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Abstract

Ribosomally synthesized natural products are found in all forms of life. Their biosynthesis uses
simple ribosomally synthesized peptides as starting materials that are transformed into complex
structures via posttranslational modifications, enriched with elaborate chemical scaffolds that
make them desirable as pharmacological tools. In addition, these natural products often exhibit
combinatorial biosynthesis, making them attractive targets for engineering. An increasing
knowledge of their biosynthetic machinery has provided key insights into their fascinating
chemistry. Marine organisms have been a rich source of this class of natural products and here we
review the lessons learned from marine life that enables exploitation of their potential for
combinatorial engineering, opening up new routes for peptide-based drug discovery.

INTRODUCTION

The combinatorial nature of secondary metabolites, and their potential for combinatorial
biosynthesis has long been recognized [1,2]. In nature, dedicated pathways carry the
enzymatic machinery responsible for the biosynthesis of natural products. The question
arises whether such biosynthetic pathways exhibit modularity, wherein each module can be
used multiple times in different combinations with other modules, to enable combinatorial
chemistry. If so, what are the degrees of freedom in their chemistry that can be exploited?

These questions have recently been addressed with the ribosomally synthesized and
posttranslationally modified peptide (RiPP) class of natural products. RiPPs begin as
precursor peptides that usually contain leader (or sometimes follower) and core peptide
sequences. The leader peptide is cleaved off in the course of biosynthesis while the core
directly encodes the natural products (Figure 1). Depending upon the RiPP, the leader and
other non-core elements encode diverse functions, such as signal sequences dictating
localization, enzyme recognition elements, and others [3]. Diverse posttranslational
modifications (PTMSs) decorate the core peptides to produce an astounding array of natural
products [4], which are often bioactive and amenable to peptidomimetics /n vivo and in vitro
[5] [6-13].
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The marine environment has played an important role in RiPP engineering. Marine-derived
RiPPs provided the first examples of 4 important concepts that make RiPP combinatorial
chemistry a possibility: 1) core peptide hypervariability; 2) natural broad-substrate
pathways; 3) enzyme recognition sequences; and 4) modularity of posttranslational elements
(Figure 2). In addition, many novel PTMs were first observed in marine organisms. Below,
we discuss how these features diversify RiPPs enabling combinatorial synthesis.

Strategy one: Introduce variety (by core peptide hypervariability)

Hypervariability in protein sequences allows organisms to adapt. For example, pathogens
often exhibit hypervariability in cell-surface molecules that likely help to evade host immune
responses [14]. Likewise, hypervariability of RiPP core peptide sequences creates natural
product diversity. The phenomenon of hypervariability was first described in marine cone
snail toxins, the conopeptides [15]. Hypervariability exists only in the core sequence, which
allows the cone snail to produce an army of mature toxins or “cabals” that act synergistically
to paralyze prey by targeting different ion channels simultaneously [16].

While some core peptides were known to be hypervariable, the question remained as to
whether the corresponding PTM enzymes were similarly hypervariable. This question was
answered with marine peptides, the cyanobactins [17]. In a series of cyanobactin pathways
encompassing diverse core peptides from across the tropical Pacific Ocean, essentially
sequence identical enzymes were found, implying that libraries of compounds can be created
using the same set of enzymes. Indeed, with the cyanobactins later engineering evidence
revealed that certain pathways could produce potentially millions of derivatives [18].
Another example lies in the highly mutable marine lanthipeptide pathway to prochlorosins
that was discovered by genome mining, and /n vitro work reconstituted all the observed
variants [19,20]. More recently, similar RiPP hypervariability is also starting to be
discovered in terrestrial organisms [21], implying that this feature may be widespread.

However, there are limitations to this strategy since some pathways carry cores that are less
mutable. For example, unlike the cyanobactin #ru pathway that is mutable for PTMs at all
positions excepting the C-terminal residue [22], the linear azoles/azoline peptide (LAP)
family of RiPPs that include the microcins and plantazolicin are more restricted in their core
sequence [23,24]. Nevertheless, in many RiPP pathways hypervariability has been exploited
extensively to create unnatural natural product libraries. For example, not only have RiPPs
been engineered with sequences not found in nature, but also highly engineered derivatives
carrying non-proteinogenic amino acids can be encoded as has been successfully
demonstrated in the lanthipeptides [25], cyanobactins [26] and more recently in the lasso
peptides [27].

Strategy two: Pair variety with promiscuity (using broad-substrate pathways)

Enzymes are often remarkably selective, with strong affinities for their native substrates.
But, this is not true for the hypervariable RiPPs, which necessitates the PTM enzymes to be
promiscuous to be functional. Coupled with hypervariability, such broad substrate-tolerance
of the PTM enzymes allows combinatorial synthesis in nature [15,17,19]. Since most RiPP
pathways are multi-step, the noteworthy feature that stands out here is that due to the
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substrate variability ensuing each PTM event, it is not one PTM enzyme, but every PTM
enzyme in the pathway that is promiscuous. Thus, the entire multi-step pathway as a whole
unit displays remarkable promiscuity. This has led to successful creation of artificial
compound libraries by heterologous expression of the entire RiPP pathways as in the
microviridins [28], lasso peptides [11], thiopeptides [12] and cyanaobactins [18] among
others, in addition to libraries carrying non-canonical amino acids, already detailed above.

The question of how promiscuity is evolutionarily favored in broad-substrate enzymes was
elegantly investigated in the study of the promiscuous marine lanthionine synthetase ProcM
from the prochlorosin pathway, which can install lanthionines on 29 different substrates
[19]. A comparison of ProcM with its narrower substrate tolerant counterpart LanM showed
that ProcM pays a “kinetic price” for its relaxed specificity [29]. Another example lays in
cyanobactin biosynthesis that has been known to carry upto six or more PTMs. The initial
enzymatic steps encounter comparatively similar substrates due to the presence of the leader,
and exhibit comparatively faster reaction completion times /n vitro, which is in contrast to
the latter PTM steps that are progressively slower as the enzymes encounter greater
structural diversity [22,30].

Strategy three: Provide roots to promiscuous partnership (through conserved recognition
sequences)

The molecular basis of PTM promiscuity relies on the use of recognition sequences (RSS).
In this strategy, short sequence motifs (RSs) within the precursor peptide substrate act as
docking sites for the PTM enzymes. The idea that enzymes dock with substrates at specific
sequence motifs is well known and has been documented for a large number of proteases,
kinases, and methyltransferases, among others [31].

Within RiPPs, the presence of RSs is widespread [4]. Because of the unique evolutionary
strategy employed in several marine cyanobactin biosynthetic pathways, conserved peptide
sequence elements could be directly observed, leading to the concept of RSs in RiPP
pathways [7]. Reports of crystal structures of many RiPP PTM enzymes have confirmed
presence of specific contacts with between the enzyme and RSs [32-34]. Interestingly,
homologs of certain RSs motifs are sometimes found in completely unrelated RiPP
pathways, but carrying the same PTM, suggesting that the RS is likely serving the same
purpose. For example, a homolog of the cyanobactin heterocyclization RS motif is also
found in the bottromycin family of RiPPs, which also contain the same type of heterocycles
[35].

The conservation of RSs allows PTM enzymes to be fairly well conserved in function
between different pathways. Although, hypervariability of substrate core sequences implies
that the substrates are rapidly evolving. This phenomenon of substrate evolution, wherein
core peptide hypervariability is coupled with conservation of RSs, has allowed RiPP
pathways to diversify the final natural products they encode, which in turn may endow
evolutionary advantages [36]. Substrate evolution is yet another mechanism that has enabled
creation of both natural and artificial combinatorial biosynthesis, examples of which have
already been discussed.
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This has further enabled /in vitro engineering of individual PTM steps, wherein many
approaches such as use of non-native cores, non-proteinogenic cores, chimeric substrates
among others have been extensively exploited [12,22,36-39]. In addition, these short RSs
are portable, wherein the RS only without the leader can be imported to non-native
sequences, and still function to recruit the expected PTM [36]. More recently, engineered
PTM enzymes fused to RSs could also successfully modify stand-alone core peptides. This
was first shown in the lanthionine synthetase LctM [40] and later in the cyanobactin
heterocyclase LynD [41], although cyanobactin heterocyclization is capable of proceeding
without its RS altogether at the price of lower efficiencies [36,42,43]. Interestingly, such
“leaderless” PTMs that do not require RSs outside the core sequence have also been reported
in the cyanobactin prenyltransferases [44] and more recently in a lanthipeptide
dehydrogenase [45].

Strategy four: Swap partners (by pathway modularity)

RiPP pathways are often modular, which was not appreciated prior to studies in marine
organisms. In nature, a clear example of modularity is observed between the patand tru
cyanobactin pathways [46]. Both encode very different cyanobactins; the patellamides from
the pat pathway are thiazole-oxazole carrying cyclic peptides, whereas the #ru pathway
produces thiazoline containing prenylated cyclic peptides called patellins. The only major
differences between their gene clusters lie in regions that encode specific PTM enzymes,
which are responsible for the structural differences between them. Otherwise, they share
about 98% gene sequence identity over half of their gene clusters, implying that patand tru
elements maybe interchangeable.

This implied that by maintaining the same core sequences, different PTM enzymes between
pathways could be swapped (as long as the RSs are preserved), leading to hybrid natural
products. This was recently demonstrated in the multi-step cyanobactin pathways, wherein
swapping PTM enzymes from unrelated pathways at each step led to complete /in vitro
reconstitution of both natural and unnatural products. Additionally, different combinations of
PTM enzymes were used to create an unnaturally large macrocycle [30].

Strategy five: Achieve novelty (creating unique PTMs)

Structurally, RiPP diversity is limited due to the constraint of only twenty possibilities from
the amino acid pool. Nonetheless, the structural complexity of RiPPs often rivals those of
the nonribosomal peptides due to the presence of extensive posttranslational processing [5].
RiPPs are rich in such novel PTM chemistry [4], and detailed below are a few examples of
PTMs discovered in marine organisms (Figure 3).

The combination of N-C peptide macrocyclization with the presence of azol(in)es was
observed first in the cyanobactin RiPPs from tunicates living in coral reefs [47], in addition
to dimethylallylation or geranylation of a peptide side-chain [44,48] and prenylation of a
peptide amino terminus [49]. The microviridins from limnal cyanobacterial blooms of Japan
were the first to show presence of ester and amide linkages via functional groups of lysine or
aspartate/glutamate, leading to rigid cage-like cyclic peptides with lactones and lactams
[50]. Halogenation of tryptophan residues was first reported in the conopeptides [51].
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Among recently discovered RiPPs, the most striking example of novel PTMs was reported in
the new family of proteusins represented by the giant natural products polytheonamides
derived from marine sponge associated symbiosis. They carry up to 48 PTMs, including an
unprecedented N-terminal acyl unit derived from threonine [52,53]. Other marine peptides
too exist that resemble RiPPs structurally, but their biosynthetic route is unknown, an
interesting example of which is the lanthionine carrying vitilevuamide, isolated from marine
ascidians [54].

Much ongoing research is aimed at understanding the PTM machinery of RiPPs. Such
knowledge will further the engineering efforts for the creation of these enzymes as tools to
generate PTM diversity in artificial combinatorial libraries. For example, ProcM was
manipulated to act as a kinase instead of lanthionine synthetase, using principles of RiPP
RSs [55]. Since many PTMs resemble those found in nonribosomal pathways in terms of
complexity or structure, knowledge of RiPP enzymes will aid the increasing repertoire of
chemical scaffolds for designer peptide motifs [5].

CONCLUSIONS AND PERSPECTIVES

Questions of specific biological problems in the oceans has led to the discovery of many of
the principles of RiPP evolution and design described above. When taxonomic relationships
are close, precise evolutionary relationships develop. For example, cone shails synthesize the
conotoxin family of RiPPs to paralyze their prey. Research into these peptides was initiated
to discover the active principles behind these ecological interactions, leading to the FDA
approved drug Prialt. Because cone snails are closely related to each other and occupy
different ecological niches, a compelling evolutionary story came to light that greatly
impacted the design and discovery of conopeptides and analogs [56].

Similarly, compounds in a wide range of organisms contain close chemical relationships that
were proposed to be of use in biosynthetic engineering [57]. Although most of these
compounds are not RiPPs, examples of applying this evolution/function strategy have
focused on the RiPPs. More recently, such features are beginning to emerge in cases like the
cyclotides, found in plants [21]. As sequencing data continues to arise, these and other
stories will continue to enable the designed enzymatic synthesis of modified peptides.
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Highlights

e Observations of marine peptide evolution have enabled combinatorial
biosynthesis

»  Marine RiPP peptides contain hypervariable cores and conserved leaders
e Mutability of core sequences enabled combinatorial library production
« Marine RiPPs led to the discovery of conserved enzyme recognition sequences

» Portability of conserved recognition sequences enables hybridization of RiPP
pathways

»  Several posttranslational modifications were discovered in marine RiPPs
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Figure 1.

A simple schematic of RiPP biosynthesis, showing that the biosynthetic machinery is
genetically encoded. The precursor peptide substrate gene is shown in black, which is

Page 10

flanked by multiple posttranslational modification enzymes and other proteins (shown in
grey) responsible for the transformation of the precursor peptide substrate into the final

product. The precursor peptide itself can be differentiated into the core sequence (that
matures into the final product) and a leader/follower sequence that often carry enzyme

recognition elements among others.
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1) Core peptide hypervariability = 2) Broad-substrate pathways
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Figure 2.
Features of RiPP pathways that enables combinatorial chemistry: 1) core peptide

hypervariability (represented by variation in color of the core sequences), which allows to
diversify the RiPP pathway products by simple mutations in the core sequence only; 2)
broad-substrate pathways, which requires the respective PTM enzymes (shown in blue and
green shapes corresponding to distinct PTMs) to be promiscuous enabling them to accept the
diversity in the core substrate; 3) recognition sequences (shaded in blue and green boxes
along with their respective PTM enzymes), which provide docking sites for these
promiscuous enzymes, thus preserving chemistry, despite the susbtrate diversity; 4)
pathway modularity, wherein certain units of the pathway act as modules that can be
interchanged with other distinct pathways further diversifying PTM chemistry. For instance,
recognition sequences from one pathway can be interchanged with PTM enzymes from
another (represented by differently colored PTM enzymes deviant from the original) to
generate new modifications (shown by stars) in the same core sequence.
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Figure 3.

Representatives of novel PTMs observed in marine derived RiPPs. Shown in grey circles are
all PTMs present in the particular structure, whereas shown in blue circles are specific PTMs
first observed in marine RiPPs.

Curr Opin Chem Biol. Author manuscript; available in PMC 2017 April 01.



	Abstract
	INTRODUCTION
	Strategy one: Introduce variety (by core peptide hypervariability)
	Strategy two: Pair variety with promiscuity (using broad-substrate pathways)
	Strategy three: Provide roots to promiscuous partnership (through conserved recognition sequences)
	Strategy four: Swap partners (by pathway modularity)
	Strategy five: Achieve novelty (creating unique PTMs)

	CONCLUSIONS AND PERSPECTIVES
	References
	Figure 1
	Figure 2
	Figure 3

