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Abstract

The threat of antibiotic resistant bacterial infections continues to underscore the need for new
treatment options. Historically, small molecule metabolites from microbes have provided a rich
source of antibiotic compounds, and as a result, significant effort has been invested in engineering
the responsible biosynthetic pathways to generate novel analogs with attractive pharmacological
properties. Unfortunately, biosynthetic stringency has limited the capacity of non-ribosomal
peptide synthetases and polyketide synthases from producing substantially different analogs in
large numbers. Another class of natural products, the ribosomally synthesized and post-
translationally modified peptides (RiPPs), have rapidly expanded in recent years with many
natively displaying potent antibiotic activity. RiPP biosynthetic pathways are modular and
intrinsically tolerant to alternative substrates. Several prominent RiPPs with antibiotic activity will
be covered in this review with a focus on their biosynthetic plasticity. While only a few RiPP
enzymes have been thoroughly investigated mechanistically, this knowledge has already been
harnessed to generate new-to-nature compounds. Through the use of synthetic biology approaches,
on-going efforts in RiPP engineering hold great promise in unlocking the potential of this natural
product class.

Introduction

Despite remarkable medical advances, including improved sanitation, effective vaccines, and
antibiotics, bacterial infections remain a serious threat to human health [1]. Annually, over
17 million people succumb to bacterial infections, with an increasing proportion due to
antibiotic resistance [1,2]. Therefore, there is urgent and continuous need for new
antibiotics. Small molecule metabolites from microbes have been a highly productive source
of chemical matter that ultimately led to most of today’s clinically used antibiotics [3-5].
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Many of these natural products are derived from polyketide synthase (PKS) or non-
ribosomal peptide synthetase (NRPS) families, including well-known antibiotics such as the
beta-lactams, tetracyclines, macrolides, and glycopeptides. With the rising resistance to
these proven antibiotic classes, alternative sources of antibiotics must be discovered. The
ribosomally synthesized and post-translationally modified peptides (RiPPs) have been
attracting interest as one such source of untapped potential. Unfortunately, the clinical
deployment of RiPPs has been hindered due to issues such as poor solubility and
bioavailability despite many displaying potent antibiotic activity and modes of action
distinct from currently used drugs. However, the single property that sets RiPPs apart from
polyketides and non-ribosomal peptides is their extraordinary biosynthetic malleability.
Owing to this, on-going RiPP engineering efforts appear to be poised to mitigate the
abovementioned issues [6,7].

RiPP biosynthesis begins with the ribosomal synthesis of a precursor peptide. Most
commonly, RiPP precursors are comprised of an N-terminal leader region and a C-terminal
core region. The former contains a recognition sequence that is bound directly by a
particular biosynthetic protein while the latter receives post-translational modifications to
ultimately become the mature RiPP (Figure 1). Through the physical separation of the sites
responsible for substrate binding and residues that are modified, RiPP biosynthetic pathways
can be highly specific yet promiscuously process highly variable core sequences. Many
RiPP classes have been characterized using in vivo and in vitro methods to better understand
their substrate tolerance and promiscuity. These studies have provided a starting point for
utilizing RiPP biosynthetic enzymes to generate novel compounds to address the rise of
antibiotic resistance.

In this review, several RiPPs with antibiotic activity will be examined. We detail their
defining structural features, mode of action, as well as their biosynthetic malleability with an
emphasis on how each class might be exploited to create analogs of future biotechnological
or medicinal value.

Lasso Peptides

Lasso peptides are topologically interesting RiPPs that feature an isopeptide-linked
macrocycle from the N-terminus of the core region to the side chain of a recipient Asp/Glu
residue. Lasso peptide uniquely display a catenane-like structure where the C-terminal tail is
threaded through the macrocycle and locked into place by disulfide bonds and/or steric
interactions (Figure 2) [*8]. Despite their relative simplicity, lasso peptides display a striking
array of bioactivities with several notable examples functioning as antibiotics. These include
microcin J25, produced by certain strains of Escherichia colito kill other strains of E. coli
and closely related Sa/monella strains. Microcin J25 gains entry to the cell by hijacking
FhuA, an outer membrane siderophore receptor. Once inside, microcin J25 potently inhibits
RNA polymerase. Capistruin, produced by Burkholderia thailandensis, also targets RNA
polymerase. Streptomonomicin, isolated from Streptomonospora alba, causes cell lysis in
Bacillus sp., especially B. anthracis, and is thought to operate by modulating the activity of
the WalR response regular [9]. LP20086, lariatin, and lassomycin all harbor activity towards
various Mycobacterium sp., with the latter reported to target the CIpC1 ATPase of
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Mycobacterium tuberculosis [*8,10-13]. RODEO-enabled genome mining has revealed
many more lasso peptides await characterization [13].

Lasso peptide biosynthesis requires a minimum of two enzymes. The first is a
transglutaminase homolog that functions as a leader peptidase. The second enzyme is
homologous to asparagine synthetase and responsible for forming the threaded macrocycle.
[*8,14]. While a detailed mechanism for lasso peptide biosynthesis has yet to be reported,
numerous heterologous expression studies suggest that the pathways are extraordinarily
tolerant towards alternative substrates. Several studies have modified the precursor peptide
and determined that the lasso peptide biosynthetic enzymes tolerate most substitutions,
except for residues involved directly in isopeptide bond formation or leader peptide cleavage
[15-18]. Lasso peptides may prove to be a useful scaffold for specific chemical biology or
biomedical applications.

Plantazolicin

Plantazolicin is a member of the linear azol(in)e-containing peptide class of RiPPs. After
extensive spectrum of activity testing, plantazolicin only displayed significant activity
towards B. anthracis (Figure 2). Remarkably, plantazolicin lacked activity against other
members of the Bacillus cereus group, despite these organisms sharing considerable genetic
identity with B. anthracis [19]. Based on a series of detailed genetic, transcriptomic, and
fluorescent labeling studies, plantazolicin localizes to cardiolipin-rich lipid microdomains of
the plasma membrane. Unusually, B. anthracis appear to accumulate plantazolin:cardiolipin
complexes in a discontinuous helix around the longitudinal axis of the cell, rather than at the
poles where cardiolipin is usually found in rod-shaped bacteria [20]. Ultimately,
plantazolicin causes cell lysis, a feature that is enhanced by addition of exogenous
cardiolipin, which contrasts with daptomycin, another cardiolipin-dependent antibiotic
[19,21].

As a linear azol(in)e-containing peptide, plantazolicin biosynthesis shares features with one
of the best-studied RiPPs, the DNA gyrase inhibitor microcin B17. Knowledge into how
peptidic azol(in)e heterocycles are formed was greatly aided from studies on microcin B17
biosynthesis [22-24]. The biosynthesis of plantazolicin involves the cyclodehydration of
Cys, Ser, and Thr to yield ten azoline heterocycles, nine of which undergo dehydrogenation
to the azole heterocycle. Next, a type Il CAAX protease family removes the leader peptide
and the newly created N-terminus is dimethylated [22]. Unlike the highly permissive lasso
peptide synthases, the plantazolicin heterocycle synthetase features significant stringency.
Substrate tolerance was initially investigated using an £. coli heterologous expression
system and precursor peptide variants. While this led to detectable generation of some
analogs, these were largely limited to amino acid substitutions at sites not naturally cyclized
[25]. In a separate study that reconstituted the activity of the purified azol(in) synthetase, it
was demonstrated that the enzymes were significantly more promiscuous in vitro, which
enabled production of analogs that were not detected through the earlier heterologous
expression study [25,26]. Conserved motifs in the leader region, verified by binding studies,
and the distance between this recognition sequence and the core peptide played determinant
roles in recognition and processing by the cyclodehydratase [26]. The plantazolicin
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biosynthetic enzymes are somewhat atypical in their stringency for particular positions of
the core peptide, which translates to aborted processing when a cyclizable residue is
missing. Instead, a more tolerant azol(in) synthetases would likely be more suitable for
library generation or targeted modification of custom precursor peptides [**27].

Lanthipeptides

Lanthipeptides are distinguished from other RiPPs by their namesake lanthionine residues,
which are thioether crosslinks between a donor Cys and CP of a recipient residue (Figure 2)
[28,29]. Characterized lanthipeptides with antibiotic activity (lantibiotics) kill Gram-positive
bacteria by three possible mechanisms: sequestration of lipid 11, pore formation, and binding
of phosphatidylethanolamine. Some lantibiotics employ more than one of these mechanisms
resulting in synergistic killing and correspondingly low rates of resistance. This is
exemplified in nisin, which sequesters lipid Il and induces pore formation. Despite wide
usage as a food preservative for over 40 years, appreciable resistance to nisin has not been
reported (Figure 2) [28,29].

Lanthipeptides are biosynthesized over two steps. First, a lanthipeptide dehydratase will
convert certain Ser and Thr residues to dehydroalanine and dehydrobutyrine (Dha/Dhb),
respectively. This is accomplished by activating Ser/Thr for dehydration by either a tRNA-
dependent glutamylation or ATP-dependent phosphorylation. The activated esters then
undergo elimination to yield the Dha/Dhb residues. The second step of lanthionine
formation involves a cyclase that carries a 1,4-nucleophilic addition of a Cys thiols onto
specific Dha/Dhb residues to form [28,30]. This process generates the lanthionine or
methyllanthionine, respectively [29].

Lanthipeptide dehydratases rank among the most substrate tolerant RiPP enzymes
characterized to date. This feature is exemplified by the prochlorosins, which have on the
order of 30 precursor peptides with hypervariable core regions, each giving rise to a distinct
product. Additional, uncharacterized lanthipeptide biosynthetic gene clusters have as many
as 80 predicted precursors [31-34]. The promiscuity of lanthipeptide dehydratases has been
harnessed in numerous ways by synthetic biologists. One example involves fusing the core
regions of lanthipeptide precursors from cryptic gene clusters to the nisin leader peptide to
produce novel lantibiotics [35].

Lanthipeptides libraries have been produced to diversify a naturally occurring scaffold with
the aim of identifying a novel lanthipeptide with a desired activity. One such study design
included the heterologous expression of ProcM (from procholorosin biosynthesis) in £. coli
along with a library of ProcA precursor peptide variants. This effort yielded a library of 108
distinct lanthipeptides. Detected among these variants was a new protein-protein interaction
inhibitor for the HIV p6 protein and the human tumor susceptibility gene 101, a lynchpin
interaction for viral budding [*36]. Phage display has also been employed to rapidly
generate lanthipeptide analogs which can be screened for desired activity. Two independent
studies have demonstrated that upon fusion of a lanthipeptide precursor library to the M13
phage coat protein plll, along with co-expression of a substrate-tolerant lanthipeptide
synthetase, new lanthipeptide activities can be identified [37,**38]. This led to the discovery
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of new ligands for urokinase plasminogen activator and streptavidin [37]. In addition to
phage display, yeast display has been used in a similar manner to diversify lacticin 481,
resulting in a avP3 integrin-binding variant [*38]. While phage and yeast display methods
have not yet been employed to generate lanthipeptides with new antibiotic modes of action,
we anticipate that future efforts will be aimed squarely on this objective.

Thiopeptides

Thiopeptides are macrocyclic RiPPs that feature azol(in)e heterocycles, Dha/Dhb residues,
and a class-defining six-membered A-heterocycle [39]. Many thiopeptides also feature either
a quinaldic- or indolic acid-containing secondary macrocycle, C-terminal amidation,
methylation, oxidation, and glycosylation (Figure 2) [39]. The unique confluence of
functional groups found in other RiPPs grants the thiopeptides a special designation of being
a natural “hybrid” RiPP.

Thiopeptides primarily exert antibiotic activity by inhibiting protein synthesis with few
exceptions: the cyclothiazomycins are reported to inhibit RNA polymerase while lactazole
purportedly lacks antibiotic activity [40,41]. Of the majority that interrupt protein synthesis,
the size of the primary macrocycle correlates with the physical target of the thiopeptide.
Those with 29-membered macrocycles target elongation factor Tu while those with 26- and
32-membered macrocycles bind to the protein L11 and 23S rRNA interface within the 50S
ribosomal subunit [39]. Thiopeptides typically display nanomolar activity against pathogenic
Firmicutes, such as Staphylococcus aureus, Enterococcus faecalis, and Clostridium difficile.
Semi-synthetic derivatization has been successful in fine-tuning thiopeptide spectrum of
activity. For example, a derivative of GE2270A has been reported to be highly selective
towards Propionibacterium acnes [*42]. Despite their potent activity, thiopeptides suffer
from poor aqueous solubility which has hampered their clinical development. Separate semi-
synthetic efforts have converted GE2270A into a significantly more soluble derivative,
LFF571, with efficacy comparable to vancomycin in treating C. difficile infections [43].
Despite these successes, very little is known regarding the structure-activity relationships
within the thiopeptide class. Therefore, intense efforts have been undertaken to understand
their biosynthesis and to leverage this knowledge towards analog generation.

The first step of thiopeptide biosynthesis is identical to the linear azol(in)e-containing
peptide class. For thiopeptide substrates, the cyclodehydratase primarily acts upon Cys
residues but to a lesser extent, Ser/Thr residues are found in the form of (methyl)oxazoline
heterocycles. Azolines are typically dehydrogenated to the corresponding azole although
thiazolines are observed in mature thiopeptides [14,**27,44]. Secondly, the azole-bearing
intermediate is acted upon by a tRNA-dependent lanthipeptide-like dehydratase which
installs Dha/Dhb from Ser/Thr via a glutamylation and elimination reaction sequence. At
this point, two Dha residues, one presumably present as the iminol tautomer, undergo a
formal [4+2] cycloaddition to generate the six-membered nitrogenous heterocycle. In the
case of pyridine synthases, the leader peptide is ejected as a C-terminal carboxamide while
in dehydropiperidine synthases, the leader region is proteolytically removed during a later
maturation step [**27,44]. While these core biosynthetic steps are common to all
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thiopeptides, additional tailoring distinguishes the thiopeptides into a diverse set of
subclasses [45].

The biosynthetic promiscuity of thiopeptides has primarily been investigated through in vivo
expression of reprogrammed precursor peptides with thiocillin and thiostrepton being the
most studied [46—49]. Thiopeptide precursor variants tolerated by the full array of
maturation enzymes are observable in culture extracts by mass spectrometry. To summarize
a multitude of efforts in this area, thiopeptide biosynthetic pathways display varying
permissiveness on a per-residue basis with only pyridine/dehydropiperidine-incorporated Ser
being universally indispensable for successful analog production. Thiopeptide precursor
peptides with substitutions, insertions, or deleted amino acids have produced variants with
altered peripheral properties and macrocycle size to investigate structure-activity
relationships [47-49,*50]. For example, Ala-substituted and contracted/expanded variants of
thiocillin have revealed that certain residues of the core are crucial for bioactivity while
others are readily substituted. Further, it has been noted that the rigidity imparted by azole
heterocycles is crucial for adopting an active conformation [48,49].

In vitro reconstitution has enabled a more intimate study of each transformation during
thiopeptide biosynthesis while overcoming the greater biosynthetic stringency encountered
in vivo [**27,44,45,*51,52]. Most notably, the thiomuracin thiazole synthetase appears to
only require an ~8 residue recognition sequence to facilitate heterocyclization of virtually
any core Cys residue [**27]. Additionally, it has been demonstrated that the thiocillin and
thiomuracin [4+2] cycloaddition enzymes are remarkably permissive toward variable core
sequences and only require the two Dha residues involved in cycloaddition and a small
portion of the leader peptide [**27,*51,53]. Owing to their promiscuity, thiopeptide
biosynthetic enzymes harbor the potential to generate analogs with enhanced properties or
unnatural functional groups for the de novo generation of new RiPPs.

Sactipeptides

The hallmark modification of a sactipeptide is a sactionine modification, whose name
derives from a thioether that is sulfur-to-alpha carbon linked (Figure 2). Only five
sactipeptides have been characterized of which all demonstrate a narrow spectrum of activity
towards various human pathogens such as C. difficile, Listeria monocytogenes, and B.
cereus [54-58]. While there have been limited studies regarding the mode of action of
sactipeptides, thuricin CD and subtilosin A disrupt the cell membrane [54]. Sporulation
killing factor, a sactipeptide produced by B. subtilis, induces lysis in neighboring B. subtilis
as a scavenging strategy under starvation conditions [59].

Sactionines are installed by a radical S-adenosylmethionine enzyme which mediates
hydrogen atom abstraction from an acceptor residue which is then covalently linked to the
sulfur of a Cys donor [55]. Sactionine linkages in known sactipeptides are exclusively
formed between the most N-terminal Cys and the most C-terminal acceptor and radiate
inward, resulting in rigid hairpin-like structures (Figure 2) [55]. While there is limited data
regarding the biosynthetic promiscuity of these enzymes, the subtilosin synthase exhibits
relaxed specificity in both the position of installed sactionines as well as the identity of
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acceptor residues when heterologously expressed in £. coli [**60]. These results suggest
that sactionine synthases may be sufficiently substrate tolerant to enable sactionine
formation in unnatural contexts to facilitate broader scale production of custom
sactipeptides, although further enzyme characterization is required to identify the limits of
substrate tolerance.

New-to-Nature Hybrid RiPPs

One motivation for studying RiPP biosynthesis is that such knowledge could be leveraged
for specific applications in synthetic biology. The past decade has greatly enhanced our
knowledge of substrate recognition and tolerance in various RiPP classes (Figure 3) and it
has become apparent that many RiPP enzymes require only a nominal recognition sequence
(4-10 residues) and sufficient length between this sequence and the core region to facilitate
recruitment and catalysis [**27,%*61,62]. This concept has been harnessed to generate new-
to-nature “hybrid RiPPs” that employ enzymes from disparate RiPP classes to introduce sets
of modifications that are not known to naturally coexist. By rationally designing precursor
peptides, bearing in mind recognition sequences, substrate tolerances, and enzyme kinetics,
this approach generated hybrid RiPPs decorated with thiazolines with (methyl)lanthionines,
sactionines, and D-amino acids (Figure 4) [**61]. To rationally and more broadly apply this
approach to other RiPP classes will require a significant investment in the characterization of
RiPP biosynthetic pathways that remain understudied. Considerations such as substrate
recognition, specificity, and tolerance must all be taken into account not only the context of a
particular modification, but also how each successive modification impacts the competence
for subsequent modification. Layers of complexity are also added when choosing a means of
production. For instance, in vivo expression offers several conveniences, such as
circumventing the need to purify proteins and also a potentially robust access to library
generation. However, in vivo expression requires a suitable host and creates a more complex
environment for detecting the molecules that were successfully produced. Conversely, in
vitro reconstitution requires each biosynthetic protein to be soluble, stable, and active after
purification. There is little doubt that library generation using an in vitro reconstitution
strategy would be considerably more labor intensive; however, the ability to control the
concentration of reactants and other reaction parameters typically translates to greater
substrate tolerance in vitro as opposed to in vivo. We expect both approaches will be fruitful,
with the choice being dependent on one’s experimental objectives.

Summary and Outlook

RiPP natural products are structurally diverse molecules often displaying potent
antimicrobial properties. If properly developed, RiPPs could contribute new scaffolds to
drug discovery programs with the future potential of offsetting the rise of clinically
problematic antibiotic-resistant infections. Unlike other biosynthetic paradigms (e.g., NRPS
and PKS), RiPP biosynthetic enzymes typically display high levels of substrate tolerance.
This biosynthetic promiscuity is attributed to a short recognition sequence being localized in
a leader region of the precursor peptide which is later removed during maturation. This
specific-yet-tolerant substrate processing ability endows RiPPs with unprecedented
engineering potential. The community of RiPP researchers is just beginning to produce
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novel molecules with desired properties. We envision a future where preexisting knowledge
of substrate recognition and tolerance are brought to bear on the custom design and
diversification of RiPPs. Such efforts could be guided by a desire to rationally design a
particular RiPP scaffold or to bind a specific target, perhaps one that is critical for a
pathogenic bacterium. Encouraged by the past several years of successful RiPP research, we
remain confident this class of natural products will continue to provide useful molecules and
enzymes that serve the greater scientific community.
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Figure 1.

A generalized RiPP biosynthetic gene cluster complete with a precursor peptide, modifying
enzymes, and proteolysis/export enzymes. RiPP precursor peptides feature leader and core
regions that separate substrate recognition residues from residues that undergo modification.
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Figure 2.
Representative members of several RiPP classes. RiPPs display an array of structural

diversity and antimicrobial activity. Sites of post-translational modifications are indicated in
red.

Curr Opin Microbiol. Author manuscript; available in PMC 2019 October 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hudson and Mitchell Page 14
Natural product(s) Substrate Substrate
Pl (class) recognition tolerance HeTsrees
LN N
\r(\ Plantazolicin ; '
: % : Leader Site- and chemo- 25, 26
N 1
g 4 (linear azol(in)e peptides) st
X=058 . : :
! Thiomuracin High, but
Cyclodehydration (thiopeptides) Leador chemoselective ol
X Prochlorosins Very high
£ | Nisin Leader (often incorporated 31, 34-38, 61
ﬁ (lanthipeptides) into lanthionine)
(0]
X =H, CHy Thiomuracin
; : Core and PTM Lo 27,44
Dehydration (thiopeptides) L
0}
A s_éj\_g
NH Prochlorosins
c’e\N x= Nisin Leader Very high 31, 34-38, 61
H (|3 f (lanthipeptides)
Lanthionine
Az = |
Thiomuracin Very high,
Az \N Az Thiocillin Core and leader requires two Dha ol ?;:’ 183 h
[4+2] (thiopeptides) and partial leader !
cycloaddition
0]
R
sy
NH Subtilosin .
;“\N&xj aetipeatides) Leader Very high 60, 61
Ho
0
Sactionine
A.:‘?
_-H Microcin J25
Caulosegnins Leader Very high 15-18

Lasso peptide

(lasso peptides)

Figure 3.

Post-translational modifications (PTMs), mode of substrate recognition, and substrate
tolerance of various RiPP enzymes covered in this review. RiPP biosynthetic enzymes
display a spectrum of substrate tolerances with the most tolerant enzymes likely being the
best-suited for applications in synthetic biology. Az = azole.
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Figure 4.
New-to-nature hybrid RiPPs generated through RiPP engineering. By leveraging knowledge

of substrate recognition from various RiPP classes, chimeric precursor peptides have been
designed to recruit biosynthetic enzymes not naturally found in the same context. The
resulting hybrid RiPPs have functional groups not currently found together in any natural
product such as thiazolines/lanthionines, thiazolines/sactionines, and thiazolines/
lanthionines/D-Ala; the latter is generated by enzymatic reduction of Dha.
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