, attracting a renewed interest in this class of antibiotics. Nowadays, sequence
and annotation of the biosynthetic gene clusters (BGCs) of Rmp, End, and several other RRLDPs are
available, and researchers are focused on understanding the biosynthetic logic behind the production
of these compounds. Interestingly, producers of Rmp and chersinamycin belong to the so-called
“non-common” actinomycetes from the family Micromonosporaceae, whereas End is produced by
different members of the genus Streptomyces. To the best of our knowledge, no reviews summarize
and systematize the current information on the biosynthesis of RRLDPs. Therefore, in this review, we
aim to fill this gap. We first describe and compare the BGCs for known RRLDPs, giving an insight
on how they were discovered and developed. Next, we review the biosynthetic pathways of these
antibiotics, as well as the regulation of their biosynthesis. Then, we focus on the production processes
of RRLDPs, demonstrating how cultivation and nutritional factors influence their production. Finally,
we provide a short outline of future directions in studying RRLDPs.

Keywords: ramoplanin; enduracidin; chersinamycin; lipodepsipeptides binding to lipid-II;
biosynthetic gene cluster; genes; antibiotics

1. Introduction

In the past century, a multitude of polypeptide antibiotics of bacterial origin has
been isolated and investigated [1,2]. These can generally be divided into two superclasses
based on their principal biosynthetic mechanisms: ribosomally synthesized and post-
translationally modified peptides (RiPPs) [3], and non-ribosomally synthesized peptides
(NRPs) (i.e., those produced involving non-ribosomal peptide synthetases [4]). Producers
of the former and latter compounds have been discovered across various Gram-positive
and Gram-negative bacterial lineages, although the members of the phylum Actinomycetota
(traditionally named actinomycetes) represent the largest source of bacterial polypeptide
antibiotics. Apart from actinomycetes, RiPPs have been predominantly found in Gram-
positive bacteria from the phylum Bacillota, including Bacillus spp. (e.g., subtilin [5]), Lacto-
coccus spp. (e.g., nisin [6]), Staphylococcus spp. (e.g., epidermin [7]), Streptococcus spp. (e.g.,
salivaricin [8]), Enterococcus spp. (e.g., cytolysin [9]), Carnobacterium spp. (carnocin [10]),
or in Gram-negative myxobacteria (e.g., myxarylin in Pyxidicoccus fallax [11]). Producers
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of non-ribosomally synthesized peptide antibiotics have been identified within a much
broader variety of bacterial phyla, including Bacillota (e.g., gramicidin and polymyxin
from Bacillus brevis and Paenibacillus polymyxa, respectively [12,13]), Pseudomonadota (e.g.,
teixobactin from Eleftheria terrae and ajudazols from Chondromyces crocatus [14,15]), or
Cyanobacteriota (e.g., anabaenopeptins from Planktothrix spp. [16]).

Among RiPPs and non-ribosomal peptide antibiotics, numerous compounds target
different steps of peptidoglycan (PG) biosynthesis [17]. PG biosynthesis, intensively dis-
cussed elsewhere (e.g., [18]), is a vital process in eubacteria absent in eukaryotes, and
consequently it represents a good target for antibiotics. Among the PG-targeting antibiotics,
lipid II binders have been the most exploited [17]. Although lipid II molecules constitute
a small fraction of cell-membrane phospholipids [19], their role is essential for the PG
biosynthesis and turnover [20]. Such lipid II-binding NRPs as glycopeptide antibiotics
(GPAs), vancomycin, and teicoplanin represent the “last defense line” antibiotics to treat
infections caused by multidrug-resistant Gram-positive pathogens [21,22], while nisin (an
RiPP) is widely used as a food preserving agent [23].

Among lipid II binders, large cyclic non-ribosomally synthesized lipodepsipeptides
such as ramoplanin (Rmp) and enduracidin (End) (as well as some other related com-
pounds, more recently discovered, hereafter referred to as RRLDPs—ramoplanin and
related lipodepsipeptides), occupy a special niche [24]. These antibiotics interact with lipid
II as dimers, forming stable salt bridges with the pyrophosphate portion and enclosing the
polar head of lipid II [25]. RRLDPs exhibit a promising antimicrobial activity spectrum
against Gram-positive bacterial pathogens, being more active against Staphylococcus spp.
(including the methicillin-resistant mutants) than GPAs and showing no cross-resistance
with vancomycin towards vancomycin-resistant enterococci (VRA) [26-28]. End has been
used as an animal growth promoter for decades in various farm animals [29-35], and
notably no cases of End-resistant isolates have been reported yet, implying that resistance
is not easily acquired [32]. Rmp has long been investigated for therapeutic applications in
humans, but in vivo animal studies demonstrated that it is not orally absorbed, it is instable
in plasma, and poorly tolerated if injected, posing significant hurdles to its clinical develop-
ment [36]. Orally administered Rmp has been recently reconsidered for the treatment of
gastrointestinal infections and has progressed into phase III clinical trials, but there is no
recent information about its status [37].

In the last decade, novel RRLDPs have been described, enriching this class of promis-
ing potential antibiotics and re-attracting the general interest for their peculiar mode of
action in overcoming resistant barriers to the current antibiotics in clinics [38-40]. Notably,
as in the case of Rmp, most of them are produced by relatively uncommon actinomycetes
genera, which are difficult to manipulate genetically and present intriguing challenges in
handling and fermentation [38,39]. Sequencing of the corresponding biosynthetic gene
clusters (BGCs) might enable comparing the different producing pathways, opening the
way for an integrated view of RRLDP biosynthesis. Indeed, numerous aspects of RRLDP
biosynthesis remain still unexplored and warrant additional investigations. There is a no-
table absence of contemporary review articles focusing specifically on RRLDP biosynthesis
that summarize all these recent findings. In this review, we aim to update the landscape
of RRLDP discovery among the producing actinomycetes, with a special focus on recon-
structing and discussing the biosynthetic logics behind RRLDP production, on the basis of
BGC comparison of old and novel antibiotics belonging to this class. Herein, we also report
the gene-engineering and biotechnological strategies to improve the producing strains and
processes, which have been optimized mostly during Rmp and End discovery and develop-
ment. Although the advances in the chemical synthesis of RRLDPs are not covered by this
review, it has to be mentioned that Rmp and its analogues can be produced by synthetic
chemistry as an alternative to biological production, e.g., [41]. To this purpose, a recently
developed solid-phase peptide synthesis and macrocyclization applied to RRLDPs [42,43]
represents a promising and innovative method to efficiently explore their structural activity
relationship (SAR). Our hope is that a thorough understanding of these aspects among the
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different RRLDPs might contribute in the future to the re-purposing of this antibiotic class,
re-engineering, and re-designing a new generation of molecules able to tackle the diffusion
of resistance in Gram-positive pathogens.

2. Ramoplanin and Related Lipodepsipeptides: Producer Strains and History of
Their Discovery

Rmp and End are the best studied RRLDPs that were isolated as a result of exten-
sive bioactivity-guided screening programs in the previous century. End (also known as
enramycin [44]) was the first RRLDP antibiotic to be isolated in 1968 [45] by the Takeda
Chemical Industries (Japan). The producing microorganism was an actinomycete strain ob-
tained from a soil sample collected in Nishinomiya (Japan), and subsequently classified as
Streptomyces fungicidicus B-5477 (ATCC 21013) [28]. Shortly after (in 1970), another RRLDP,
named janiemycin, was isolated from Streptomyces macrosporeus ATCC 21388 [46]. Although
the initial structural analysis indicated that janiemycin was chemically related to End [46],
neither the chemical structure of the compound nor its producer were further investigated.
More than a decade later, in 1983, Rmp, initially referred to as A-16686 (also known as MDL
62198), was discovered. Rmp was obtained from an actinomycete strain isolated from a
soil sample collected in Vaghalbod (India) by Gruppo Lepetit (Italy) [47]. The producer
of Rmp was initially identified as Actinoplanes sp. ATCC 33076 [47] and has received a
valid classification as Actinoplanes ramoplaninifer ATCC 33076 only recently [48]. Later,
an unknown Actinoplanes sp. of undisclosed origin was shown to produce the so-called
ramoplanose (UK-71,903), an RRLDP structurally almost identical to Rmp [49]. Similar to
janiemycin, the producer of ramoplanose was not further investigated at that time. Of note,
several steps in Rmp biosynthesis (discussed below) were investigated in Actinoplanes sp.
SIPI-A.2006 (e.g., [50]), which likely is a synonym of ATCC 33076.

Recent findings demonstrated that End production is not limited to S. fungicidicus
ATCC 21013. S. fungicidicus TXX3120, L-69, and SG-01 were additionally reported as End
producers, although their origins and relation to ATCC 21013 remain unclear [51-53].
Streptomyces sp. NJWGY3665 (isolated from soil samples collected in Nanjing, China) [54],
Streptomyces atrovirens MGR140 (CGMCC No. 3365) (isolated from mangroves of Jiulong
river, China) [40,55], and Streptomyces sp. MC079 (a deep-sea Pacific Ocean sediment
isolate) [56] were also identified as active producers of End. The approaches used to
identify Streptomyces sp. NJWGY3665 and Streptomyces sp. MC079 as End producers remain
unclear. Instead, a targeted screening guided by the End halogenase gene detection was
employed to identify S. atrovirens MGR140 [40].

A recent study conducted a systematic screening of actinomycetes from the soil sam-
ples collected worldwide for potential RRLDP producers [39]. After cultivation in complex
liquid media, cultural broths of the isolates were extracted with acetone, and the obtained
crude extracts were tested against Bacillus subtilis HB0950. The latter served as a reporter
strain, as it contains the lacZ gene (coding for 3-galactosidase) fused to the lial promoter
(Plial), which activates the expression of lacZ in response to the cell-wall stress induced
by lipid II binders [57,58]. Consequently, extracts containing lipid II binders induced
chromogenic conversion of X-Gal (5-bromo-4-chloro-3-indolyl-@3-D-galactopyranoside) and
were subjected to LC-MS to identify mass peaks resembling Rmp [39]. Forty-nine isolates
were thus found to produce RRLDPs, either exactly Rmp or, more often, related molecules.
These isolates were identified as follows: 1 Actinoplanes sp., 34 Micromonospora spp., 3 Nocar-
dia spp., 1 Amycolatopsis sp., 1 Lechevalieria sp., 1 Actinomadura sp., 3 Streptomyces spp., and
5 taxonomically unidentified isolates [39]. The majority of these isolates were subspecies of
Micromonospora chersina (10 isolates) and Micromonospora chaiyaphumensis (10 isolates) [39].
Consequently, subsequent research aimed to determine whether M. chersina DSM 44151,
already known as the producer of the enedyine antitumor antibiotic dynemicin [59], could
also produce RRLDPs [38]. As a result, M. chersina DSM 44151 was found to produce a
novel RRLDP, named chersinamycin [38].
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Thus, to-date, RRLDPs have been shown to be produced by different actinomycetes
genera, belonging at least to the orders Micromonosporales, Nocardiales, Pseudonocardiales,
Streptosporangiales, and Kitasatosporales. Further exploration of uncommon taxa of actino-
mycetes holds great promise for the discovery of novel RRLDPs.

3. Structural Features of Rmp and Related Lipodepsipeptides

The chemical structures of five RRLDPs were investigated so far to a different ex-
tent [25,38,46,60,61]. These are Rmp, End, and chersinamycin, produced by A. ramo-
planinifer ATCC 33076 [62], S. fungicidicus ATCC 21013 [63], and M. chersina DSM 44151 [38],
respectively, as well as janiemycin (S. macrosporeus ATCC 21388) [46] and ramoplanose
(Actinoplanes sp.) [49]. All of these compounds feature a non-ribosomally synthesized
oligopeptide core, consisting of 17 proteinogenic and non-proteinogenic amino acids. In
the process of biosynthesis, the linear oligopeptide is cyclized through an ester linkage
between the 3-OH group of amino acid in position 2 (AA2) and the terminal carboxyl
group of AA17 [64,65]. An aliphatic side chain is attached to the terminal amino group of
AA1. Consequently, RRLDPs can be characterized as 49-membered lipidated macrocyclic
depsipeptides. The primary structural differences among RRLDPs arise from variations
in the amino acid composition of the oligopeptide core, differences in halogenation and
glycosylation patterns, and variations in the structure and branching of aliphatic side
chains.

3.1. Rmp Complex, Ramoplanose, and Chersinamycin

Rmp is produced in A. ramoplaninifer ATCC 33076 as a complex of structurally re-
lated congeners [47,66]. The complex consists of factors Al (6-12%), A2 (72-86%), and
A3 (8-14%) in standard cultivation conditions [62,67]. Production of additional factors
A1, A’2, and A’3 was also observed, although only under certain production conditions,
accounting for ca. 15% of the total production. All of these compounds share a non-
ribosomally synthesized 17 amino acid macrocyclic core, which comprises 5 proteinogenic
(asparagine, Asn; phenylalanine, Phe; glycine, Gly; leucine, Leu; and alanine, Ala) and
12 non-proteinogenic amino acids (Figure 1a) [47,62,68]. The non-proteinogenic amino acids
include 3-hydroxyasparagine (3-OH-Asn), 4-hydroxyphenylglycine (Hpg, 6 residues), or-
nithine (Orn, 2 residues), and allo-threonine (aThr, 3 residues) [62] (Figure 1a). In all
the congeners of Rmp, AA17 is monochlorinated (resulting in 3-chloro-Hpg). A 2,3-
4,5-unsaturated aliphatic side chain is attached to the terminal amino group of AA17.
The differences among Rmp congeners are determined by the length and branching of
this side chain, which is identical in factors Al and A’l, A2 and A’2, and A3 and A’3
(Figure 1a) [62,66]. Finally, a D-mannosyl-D-mannose disaccharide is attached to AA11
(Hpg) in factors Al, A2, and A3 via an O-glycosidic bond (Figure 1a) [62]. Alterna-
tively, in factors A’l, A’2, and A’3, this disaccharide is replaced by a single D-mannose
(Figure 1a) [66].

Ramoplanose, produced by an unidentified Actinoplanes sp., shares structural identity
with Rmp factor A1l but carries an additional D-mannose residue on the D-mannosyl-D-
mannose disaccharide attached to AA11 (Figure 1a) [49].

In contrast to the Rmp complex, chersinamycin is reported to be produced in M.
chersina DSM 44151 as a single compound [38]. Structurally, chersinamycin closely re-
sembles Rmp (Figure 1b). Rmp and chersinamycin share 15 out of the 17 amino acids
forming the aglycone, but chersinamycin has 3,5-dihydroxyphenylglycine (Dpg) and valine
(Val) in positions AA13 and AA15, respectively, which differ from Hpg and Leu found
in the corresponding positions of Rmp [38]. Additionally, chersinamycin carries a satu-
rated C10 aliphatic side chain (Figure 1b). The chlorination and glycosylation patterns of
chersinamycin match those of Rmp factors A1-3 (Figure 1b) [38].



Fermentation 2024, 10, 544

50f 26

D-Hpg

D-Hpg (o)
(a) OH OH L-Asn Rj:
HyN
D-allo- Thr ZO AA1 ramoplanin A1, A"l
1 aﬂn Ihr I Hpg A"N—R 5
0 H ramoplanose
AAS AA NH o
o N A Mﬂ
A AA4 N 3-011-L-Asn
Q oy N kS
L-Phe u. o= o ramoplanin A2, A’2
I‘]@N D-Orn R N
D-allo-Thr AALT/ e, o)
'\A“’ H OH o Oy _NH I-chloro-Hpg i
D-Om ~\A]2 N AA14 N\)Q\A;/k OH %
AA” AA13Y AA]‘? ﬁ p-Ala (Cl ramoplanin A3, A’3
(JI\ B O
Hpg L llp;., Rs:
UL -ramoplanin A’1-3 - - o L
/@ZBPT OH amop: N _.-"OH
R a-D-mannose .M‘N .ramoplanin AI*?) Jv‘vu
RZ \3 -
& 0
H e sz ) OH
ramoplanose | .
HOW P W()H
HO— OH OH
a-D-mannosc (-)'_Fu(—l)-mzmnos'u
b D-Hpg n- HI g ) )
(b) OH : A__n chersinamycin
D-allo- Ihr AAI
1-allo-Thr | H”!
OH

N AA7 AA5 AA3

AAZ

¥ AAS m\a AA4 N 3-OH-L-Asn
H 43
g NH;

HI O (O

L-Phe "1 AA9 1'0 <0
Hq,N D-Orm  ‘ese?
n allo- Thr
\A]() Ol—l Q\I -chloro-Hpg

N\/UéAJz N OAAH N\)QAmI

AAll AA13T AA]'-T p-Ala (€1
D-Orn
L-'\ B A
L-Val
NH; © OH
Hps L-Dpg
a-D-mannose /=0 01-1 Hpg - 4-hydroxyphenylglycine;
OH Dpg - 3,5-dihydroxyphenylglycine;
H o Orn - ornithine
H O a-D-mannose

HO— OH

Figure 1. Structures of Rmp complex and ramoplanose (a), and chersinamycin (b). Amino acids
that are identical in Rmp, chersinamycin, and End are highlighted in blue; the chlorination site is
highlighted in yellow, while the ester linkage closing the cyclic structure between the 3-OH group of
amino acid in position AA2 and the terminal carboxyl group of AA17 is marked with a dashed line.

3.2. End and Janiemycin

End is produced in S. fungicidicus ATCC 21013 as two congeners, End A (I) and
B (II), differing only in the length of the aliphatic side chain (Figure 2); trace amounts
of the monochlorinated versions of A and B, indicated as C and D, respectively, were
also detected [63,69]. Amino acid composition of the End peptide core differs from Rmp
and chersinamycin [45,70], featuring 5 proteinogenic (aspartic acid, Asp; Thr; serine, Ser;
Gly; and Ala) and 12 non-proteinogenic amino acids. These include aThr (2 residues),
Hpg (6 residues), Orn (1 residue), citrulline (Cit, 1 residue), and enduracididine (Ecd,
2 residues) (Figure 2). The last is a rare non-proteinogenic amino acid containing an un-
usual five-membered cyclic guanidine moiety [71] (Figure 2). Ecd was initially described as
a component of End (as it comes from its eponymous name) [71], but it was later found
also in other peptide antibiotics originating from actinomycetes, such as minosamyno-
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mycin (Streptomyces sp. MA514-A1 [72]), mannopeptimycins (Streptomyces hygroscopicus
LL-AC98 [73]), and in other natural products [74].
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H L-Asp
D-ailo- n AAI enduracidin A
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5 OH 1-dichloro-Hpg NH Ecd - enduracididine

Figure 2. Structures of End complex. Amino acids that are identical in Rmp, chersinamycin, and End
are highlighted in blue; chlorination sites are highlighted in yellow; the ester linkage between the
3-OH group of amino acid in position AA2 and the terminal carboxyl group of AA17 is marked with
a dashed line.

The peptide core of End carries two chlorine atoms attached to AA13 Hpg (yielding 3,5-
dichloro-Hpg) (Figure 2). Notably, as indicated by its initial structural analysis, janiemycin
is a non-chlorinated analogue of End [46]. Unlike Rmp or chersinamycin, End is not
glycosylated [45]. Finally, End A and B feature 2,3-4,5-unsaturated C12 and C13 aliphatic
side chains, respectively, [63] (Figure 2).

4. Biosynthesis of Ramoplanin and Related Lipodepsipeptides: From Genes to
Pathways and Compounds

Today, thousands of high-quality bacterial genomes are available for analysis, unravel-
ing the unprecedented genetic variability of BGCs for different antibiotic families [75]. Cur-
rently, sequences of RRLDP BGCs are available from eight actinomycetes belonging to the
orders Micromonosporales, Kitasatosporales, and Pseudonocardiales, namely A. ramoplaninifer
ATCC 33076 (BGC named ramo) [65], M. chersina DSM 44151 (chers) [38], S. fungicidicus
ATCC 21013 (end) [28,64], Streptomyces sp. SLBN-134 [38], Streptomyces sp. TLI_053 [38],
Amycolatopsis balhimycina DSM 44591 [38], Amycolatopsis orientalis B-37 [38], and Amycolatop-
sis orientalis DSM 40040 [38] (Figure 3). Only in the first three strains, BGCs are known to be
actively expressed, leading to the production of structurally elucidated RRLDPs, i.e., Rmp,
End, and chersinamycin (see Section 3). Interestingly, some of the annotated RRLDP BGCs
were found in the genomes of well-known GPA-producing strains such as Am. balhimycina
DSM 44591 producing balhimycin [76], Am. orientalis DSM 40040 (KCTC 9412) synthetizing
vancomycin [77], and in the norvancomycin-producer Am. orientalis B-37 [78]. Since no
RRLDPs were ever detected from these strains, although they were extensively cultivated
for GPA production, it might be assumed that corresponding RRLDP BGCs are silent [38].
As reported in Section 2, End production was also observed in S. atrovirens MGR140 [40],
and the authors reported the identification of an end-like BGC; however, the sequence of
this BGC has not been deposited yet in public databases. RRLDP BGCs from the strains
belonging to Streptosporangiales and Nocardiales, reported above (Section 2) to produce
RRLDPs [39], are also not available so far.
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Figure 3. Genetic organization of the eight available RRLDP BGC sequences, including the ones
leading to the production of known products (end, ramo, and chers), as well as the putative ones. The
legend below the figure explains the color-coding; details are discussed in the main text.

Due to the 17 modular NRPS encoded within the retrieved RRLDP BGCs, these clusters
are large (in range of ca. 80-100 kbp), likely implying a complex transcriptional machine
involving several polycistronic transcriptional units. Their genetic organization is quite
variable, although in the majority of them amino acid biosynthesis and transporter genes
are located upstream from the NRPS genes, while the genes responsible for the processing
of precursor fatty acids are downstream [38,64,79,80] (Figure 3). The BGC from Streptomyces
sp. TLI_053 represents an exception, where the majority of biosynthetic and other genes
are situated upstream from the NRPS genes [38] (Figure 3).

Similar to the biosynthesis of GPAs [81], the biosynthesis of RRLDPs could be divided
into consequential stages. However, there is an essential difference. In those GPAs carrying
a lipid chain (lipo-GPAs as teicoplanin), the attachment of the aliphatic side chain occurs as
a tailoring reaction of the already cross-linked and glycosylated heptapeptide core [82,83].
Conversely, in RRLDPs, the fatty acid moiety (loaded on a standalone acyl-carrier pro-
tein domain of the NRPS) serves as starter unit for the non-ribosomal synthesis. This
resembles the biosynthesis of multiple other cyclic lipopeptides from actinomycetes [84],
or even of the antimycotic echinocandins from the ascomycete Aspergillus nidulans NRRL
11440 [85]. Hence, it is reasonable to delineate the following stages of RRLDP biosynthesis:
(i) biosynthesis of non-proteinogenic amino acids and supply of the precursor amino acids;
(if) processing and activation of the starter fatty acid moiety; (iii) non-ribosomal biosynthe-
sis and macrocyclization of the lipopeptide core, and its halogenation; and (iv) glycosylation
of the halogenated lipopeptide core.

4.1. Biosynthesis of Non-Proteinogenic Amino Acids of RRLDPs

As mentioned above, the RRLDP peptide cores are formed in large proportion by non-
proteinogenic amino acids. Some of them are obtained directly from the primary metabolism,
e.g., Orn and Cit deriving from arginine (Arg) and glutamate (Glu) metabolism [86]. In the
cases of Hpg, Dpg, or Ecd, the enzymes deputed to their biosynthesis are encoded within
the RRLDP BGCs.

Biosynthesis of Hpg. Hpg residues are present in all the structurally elucidated RRLDPs
(Rmp, End, and chersinamycin [38,62,63]) and their occurrence is predicted for the still-



Fermentation 2024, 10, 544

8 of 26

putative RRLDPs in Streptomyces sp. SLBN-134, Streptomyces sp. TLI_053, Am. balhimycina
DSM 44591, Am. orientalis B-37, and Am. orientalis DSM 40040 [38]. Consequently, genes
encoding enzymes for Hpg biosynthesis are ubiquitously present in RRLDP BGCs. These
enzymes closely resemble those found in GPA biosynthetic pathways, so their functions
have been assigned on the basis of their homology with the Hpg biosynthesis enzymes
experimentally investigated in the chloroeremomycin producer Kibdelosporangium aridum
AB82846 [87,88]. In this GPA producer, three enzymes are involved in Hpg biosynthesis,
namely HpgT (4-hydroxyphenylglycine transaminase), Hmo (4-hydroxymandelate oxi-
dase), and Hma$ (4-hydroxymandelate synthase). HmaS utilizes 4-hydroxyphenylpyruvate
as a substrate, producing 4-hydroxymandelate, which is subsequently oxidized into 4-
hydroxybenzoylformate by Hmo. HpgT transaminates 4-hydroxybenzoylformate us-
ing tyrosine as an amino donor, yielding Hpg and 4-hydroxyphenylpyruvate [87,88]
(Figure 4a). In ramo and chers, Hpg biosynthesis enzymes are encoded by rarmo6/chers29
(HpgT), ramo7 / chers60 (Hmo), and ramo30/chers34 (HmaS) (Figure 3). Interestingly, in all
the other RRLDP BGCs, Hpg biosynthesis enzymes are encoded by two genes, with one
coding for an HpgT-Hmo fusion protein. These genes are orthologous to end29 (coding
for HpgT-Hmo fusion protein) and end25 (HmaS) (Figure 4a). It is noteworthy that genes
encoding HpgT-Hmo fusion proteins were also observed in BGCs for type V GPAs [89]
(or glycopeptide-related peptides, GRPs [90]), such as corbomycin [91], and for the linear
peptide feglymycin [92].
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Figure 4. Schematic representation of the biosynthetic pathways catalyzed by RRLDP BGC-encoded
enzymes, leading to the production of non-proteinogenic amino acids found in RRLDP lipopeptide
cores: 4-hydroxyphenylglycine (Hpg) (a); 3,5-dihydroxyphenylglycine (Dpg) (b); enduracididine
(End) (c); and 3-hydroxyasparagine (3-OH-Asn) (d).
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The initial substrate for HmaS is 4-hydroxyphenylpyruvate (Figure 4a), produced
from prephenate involving a prephenate dehydrogenase [93]. In turn, prephenate is
obtained from chorismate by a chorismate mutase (Figure 4a) [94]. To meet the high
demand of 4-hydroxyphenylpyruvate in Hpg biosynthesis, ramo, end, and BGCs from
Streptomyces sp. SLBN-134 and TLI_053 carry a gene for prephenate dehydrogenase (another
prephenate dehydrogenase gene could be found upstream from the TLI_053 BGC). The
absence of prephenate dehydrogenase genes in RRLDP BGCs of Am. balhimycina DSM
44591, Am. orientalis B-37, and DSM 40040 is likely due to the fact that these strains are
GPA producers, and the corresponding GPA BGCs already carry genes for prephenate
dehydrogenases [74-76,95,96]. Finally, ramo and chers also carry genes for type Il chorismate
mutase (ramo28 and chers58, respectively), which share a remarkable similarity (54 and
64% of amino acid sequence identity, respectively) with Tei26*, a chorismate mutase coded
within the tei BGC for the production of the GPA teicoplanin in Actinoplanes teichomyceticus
NRRL B-16726 [97].

Biosynthesis of Dpg. A single Dpg residue is found as AA13 in chersinamycin peptide
core, while two residues are predicted to occupy AA13 and AA17 positions in the puta-
tive RRLDP from Streptomyces sp. TLI_053 [38]. Both the corresponding BGCs contain
four genes coding for Dpg biosynthesis (Figure 3). Again, these genes are remarkably
similar to the Dpg biosynthetic genes found in GPA BGCs. Production of Dpg for GPA
biosynthesis was investigated in chloroeremomycin and balhimycin producers [98,99], and
involves DpgA (type III polyketide synthase), DpgB (enoyl-CoA hydratase), DpgC (3,5-
dihydroxyphenylacetyl-CoA 1,2-dioxygenase), DpgD (enoyl-CoA hydratase), and HpgT.
These enzymes act consequentially (Figure 4b), producing Dpg from four malonyl-CoA
units. Thus, chers carries chers33-30, which code for DpgA-D enzymes; their orthologues
are also present in the TLI_053 BGC (Figure 4b).

Biosynthesis of Ecd. Radioactive labeling experiments conducted in S. fungicidicus ATCC
21013 have revealed that Arg serves as a precursor of Ecd [100]. This is intriguing as Orn
and Cit are also components of the End core. It is hypothesized that endPOR genes, which
encode two pyridoxal phosphate (PLP)-dependent aminotransferases and an acetoacetate
decarboxylase, respectively, are responsible for the Ecd biosynthesis [64] (Figure 4c). end
shares this subset of genes with the mannopeptimycin BGC, where the orthologous mppPQR
appear to be responsible for Ecd biosynthesis. In the mannopeptimycin pathway, Ecd is
subsequently transformed into 3-OH-Ecd by MppO, which codes for a clavaminic acid
synthetase-like oxygenase [101]. The amino acid sequence identities between MppP/EndP,
MppQ/EndQ, and MppR/EndR are 81%, 68%, and 74%, respectively. The functions of
MppP, MppQ, and MppR (derived from different mannopeptimycin producers) were
investigated in a series of in vitro experiments [102,103], allowing the assignment of their
functions in Ecd biosynthesis. Thus, MppP catalyzes the first reaction, synthesizing 2-oxo-4-
hydroxy-5-guanidinovaleric acid directly from Arg [102]. The latter is further transformed
by MppR into a ketone version of Ecd [103], further aminated by MppQ likely using alanine
as an aminodonor [103]. Ecd biosynthesis genes seem to be rare in RRLDP BGCs, being
found only in end and end-like BGC from Streptomyces sp. SLBN-134 (Figures 3 and 4c).

Biosynthesis of 3-OH-asparagine. 3-OH-asparagine residue is the AA2 of Rmp and
chersinamycin peptide cores, where the 3-OH group plays a crucial role in the macrocy-
clization of the linear peptide precursor, participating in the formation of an ester linkage
with the terminal carboxyl group of AA17 (Figure 1). End carries a threonine residue as
AA2, which also provides a 3-OH group for macrocyclization. A thorough inspection of
ramo and chers allowed us to identify genes (ramo10 and chers38, respectively) coding for a
diiron non-heme 3-hydroxylase. These predicted enzymes share high similarity (64% of
amino acid sequence identity) with Teil2*, a tyrosine (3-hydroxylase involved in teicoplanin
biosynthesis [97]. The function of the Teil2* orthologue from A40926 GPA biosynthesis in
Nonomuraea gerenzanensis ATCC 39727—Dbv28—was investigated experimentally [104]. It
was demonstrated that Dbv28 acts on the tyrosine residue in the NRPS-bound GPA agly-
cone; the deletion of the corresponding gene led to the production of an A40926 analogue
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carrying tyrosine instead of 3-OH-tyrosine [104]. It is thus highly likely that the products of
ramo10 and chers38 are responsible for the 3-hydroxylation of asparagine in Rmp and chersi-
namycin biosynthesis (Figure 4d), respectively. Notably, the deletion of ramo10/chers38
might likely have a dramatic effect on antibiotic production, leading to the biosynthesis of a
linear peptide. Interestingly, a Ramo10 orthologue (WP_091305488) is encoded also within
the TLI_053 BGC. The putatively encoded compound is an RRLDP-carrying aspartate as
AA2. Considering the similarities of asparagine and aspartate, it is reasonable to speculate
that WP_091305488 is involved in the 3-hydroxylation of AA2, yielding 3-OH-aspartate,
which consequently provides the 3-OH group needed for the formation of the ester linkage.

4.2. Modification and Activation of the Fatty Acid Starter Moieties

The fatty acid moiety is pivotal for RRLDP biosynthesis, serving as the starter unit for
the non-ribosomal assembly. Rmp and End carry unsaturated fatty acid moieties, while
in chersinamycin this lipid chain is fully saturated (Figures 1 and 2). In the biosynthesis
of Rmp, End, and chersinamycin, fatty acid moieties (likely obtained from the pool of cell
membrane lipids) are initially activated by acyl-CoA ligases encoded by ramo26, end45, and
chers55 (Figure 5) [35,38,64,105]. According to the initial annotation of end, end45 codes for
a fusion protein, where the N-terminal part is an acyl-CoA ligase, while the C-terminal
is an FAD-dependent acyl-CoA-dehydrogenase (involved in further desaturation of the
fatty acid moiety, see below) (Figure 5) [64]. In the case of Rmp biosynthesis, the fatty
acids involved are octanoic acid (Al, A’l), 7-methyl-octanoic acid (A2, A’2), and 9-methyl-
decanoic acid (A3, A’3). 10-methyl-undecanoic and 10-methyl-dodecanoic acids enter the
biosynthesis of End to yield factors A and B, respectively. 8-methyl-nonanoic acid is instead
activated in the biosynthesis of chersinamycin. The functions of ramo26 were investigated
in vivo, demonstrating that a Aramo26 mutant is completely unable to produce Rmp [105].
Complementation of the mutant by expressing the N-terminal fragment of End45 restored
the production of antibiotic, leading to Rmp congeners with longer aliphatic chains [105].

Activated fatty acid moieties in Rmp and End biosynthesis further undergo desatura-
tion, achieved by an orthologous set of enzymes encoded in ramo and end. These are the
FAD-dependent dehydrogenases Ramo25/End45 (C-terminus) and Ramo24/End44, which
introduce double bonds, and the NAD-dependent reductases Ramo16/End39 that perform
double-bond isomerization (Figure 5a,b) [64,105]. Interestingly, an orthologue of end44
was recently deleted in End-producing S. fungicidicus TXX3120 [51]. The mutant strain
retained its antimicrobial activity, as determined by the Kirby—Bauer B. subtilis growth
inhibition assay, leading to the erroneous assumption that End44 does not participate in
End biosynthesis. Unfortunately, the chemical structure of End congeners produced by the
end44 mutant was not analyzed, not providing more insight into the role of End44 in desat-
urating the aliphatic side chain of End [51]. Although the aliphatic chain of chersinamycin
is saturated and not isomerized, its BGC carries a gene for a Ramo16 orthologue, Chers44
(Figure 5d), which might indicate that chers initially possessed ramo24-25 orthologues,
subsequently lost during BGC evolution.

It is noteworthy that end45, which appears as a fusion of two ORFs for acyl-CoA
ligase and acyl-CoA dehydrogenase, might be an artifact of sequencing. This is suggested
by the fact that the end-like BGC from Streptomyces sp. SLBN-134 contains two separate
OREFs encoding these two proteins (as illustrated in Figures 3 and 5). This observation is
also supported by the sequence of end obtained from S. fungicidicus TXX3120, a randomly
mutated End-high producer, which also possesses two separate ORFs in place of end45 [51].

Finally, the activated (and in the case of Rmp and End, desaturated) fatty acid moiety is
attached to the standalone acyl-carrier protein (ACP), coded by ramo11, end35, or chers39 in
the different BGCs. The function of Ramo11 was verified in vitro [80]. The scenario, where
the fatty acid moiety undergoes desaturation and isomerization while already tethered to
the ACP, cannot be excluded as well [35,80].
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Figure 5. Enzymes and reactions involved in fatty acid activation and modification in the initial phase
of Rmp biosynthesis (exemplified for the A2/A’2 factors of the Rmp complex) (a), End (factor A) (b),
and chersinamycin (c), and accession numbers for the orthologous sets of proteins coded within the
BGCs for the putative RRLDPs (d).

Interestingly, orthologues of Ramo26/End45 (N-terminus)/Chers55, Ramo25/End45
(C-terminus), Ramo24/End44, Ramol16/End39/Chers44, and Ramol1/End35/Chers39
have been found in all the RRLDP BGCs so far known (Figures 3 and 5d), suggesting that
these putative molecules also carry unsaturated aliphatic chains. However, the lengths of
these chains may vary, given the unpredictability of Ramo26 orthologues specificities. In
the Streptomyces sp. SLBN-134 end-like BGC, orthologues of the C- and N-terminal parts of
End45 are coded by two separate ORFs [38].

4.3. Genes and Proteins Associated with the Non-Ribosomal Assembly Line of RRLDPs

RRLDP BGCs encode large NRPSs responsible for the biosynthesis of 17 aa peptide
cores. NRPS genes are accompanied by genes encoding MbtH-like proteins, which are
known to assist in the proper folding and assembly of NRPSs (Figures 3 and 6) [106]. A
distinctive feature of all the RRLDP NRPSs is that their assembly line, encoded within three
consecutive NRPS ORFs (ramo12-13-14, chersA-B-C, endA-B-C, and their homologues) [38,64,65],
carries a condensation (C)-domain and a peptidyl-carrier protein (PCP)-domain instead of a
complete module (M) for the incorporation of AA8 (Figure 6). This is complemented with an
adenylation (A)-domain and an additional PCP-domain, coded within a standalone NRPS
gene—ramol7, chersD, endD, and their orthologues in other RRLPD BGCs (Figures 3 and 6).
Thus, the A-domain of M8 acts in trans (Figure 6) [80]. The fine details on how it functions
remain unknown, although it was impossible to complement Aramol7 with endD, but
complementation was achieved using a hybrid version of EndD carrying the N-terminal
region of Ramo17 [50].
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Figure 6. Module-domain organization of NRPS assembly lines in Rmp (a), End (b), and chersi-
namycin (c) biosynthetic pathways. Hydrolases/thioesterases, coded by separate genes, which might
be involved in the detachment of the linear peptide from the NRPS and macrocyclization or/and
proofreading, as well as halogenases, are also shown on the scheme.

Another unusual feature of RRLDP NRPSs is the complete absence of separate
epimerization (E)-domains [38,64], although D-amino acids (derived from proteinogenic
L-aminoacids) and non-proteinogenic L-amino acids (obtained from D-precursors) are
abundant in the peptide cores. This is explained by the presence of dual function condensa-
tion (C)/E-domains (Figure 6) [38,64]. In addition, Rmp biosynthesis NRPS has a notable
difference from all the other RRLDP NRPSs, having the first NRPS gene coding for only
one module, which is believed to function iteratively, incorporating two Asn residues [65]
(Figure 6a).

Biosynthesis of the peptide cores of RRLDPs is initiated with the fatty acid moiety
tethered to a standalone ACP (as mentioned above). Consequently, all M1s of RRLDP
NRPSs start with a C-domain (Figure 6). The non-ribosomal synthesis is terminated by a
thioesterase (Te)-domain, found in every M17 of the known RRLDP NRPSs (Figure 6). This
domain is believed to perform the detachment and macrocyclization of the lipopeptide.
Additional genes encoding «/ 3-hydrolases/thioesterases are found following the NRPS
modules in RRLDP BGCs. These include orthologues of Ramo15, encoded within every
RRLDP BGC, although the corresponding gene in end seems to be fused with endC. The exact
function of these enzymes is unclear, but they may assist in the lipopeptide detachment and
macrocyclization or play a role in the biosynthetic proofreading mechanism [107,108]. The
fusion of endC with the sequence coding for Ramo15 orthologue in the end might be again a
sequencing artifact. This is suggested by the fact that in the end from S. fungicidicus TXX3120
and the end-like BGC from Streptomyces sp. SLBN-134, the corresponding sequences are
identified as separate ORFs (Figure 3) [48].

Drawing from GPA biosynthesis, it can be inferred that halogenation of RRLDPs is
associated with the non-ribosomal assembly [109,110]. A gene for a halogenase is present
in each RRLDP BGC, except for the one found in Streptomyces sp. TLI_053 (Figures 3 and 6).
The function of the halogenase gene in End biosynthesis was investigated in vivo by
knocking out the corresponding gene (end30) [111]. The resulting Aend30 mutant pro-
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duced dideschloro-End, and complementation with the native allele partially restored
End production, yielding a mixture of End and monodes-/dideschloro congeners [111].
Complementation of Aend30 with the Rmp biosynthesis halogenase gene (ramo20) resulted
in the production of monochlorinated End congeners, although Hpg13 was chlorinated
despite the expectations that Ramo20 would chlorinate Hpg17 (the natural substrate in
Rmp biosynthesis). A more surprising outcome was observed when ramo20 was expressed
in the wild-type S. fungicidicus ATCC 21013: trichlorinated End analogs were produced in
the recombinant strain, and Hpgl1 was found to be the third chlorination site [111]. The
function of Ramo20 was also verified in vivo, with the knockout of ramo20 leading to the
production of deschloro-Rmp [112,113]. Complementation of Aramo20 with End30 led to
the production of Rmp (chlorinated at Hpg17) [113].

4.4. Glycosylation of RRLDPs

Genes for GT39-family [114] glycosyltransferases can be found in ramo (ramo29) and
chers (chers59), and in the BGCs for the putative RRLDPs from Am. orientalis DSM 40040
and B-37 (L324_RS10650 and SD37_16700, respectively) [38,65]. Respectively, Rmp and
chersinamycin carry an «-1,2-dimannosyl at Hpgl1 (Figure 1), while putative RRLDPs
from Am. orientalis DSM 40040 and B-37 should be mannosylated as well (if produced at
all) [38].

GT39-family glycosyltransferases are membrane-bound mannosyltransferases; Ramo29
and orthologues from the other RRLDP BGCs share similarity to the mannosyltransferases
involved in GPA biosynthetic pathways (e.g., A40926, A50926, and teicoplanin), known
to install a single x-D-mannose moiety at Dpg residue [82,83,115-117]. It is unclear how
the second mannose residue is installed in the biosynthesis of Rmp and chersinamycin.
Deletion of ram029 led to the production of non-glycosylated Rmp congeners [112,118], but
this does not clarify whether Ramo29 acts iteratively (which is unlikely, considering the
substrate specificities of GT39-family glycosyltransferases) or a second glycosyltransferase
(perhaps coded outside the BGC) is required for the second mannosylation. Heterologous
expression of ramo29 in S. fungicidicus ATCC 21013 corroborates the latter assumption,
as the recombinant strain was shown to produce an End derivative carrying a single -
D-mannose moiety at Hpgl1 [119]. The additional putative mannosyltransferase might
be membrane-associated and have an extracellular acting domain, since Rmp A’1-3 are
bioconverted into Rmp A1-3 upon incubation with the mycelium of the producer strain [66].

Some other glycosyltransferases might be discovered in the still-unsequenced RRLDP
BGCs in future: for instance, those involved in the glycosylation of ramoplanose carrying a
mannose trisaccharide [49].

4.5. Transporters Coded Within RRLDP BGCs

RRLDP BGCs encode various combinations of membrane transporters, none of which
have been investigated experimentally yet. Notably, each BGC encodes an orthologue
of Ramo8—an MdIB-like ABC-type multidrug transport system, combining ATPase and
permease domains within a single protein. Ramo8 and its orthologues are phylogenetically
close to the ABC-transporters encoded within the BGCs for Type V GPAs (>7 aa) [120]. More
broadly, they are related to transporters encoded within Type I-IV GPA BGCs, including the
experimentally investigated balhimycin exporter, Tba [120,121]. Therefore, it is reasonable
to assume that Ramo8 and its orthologues function as the primary exporters of RRLDPs.

4.6. Transcriptional Regulation of RRLDP Biosynthesis

As expected, RRLDP BGCs contain cluster-situated regulatory genes (CSRGs). These
genes code for StrR-like pathway-specific transcriptional regulators (PSRs) and two-component
regulatory pairs (Figure 4). end (as well as the BGCs from Streptomyces sp. SLBN-134, Am.
balhimycina DSM 44591, Am. orientalis DSM 40040 and B-37) carries two CSRGs encoding
two StrR-like PSRs [122]. These genes do not appear to be a product of duplication, as they
occupy different positions in the phylogenetic tree of StrR-like regulators from antibiotic



Fermentation 2024, 10, 544

14 of 26

BGCs [122]. On the contrary, a single StrR-like PSR is encoded within ramo, chers, and in the
BGC from Streptomyces sp. TLI_053. Indeed, genes for two-component regulatory pairs are
found in any RRLDP BGC [122]. Additionally, at the 3'-edge, ramo carries two genes that
might have regulatory functions: ramo32 (coding for a putative RNA-binding protein) and
ramo33 (coding for a Lacl-family transcriptional regulator) [65]. However, orthologues of
these genes are not present in any of the other sequenced RRLDP BGCs, and thus it cannot
be ruled out that ramo32 and ramo33 are not actual components of the BCG.

So far, pathway-specific transcriptional regulation of RRLDP biosynthesis has been
experimentally investigated only using the end BGC as a model. One of the CSRGs for
StrR-like PSRs—end22—was knocked out and overexpressed in S. fungicidicus ATCC 31731,
an industrial overproducer derived from ATCC 21013 [123]. Knockout of end22 resulted
in the complete cessation of End production, while overexpression led to a several-fold
increase in the antibiotic production levels (as discussed in Section 6) [123]. The regulon
of End22 was not identified, leaving the precise details of its regulatory mechanism un-
known. Unfortunately, the role of the second CSRG (end24) for StrR-like PSR has not been

investigated yet (Figure 7).
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Figure 7. Schematic representation of experimentally investigated and hypothetical regulatory factors
governing End biosynthesis. Please refer to the main text for more details.

Genes end41-42, coding for the two-component regulatory pair, were investigated in a
similar fashion. Knockout of end42 (coding for a sensor histidine kinase) decreased End
production, while the knockout of end41 (coding for a transcriptional response regulator)
had no impact [123]. Overexpression of end42 increased End production, whereas overex-
pression of end41 had the opposite effect [123]. The specific details of End41-42-mediated
regulation remain unclear, as is the ligand for End42. However, End41 likely acts as a
transcriptional repressor in its non-phosphorylated form, with phosphorylation by End42
alleviating this repressive effect [123]. No further information has been reported yet on
transcriptional organization of the RRLDP BGCs.

The expression of the RRLDP BGC is likely subjected to global transcriptional regula-
tion. Four rare leucyl TTA codons could be found in end (Figure 7). tRNALCU 4 4 (coded by
bldA gene [124]) is the only tRNA in Streptomyces spp. capable of decoding the TTA codon.
The expression of bldA is part of a complex global regulatory network that intertwines
antibiotic production with morphogenesis in Streptomyces spp. and is centered on the
global transcriptional regulator of AraC/XylS family—AdpA [125]. Two TTA codons are
present in end22 (the gene for the key activator of End biosynthesis, see above), while
the NRPS genes endB and endC each have one TTA codon. The presence of TTA codons
in end suggests that End production is likely controlled by AdpA, a situation observed
in numerous other Streptomyces spp. [124,126-129]. Any assumptions about the global
regulation of RRLDP production in non-Streptomyces actinomycetes cannot be made, al-
though AraC/XylS-family regulators might also be involved in the regulation of antibiotic
production of non-Streptomyces actinobacteria [130,131].

5. Tools for the Genetic and Genomic Engineering of RRLDP Producers

A set of general gene-engineering tools has been employed to manipulate the pro-
ducers of Rmp and End (Table 1). The expression of genes of interest was achieved in the
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Rmp-producing strain Actinoplanes sp. SIPI-A.2006 (likely a synonym of ATCC 33076, as
mentioned above), employing the ¢C31-based integrative vector pSET152 [132] (Table 1),
where gene expression was driven by the Saccharopolyspora erythraea erythromyecin resis-
tance gene promoter (ermEp). The strength of different promoters for gene expression was
not experimentally investigated in Rmp-producing Actinoplanes spp.; however, by extrap-
olating the data obtained for other Actinoplanes spp., the ermEp might not be the optimal
choice to achieve a strong constitutive gene expression [133,134] and further investigation
would be needed. In End-producing strains of S. fungicidicus, genes were expressed using
either integrative pSET152 derivatives (Table 1) or replicative pIJ101 derivatives. In S. fungi-
cidicus strains, ermEp was the most commonly used promoter for gene expression, although

the usage of the tetracycline-inducible promoter tcp830 was also reported (Table 1).

Table 1. List of plasmids used for gene expression and knockouts in Rmp and End producers.

Plasmid: Used for: Properties: Reference:
pSET152 S{;;_e Ae é%gzsﬁii}l g (1:4 gtglg;gianes P @C31-based integrative vector [50,112,113,118]
L L pSET152 [129] derivative, ¢C31-based
Gene expression in S. fungicidicus : . . .
pXY152a ATCC 21013 integrative expression vector, gene expression ~ [111,135]
achieved via ermEp promoter
. L PpSET152 [129] derivative, @C31-based
pSET152ermE Gene expression in S. fungicidicus integrative expression vector, gene expression  [123]
ATCC 31731 (ATCC 21013 derivative) achieved via ermEp promoter
pIJ86 Gene expression in S. fungicidicus Siﬁlvlﬁffvfegeexfer ‘Zis;f;:li‘;tc;ilﬁg\}g; x[z}: (;]rmEp [119,137]
ATCC 21013 promoter
L L @C31-based integrative expression vector,
pMS17 S;rclece;(f gle ;smn in 5. fungicidicus gene expression achieved via [119,138]
tetracycline-inducible promoter tcp830
. L GM160 [139] derivative carrying oriT from
Gene knockouts in S. fungicidicus ATCC P .
pXY300 21013 via homolo ouj; regcombina tion pOJ446 [132], thermosensitive pSG5 [111,140]
& replicon-based replicative vector
Gene knockouts in Actinoplanes sp.
SIPI-A.2006 (=ATCC 21013), A.
ramoplaninifer ATCC 21013, and S. Thermosensitive pSG5 replicon-based
pKC1139 fungicidicus TXX3120 (industrial End replicative vector [50,112,118,132]
producer) via homologous
recombination
Gene knockouts in S. atrovirens Replicative cos-site-containing pIJ101 [136]
pHZ1358 MGR140 via homologous derivative, unstable and prone to chromosomal  [40,141]
recombination integration via homologous recombination
Thermosensitive pSG5 replicon-based
replicative vector, derivative of pBlueScript II
KS (+), carrying indigoidine synthetase
cassette (Streptomyces lavendulae CGMCC
Gene knockouts in S. fungicidicus ATCC 4'1386 gene idgS co-exp rgssed with Bacillus
pCIMt005 31731 (ATCC 21013 derivative) via subtilis phosphopantetheinyl transferase gene )3 | 1)

homologous recombination

sfp using ermEp) [142] and pUWL201PW [143]
oriT; as the presence of indigoidine synthetase
cassette leads to accumulation of blue
indigoidine, application of pCIMt005
simplifies the screening of mutants (where the
cassette is lost)

Gene knockouts in ramoplanin-producing Actinoplanes spp. were achieved using an
approach based on homologous recombination-mediated double crossing-over events [144].



Fermentation 2024, 10, 544

16 of 26

For this purpose, thermosensitive pSG5 replicon-based vectors, replication of which is
restricted at 37 °C, allowing homologous recombination into the chromosome [145], were
utilized (Table 1). Similarly, pSG5 replicon-based vectors were used for gene knockouts in
S. fungicidicus ATCC 21013, ATCC 31731, and TXX3120 (Table 1), while a pIJ101 derivative
was employed for knocking out genes in End-producing S. atrovirens MGR140. Notably,
CRISPR-Cas9-mediated gene knockouts have recently been performed in S. fungicidicus
ATCC 31731 [123].

Intergeneric conjugation, utilizing Escherichia coli ET12567 strains as donors, was
employed to deliver plasmid DNA to Rmp- and End-producing strains (see references in
Table 1). In the case of End-producing Streptomyces spp., spores were used as recipients.
However, the method of conjugal transfer in Rmp-producers remains unclear, as sporangia
formation in A. ramoplaninifer ATCC 21013 occurs extremely rarely [48].

6. Ways and Approaches to Improve RRLDP Production in Actinomycetes

Significant effort has been put into optimization and improvement of Rmp and End
production during the different phases of their discovery and development. In the case of
Rmp, different reports described medium optimization, while for End strategies such as
random mutagenesis and rational gene-engineering were published, in combination with
medium optimization (Table 2). Although several media previously used for Rmp and
End production were tested in M. chersina DSM 44151, chersinamycin production was only
detected in H881 medium, which is typically used for dynemicin production [38,59,146]
(Table 2). Chersinamycin production was reported only after a prolonged cultivation period
(288 h). Although the exact productivity is not clear, ca. 1-3 mg/L of chersinamycin was
obtained after purification [38].

Improvement of Rmp production. Initial reports described Rmp production on a fermenter
scale, achieving over 60 mg/L of the complex after 60 h of cultivation (Table 2) [47]. Medium
optimization led to the formulation of PB-medium described in [147] (Table 2). It was
possible to achieve more than 100 mg/L of Rmp (factors A1-3 combined) in PB after 96 h
of cultivation. Furthermore, the addition of 5 g/L of L-leucine significantly increased
Rmp production to over 400 mg/L. This specifically enhanced the biosynthesis of the A2
factor, which then contributed to more than 96% of the total complex. Such a result was
achievable because L-leucine is the precursor of the 7-methylocta-2,4-dienoyl aliphatic
side chain of Rmp A2 [147]. Furthermore, addition of 5 g/L of L-valine induced Rmp A3
production to become dominant in the complex, as this amino acid serves as a precursor of
the 9-methyldeca-2,4-dienoyl chain. However, in this scenario, the total Rmp production
was similar to that in the non-modified medium [147]. A more recent report demonstrated
that Rmp production could also be improved by substituting soybean meal in PB with
meat-bone meal (>200 mg/L at 168 h of cultivation), poultry meal (>350 mg/L, 168 h), and
fish meal (>400 mg/L, 164 h) [148].

Table 2. Media used for the fermentative production of Rmp and End and maximum antibiotic
production achieved.

Vegetative Medium Production Medium Maximal Yield

Antibiotic: Producer Strain: Composition (g/L): Composition (g/L): Achieved: Reference:
Meat extract—3; Yeast
A. ramoplaninifer extract—5; . Soybean meal—30;
Rmp ATCC 3;73076 f Tryptone—5; Soluble Y >60 h, >60 mg /L [47]

starch—24; Glucose—40; CaCO3—1

Glucose—1; CaCO3—4

PB medium
Glucose—4;

A. ramoplaninifer Glucose—12; Soluble Maltose—20; Starch—4;
ATCC 33076

starch—13; Soybean Glycerol—20; 96 h, >100 mg/L [147]

meal—13; CaCOz;—4 Sucrose—20; Soybean

meal—30; CaCO3—6
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Table 2. Cont.
e e .. Vegetative Medium Production Medium Maximal Yield X
Antibiotic: Producer Strain: Composition (g/L): Composition (g/L): Achieved: Reference:
. HS881
Fish meal—10
. . ’ Starch—10; 288 h, 1-3mg/L
. . M. chersina DSM dextrin—30; o . ,
Chersinamycin 44151 lactose—10; CaSO4—6; El;zélr(r)r;ainfdla—S, ;ﬁiirf itc};?c on [38]
CaCO3—5 CuSO;—0.05; Nal—0.5
Corn steep liquor—30;
S. fungicidicus Glucose—20; Soluble
End B-5477 Not reported starch—30; NaCl—s5; 120 h, 170 mg/L [28,111]
CaCO53—10
Medium A
. Corn flour—80; Corn
Corn steep liquor—35; gluten nﬁeal—SO' Corn
S cidi Corn flour—25; Corn I _5. ’
- fungicidicus gluten meal—5; steep liquor—5; 192h, 550 mg/L  [149]
B-5477 CaCO~—30: AC,tOCOI NaCl—l; (NH4)QSO4_3,' !
antifo gm—é 5 ZnCl,—0.1; Lactose—10;
: Chicken oil—14;
Potassium lactate—5
Medium B
Corn flour—50; Corn
Corn steep liquor—35;  gluten meal—40; Corn
o Corn flour—25; Corn steep liquor—b5;
> fungicidicus gluten meal—5; NastbO;—26; 192h,530 mg/L  [149]
CaCO3—30; Actocol NaCl—5; (NHy),SO4—3;
antifoam—0.5 ZnCl,—0.1; Lactose—10;
Chicken oil—14;
Potassium lactate—1
Glucose—40; Soluble
S. fungicidicus Sﬂlelég)lsi?]:é(igg rr\}east starch—40; Corn steep 240 h, ca
End SG-01 extract—5; liquor—20; Com gluten 300 mg /1. 521
Ca2C03—20; NaCl—S8 NH4CI_’5; C32CO3,—15
Sucrose—100;
Glucose—10; Casamino
. acids—0.1; Yeast
S. fungicidi gorn sieephhq;(()’r_%? extract—5; MOPS—21;
. fungicidicus orn starch—30; K>,50,—0.25;
End ATCC 31731 Glucose—20; MgCly—10; MnSO,—1 2 v 740ms/L 1123]
CaCO3—20 % 10~3; CuSO,—0.5 x
1073; ZnSO4—1 x 1073;
COC12—1
Corn flour—80; Soybean
flour—28;
Corn flour—35; Corn (NH4),SO4—4; Corn
steep liquor—28; steep liquor—20;
Cottonseed meal—D5; Glucose
End S. fungicidicus (NH4),S0O4—5; monohydrate—6; 144 h, ca. [51]
TXX3120 FeS04,—0.36; KH,POy4  FeSO,—0.1; L-lactic 4000 U/mL
1.25; Light calcium acid—2; Light
carbonate—D5; Olive CoCO3—5;
0il—0.5mL/L Thermostable
a-Amylase—1500 IU/L;
Soybean 0il—0.5 mL/L
Soluble starch—30;
. Soybean meal—10;
End i/.[ét{ﬁ(zgens Not reported Glucose—20; Yeast Z(I)Ot reyi)rted, ca [55]
powder—10; mg
CaCO3—10; NaCl—5
Glucose—20; Yeast al
extract—3; ucose—40;
End ﬁrégz;ogmy ces sp. Peptone—2; Peptone—5; FeSO4—0.1; 160 h, 35 mg/L [56]
FeSO4—0.1; K,HPO4—2; NaCl—10

K,HPO,—2; NaCl—10
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Improvement of End production. The very first report in 1968 explored the dependence
of End production on nitrogen and carbon sources in a basal medium [28]. The utilization
of optimal nitrogen (corn steep liquor) and carbon (soluble starch combined with glucose)
sources (Table 2) led to an End production of 170 mg/L in S. fungicidicus B-5477. Conse-
quently, two other optimized media (A and B, Table 2), designed for End production in
mutants (see below), also supported higher production in B-5477, yielding ca. 500 mg/L
of the antibiotic [149]. UV-mutagenesis, selection of 3-fluoro-D,L-tyrosine-resistant mu-
tants, and the combination of both methods were then applied to B-5477. Mutant obtained
through UV-mutagenesis (named GAB-453) produced up to 1.730 g/L End in an optimized
medium A [149]. Additionally, 2.56 g/L of End were produced by 3-fluoro-D,L-tyrosine-
resistant mutant (Emt 36-3) in the optimized medium B. Finally, GAB-453 itself was used as
a starting point to generate 3-fluoro-D,L-tyrosine-resistant mutant (Emt 2-140), which was
able to produce a striking 4.34 g/L End in medium B [149].

A combined approach was used later to enhance End production in S. fungicidicus
L-69 [53]. Although there is no information about the origin of L-69, its unusually high
reported End-production level (ca. 1 g/L) suggests that L-69 might already be a product of
an undisclosed mutagenesis process. In the first stage of mutagenesis, L-69 spores were
treated with atmospheric and room temperature plasma (ARTP) to obtain streptomycin-
resistant mutants (using a selection concentration of 20 mg/L streptomycin). The best-
producing mutant from this stage yielded ca. 1.37 g/L of End and was subjected to a
second mutagenesis step [53]. At this stage, spores of the previous mutant were treated
with Cesium-137 y-radiation and plated on a medium with an increased streptomycin
concentration (50 mg/L). The top-producing mutant from this second stage exhibited an
End production at the level of ca. 1.58 g/L [53]. Unfortunately, the composition of the
production medium used here is unclear. Later, carbon ion radiation-induced mutagenesis
was applied to another S. fungicidicus SG-01 [52], whose origin is unclear. Its reported
End-production level (ca. 300 mg/L after 240 h of cultivation) hints that SG-01 might be
also a wild-type strain, possibly a synonym of ATCC 21013. This mutagenesis approach
yielded several mutants with significantly improved End production, reaching up to ca.
600 mg/L [49]. Notably, the addition of 10 g/L of L-arginine improved End production in
an SG-01-derived mutant, though the effect was not tested in the initial strain [52]. End-
overproducers obtained through random mutagenesis, as discussed above, were shown to
gradually lose their elevated production levels [52,53].

A recombinant approach using the tools described in the previous section was used
for S. fungicidicus ATCC 31731 (End high-producer derived from ATCC 21013 through
random mutagenesis) [123]. In this case, genes coding for positive regulators of End
biosynthesis (discussed in Section 4.6)—an StrR-like PSR (end22) and a sensor-histidine
kinase (end42)—were overexpressed in ATCC 31731 using a pSET152 derivative with ermEp
(see above) [123]. Although ATCC 31731 already produced a significant amount of End
(ca. 0.8 g/L) in a variation of R5 medium [123,144], end22 overexpression increased the
production to ca. 3 g/L, while the overexpression of end42 led to a production of ca. 1.7 g /L.

Another approach combining gene-engineering and random mutagenesis was applied
to another industrial End-producer, S. fungicidicus TXX3120 [51]. Here, the expression
levels of end genes were first assessed in TXX3120, identifying the endC NRPS gene as the
least expressed [51]. It was thus hypothesized that endC expression could be a bottleneck
for enduracidin production. The 5'-region of endC was substituted with tsr thiostrepton
resistance gene. The recombinant strain then underwent ARTP mutagenesis to select for
mutants with increased resistance to thiostrepton, suggesting that such mutants might
carry beneficial mutations (e.g., in regulatory genes, promoter of the putative end15-A-B-
C-16-D operon, etc.) that enhance tsr expression [51]. Subsequently, in several mutants
with increased thiostrepton resistance, tsr was reverse-substituted with the 5'-terminal
region of endC, restoring End production. As a result, these strains showed increased
endC expression, and enduracidin production was enhanced by approximately two-fold,
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although the exact quantity is difficult to ascertain since the production was reported in
U/mL [51].

Very low levels of End production were detected in the environmental strains recently
reported [40,55,56]. In S. atrovirens MGR140, End was initially detected in a non-optimized
TSB medium, but production rates under these conditions were not reported [40]. An
optimized medium was used in subsequent experiments (Table 2), where End production
ranged from 30 to 50 mg/L [55]. Finally, spontaneous streptomycin-resistance mutants
of S. atrovirens MGR140 with increased End production levels were obtained [55]. Lastly,
another combination of media was employed for End production in Streptomyces sp. MC079,
yielding ca. 35 mg/L of antibiotic after 160 h of cultivation [56]. Continuous control of
pH during cultivation increased production to 40 mg/L (pH 5.5) and 46 mg/L (pH 5.8). A
two-stage pH shift (pH 5.5 changed to pH 5.8 after 112 h of cultivation) further increased
End production to ca. 53 mg/L [56].

7. Conclusions and Outline

Different aspects of the biology and chemistry of RRLDPs have been updated in
recent decades. For instance, the mode of action of Rmp and End as lipid II binders
has been clarified and reviewed after being the subject of intensive debate for a long
time [24,25,150,151]. Additionally, the same reviews exhaustively covered the reports on
chemical synthesis of RRLDPs [24,35], e.g., a total synthesis of Rmp A2 and ramoplanose
aglycon [41], and a recent publication has described the advances in peptide synthesis
using solid phase to prepare arylglycine-containing peptides including Rmp analogs [42],
providing a new insight into SAR of RRLDPs. However, none of these reports investigated
the growing body of evidence concerning the genetic background of RRLDP biosynthesis,
the mechanisms involved in their biosynthesis, or the production conditions in various
strains in vivo.

In this review, we focused on these topics, integrating the biosynthetic picture for
different RRLDPs, comparing the available BGCs, and reviewing where the roles of different
genes and enzymes have been experimentally confirmed or postulated by homology. The
aim was to gain insight into the complex biosynthetic machinery behind the production
of these NRP antibiotics and to offer an overview of the different tools (including genetic
engineering approaches and cultivation media) used to study and enhance their biological
production.

Most of the information available today has been derived from studies on Rmp and
End due to their historical significance as a clinical antibiotic candidate and as an ani-
mal growth promoter, respectively. Nevertheless, recent experimental screening [39] and
genome mining efforts [38] have demonstrated that many other RRLDPs likely exist in
nature beyond Rmp and End, with the first newly discovered compound being chersi-
namycin [38]. Additionally, the growing diversity of RRLDP BGC sequences opens the
door to combining different pathways to generate novel RRLDPs. Taken together, these
opportunities renew interest in this class of antibiotics and establish the way for their
further development.

Another intriguing aspect highlighted in this review, as well as in other recent
works [97,121,152], is that RRLDP BGCs share phylogenetic relationships with GPA BGCs.
GPAs also belong to the class of NRP antibiotics that bind lipid II. For example, recent work
on the heterologous expression of the CSRG regulator from M. chersina DSM 44151—chers28,
a StrR-like PSR—enhanced the production of the valuable GPAs teicoplanin and A40926 in
A. teichomyceticus NRRL B-16726 and N. gerenzanensis ATCC 39727, respectively. In contrast,
overexpression of ramo5 (coding for the chers28 orthologue) had no such effect [122].

The application of either native CSRGs (as demonstrated for End production in S.
fungicidicus ATCC 31731 [123]) or heterologous CSRGs (yet to be tested) appears to be
one of the most promising strategies to improve RRLDP production. For example, A.
ramoplaninifer ATCC 33076, a producer of Rmp, would certainly benefit from this type of
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investigation. Alternatively, these regulators could be used to activate seemingly silent
RRLDP BGCs, following the approaches applied in GPAs [117,153].

By combining these various approaches, it may be possible to elevate RRLDPs into a
clinically successful class of NRP antibiotics, which could potentially help in overcoming
the spread of multidrug-resistant Gram-positive pathogens in the future. We hope that this
review might ignite such efforts.
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