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Abstract

Ribosomally-synthesized and Post-translationally-modified Peptides (RiPPs) take advantage of the
ribosomal translation machinery to generate linear peptides that are subsequently modified with
heterocycles and/or macrocycles to impose three-dimensional structure and thwart degradation by
proteases. Although RiPPs are limited to proteinogenic amino acids, post-translational
modifications (PTMSs) can alter the structure of individual amino acids and thereby improve
stability and biological activity of the molecule. These “tailoring modifications” often occur on
amino acid side chains—for example, hydroxylation, methylation, halogenation, prenylation, and
acylation—but can also take place within the back bone, as in epimerization, or can result in
capping of the N or C termini. At one extreme, these modifications can be essential to the activity
of the RiPP, either as a compulsory step in reaching the final molecule or by imparting chemical
functionality required for biological activity. At the other extreme, tailoring PTMs may have little
effect on activity in an in vitro setting—possibly because of test conditions that do not match the
biological context in which the PTMs evolved.

Establishing the molecular basis for the function of tailoring PTMs often requires a three-
dimensional structure of the RiPP bound to its biological target. These structures have revealed
roles for tailoring PTMs that include providing additional hydrogen bonds to targets, rigidifying
the RiPP structure to reduce the entropic cost to binding, or altering the secondary structure of the
peptide backbone. Bacterial RiPPs are particularly suited to structural characterization as they are
relatively easy to isolate from laboratory cultures or to produce in a heterologous host. Identifying
new tailoring PTMs within bacteria is also facilitated by clustering of the genes encoding tailoring
enzymes with those of the RiPP precursor and primary modification enzymes. In this Account, we
describe the effects of tailoring PTMs on RiPP structure, their interactions with biological targets,
and their influence on RiPP stability, with a focus on bacterial RiPP classes. We also discuss the
enzymes that generate tailoring PTMs and highlight examples of and prospects for engineering of
RiPPs.
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Conspectus

Introduction

Ribosomally-synthesized and Post-translationally-modified Peptides (RiPPs) are subdivided
based on class-defining (primary) post-translational modifications (PTMs).! These primary
PTMs, which typically result in macrocyclization,? generate scaffolds that endow biological
activity, often as antimicrobial or cytotoxic agents. After cyclization, many RiPPs are further
modified by enzymes that introduce compound-specific functional groups that are important
for improving activity or stability or essential for RiPP maturation. These alterations have
been termed tailoring modifications.!

Class-defining PTMs have been extensively reviewed,1 but tailoring modifications have
received less attention. This Account provides a summary of the physiological functions of
some tailoring modifications and the promise of tailoring enzymes for bioengineering.
Because of limitations in space, our discussion will be limited to modifications of bacterial
RiPPs with established biological activity and/or biochemical characterization, but there
exist many examples of fungal and plant RiPPs with tailoring modifications. This review
highlights Nature’s skill as medicinal chemist in taking conformationally-constrained
scaffolds and appending substructure to enhance biological activity.

Hydroxylation and epoxidation

The best-understood examples of oxidative modification of RiPPs are found in thiopeptides,
compounds unified by the presence of azolines/azoles and a six-membered nitrogen-
containing heterocycle.>~7 In thiostrepton-like peptides, epoxidation of a quinaldic acid
moiety and attack by the N-terminal amine on the epoxide generates a second macrocyclic
ring (Figure 1A) that may provide rigidity and improve binding to the 50S ribosome.8:9
lle10 is also hydroxylated at the g and 1 positions.® The p-hydroxylation may contribute to
the stability of the second macrocycle by providing an intramolecular hydrogen bond to the
hydroxyl formed by epoxide ring opening (Figure 1C). Nosiheptide and nocathiacin contain
tailoring modifications at the same site as thiostrepton, but utilize a different set of PTMs to
generate a second macrocycle (Figure 1B and 1D). A 3,5-dimethylindolic acid moiety is
attached to a Glu residue to close the macrocycle through an ester linkage.10

Many thiopeptides contain hydroxylations not involved in macrocycle formation that impact
potency by interactions with target molecules. For example, p-hydroxylation of Phe8 of
GE2270A (Figure 2A) creates a hydrogen bond donor (Figure 2B) at the surface of the
target, elongation factor Tu (EF-Tu).1! As a result, GE2270A in which Phe8 is not
hydroxylated displays a 30-fold decrease in activity.12
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Partial in vitro biosynthesis of thiomuracin (Figure 2E) was recently reported.!3 The
simplified product, lacking oxidative modifications at Phe5 and 1le8, retained similar activity
against test strains as authentic thiomuracin A. Likewise, thiomuracin congeners isolated
from the native producer that lack Phe5 hydroxylation have only slightly diminished potency
against test strains in vitro.14 Consistent with these observation, Phe5 does not make direct
contacts with the target (Figure 2F). In contrast, the oxidized Ile8 is engaged in hydrogen
bonds with EF-Tu and congeners with different oxidation products accordingly show more
variation in activity.14

Hydroxylation in other bacterial RiPP classes is rare, but two lanthipeptides bearing
hydroxylations have been studied. For the closely related duramycin and cinnamycin,
hydroxylation of Asp15 is essential for antimicrobial activity.1%16 The NMR structure of
cinnamycin bound to its target lysophosphatidylethanolamine places the head group of
ethanolamine in a pocket containing the p-hydroxylated Asp15 (Figure 3),17 with the
hydroxyl accepting a hydrogen bond from the ammonium group of ethanolamine. The a-
ketoglutarate-dependent oxygenases that hydroxylate the Asp have been characterized and
although they are specific for Asp15, they do show some tolerance with respect to
surrounding residues.1® The hydroxylation of Pro14 in the C-ring of microbisporicin (also
called NAI-107) is non-essential, but generally increases the potency against test strains by
2-4 fold (see the section on halogenation for the microbisporicin structure).18

Epimerization

Within RiPPs, two mechanisms have been described for enzymatic conversion of an L-
configured amino acid to the D-configuration. This PTM was first observed in lactocin S1°,
for which inspection of the gene sequence encoding the precursor peptide suggested
conversion of a genetically encoded L-Ser to D-Ala by stereospecific reduction of
dehydrated L-Ser (dehydroalanine, Dha, Figure 4).20 Alternatively, radical-S-
adenosylmethionine (SAM) enzymes can convert L-amino acids into D-amino acids by
epimerization at the a-carbon (Figure 5A).21 This mechanism of epimerization is more
general than the dehydration-hydrogenation sequence in lanthipeptides as all 19 chiral,
proteinogenic amino acids can epimerized. Other epimerizations found in RiPPs include
allo-lle, in cypemycin (Figure 4),22 and the non-enzymatic epimerization of amino acids
upstream of a thiazoline residue23 such as in bottromycin?4 (Figure 5B).

Epimerization at the a-carbon is likely to result in local secondary structures that is not
available to only L-configured peptides or to provide protection from proteolysis. Lacticin
3147 displays homology to lanthipeptides that do not contain D-amino acids and yet still
have potent activity against susceptible test strains (Figure 4). The NMR structure of the
peptide of lacticin 3147 indicates an a-helical conformation for residues 7-15, including the
two D-amino acids.2® In contrast, the corresponding region of related peptides, haloduracin
B for example, contain a macrocycle in this region. D-Amino acid-stabilized secondary
structures may thus serve as a replacement for thioether or disulfide rings. Accordingly,
mutants of lacticin 3147 B with L-Ala at the positions of D-Ala retain activity, although it is
diminished relative to wild type.28 In the two-component lanthipeptide bicereucin (Figure
4), in which only a single lanthionine ring is present, epimerization and dehydrobutyrine
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(Dhb) residues may play a more central role in determining the structure and biological
activity.2” Dha/Dhb dehydrogenases appear to be substrate tolerant and have been used in
bioengineering studies to modify non-native peptides.1%:28

Proteusins are linear peptides that contain D-amino acids introduced by radical-SAM
epimerases,?129 but it remains to be determined what role these PTMs play in biological
activity. A survey of three proteusin gene clusters revealed that radical-SAM epimerases are
capable of acting on a range of amino acids (Figure 5A). Although the exact substrate
specificity rules remain to be determined for radical-SAM epimerases, their ability to act on
many residue types suggests utility in engineering applications.2! Epimerization by a
radical-SAM enzyme could be considered a primary modification in polytheonamides,
where alternating L- and D-amino acids (or achiral glycine) induce formation of a p-helical
structure in a membrane-mimicking solvent (Figure 5C).30:31

N- and O-Methylation

Methylations on heteroatoms are prevalent in bacterial RiPPs and are generally installed
after the primary modifications. Two peptides contain an N-terminal A, A-dimethylated
amino acid: Arg in plantazolicin3? and Ala in cypemycin?? (Figure 4). Dimethylation of
plantazolicin is essential to the action of this peptide,33 and the methyltransferase is highly
specific for desmethylplantazolicin.3#35 Cypemycin also contains an essential N-terminal
N, N-dimethylation (Figure 4), installed by the methyltransferase CypM.38 CypM is
substrate tolerant and has been used to methylate a range of unrelated peptides.3’

The aforementioned polytheonamides contain both A~ and C-methylations in abundance
(Figure 5C).38 Particularly intriguing for this class of peptides is the apparent iterative nature
of the modifications, with relatively few enzymes acting multiple times on the same
peptide.3! Eight Asn residues are A-methylated at the side chain throughout the peptide,
likely in conjunction with epimerization of these residues.3! The solution structure of
polytheonamide B suggests that these methylations increase the lipophilicity of the
intramembrane amide groups and stabilize the B-helical structure of the peptide pore.3°
Biological activity has not been reported for peptides lacking Asn methylation, but
molecular dynamics simulations suggest that such peptides are more prone to unfolding.3°
The A-methylations all result from the action of a single SAM-dependent methyltransferase
PoyE.40

The thiopeptide GE2270A (Figure 2A) is also A-methylated at an Asn sidechain.12 The
structure of GE2270 bound to EF-Tu reveals this methylation may help reinforce
intramolecular hydrogen bonds and assist in desolvation during complex formation by
eliminating hydrogen bonding with solvent (Figure 2C).11 Asn methylation at this position is
common but not required for activity as a number of non-methylated peptides have been
isolated.> However, mutation of this Asn in a closely related thiopeptide abolishes activity,
confirming that this site is crucial for binding.#! Asn side chain methylation has not yet been
used in engineering studies with non-native peptides.
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The penultimate D-Asp residue of bottromycin A2 is O-methylated in what is believed to be
the final step of the biosynthesis of this antibiotic (Figure 5B).24 Removal of this
modification diminishes the biological activity substantially.

C-methylation

Methylation at non-nucleophilic carbon centers requires the action of a radical-SAM
methyltransferase.#243 -Methylation of amino acids is observed in several RiPP classes.
For instance, during bottromycin A2 biosynthesis, four p-C-methylations are accomplished
by three enzymes (Figure 5B).44 Congeners lacking various methylations were isolated from
the native producer and vary in potency by 2—4 fold.*> Two enzymes catalyze at least
fourteen B-C-methylations in polytheonamide B (Figure 5C),3146 including repeated
methylation of a Dhb residue, which is hydrolyzed following removal of the leader peptide
to form a 2-0xo0-5,5-dimethyloctyl group at the N terminus of the mature peptide. A
similarly complex transformation is required for the formation of the methoxymethylthiazole
of GE2270 (Figure 2A). A C-methyltransferase possibly first generates a methylthiazole,
which may be hydroxylated and methylated again by a SAM-dependent O-
methyltransferase.1? The effect of these modifications on antibiotic potency has not been
reported; however, inspection of the structure of GE2270 in complex with EF-Tu*’ reveals a
tight binding pocket for this moiety (Figure 2D). The C-methyltransferase that generates a
methylthiazole in thiomuracin has been investigated in vitro and has a very high substrate
specificity suggesting limited opportunities for engineering.*8

Halogenation

The lanthipeptide microbisporicin (Figure 6A) contains a 5-chlorotryptophan (5-CI-Trp) that
is 2-32 fold more potent than deschloromicrobisporicin, depending on the bacterial test
strain.*® Overlay of the structure of microbisporicin with the lanthipeptide nisin bound to a
lipid 11 analog suggests that the increase in potency may derive from direct interactions with
lipid 11 as the 5-CI-Trp residue is directly next to the presumed binding site of the A-
acetylmuramic acid moiety (Figure 6B). The halogenase MibH accepts only
deschloromicrobisporicin,® but can perform Trp bromination, resulting in a ~2-fold increase
in potency.5! The less potent deschloro-deshydroxy analog serves an unusual dual role as a
signaling molecule: accumulation induces expression of the tailoring enzymes and
transporters allowing for generation and export of the more potent antimicrobial
compound.>2

Disulfides

Disulfides are common in RiPPs from higher organisms? but infrequent in bacterial RiPPs.
One example is bovicin HJ50 and related peptides (Figure 4).%3 This class of lanthipeptides,
which resemble lacticin 481 but with a disulfide in place of a lanthionine ring, loses
antimicrobial activity when reduced and/or alkylated.>*55> Mutagenesis of the cysteines
involved in disulfide formation suggests a role for the disulfide linkage in stabilizing the
hydrophobic core of the peptide.>* A similar replacement of a primary PTM is observed by
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comparing haloduracin a with lacticin 3147 a., where a disulfide replaces a lanthionine ring
and a D-Ala residue (Figure 4).

Prenylation

Prenylation has been observed in some bacterial RiPPs, but little is known about the function
of these PTMs or their importance in target recognition. An example is the competence
hormone ComXgro.g-2 Which contains a C-geranylated Trp residue (Figure 7A); alteration or
removal of the prenyl group reduces the activity of this RiPP.56 O-Prenylation of
cyanobactins such as trunkamide (Figure 7A) is carried out by prenyltransferases that may
be useful for combinatorial biosynthesis of prenylated RiPPs.>” These enzymes are also
capable of generating an ortho- C-prenyl-Tyr through a spontaneous Claisen rearrangement
from from O-prenyl-Tyr (Figure 7A).58

N- and C-terminal modifications

Peptidases are ubiquitous in microbe-colonized environments,>® leading to rapid degradation
of unstructured peptides. In many cases, primary PTMs provide protection from proteases,5°
but tailoring PTMs found at the termini of RiPPs may further enhance their stability. A
common theme in lanthipeptides containing N-terminal PTMs is the presence of multiple
residues at the N terminus before the first lanthionine ring,%162 consistent with the modified
N-terminus protecting their linear N-terminal segment. Such modification is seen for
epilancin 15X (Figure 4), which contains an N-terminal lactyl group that protects a linear
model peptide from aminopeptidase hydrolysis.53 The lactyl group is produced by reduction
of a pyruvyl group that results from hydrolysis of an N-terminal Dha residue following
proteolytic removal of a leader peptide. Non-reduced pyruvyl and 2-oxobutyryl (Obu)
groups may serve a similar role. Mutation of the N-terminal Thr (precursor to Obu) of
lacticin 3147 B to Ala results in peptides that show a modest decrease in potency.26

Several other means of protecting of the N-terminus of RiPPs have been reported. The A-
acetyl group of the protease inhibitor microviridin participates in intramolecular hydrogen
bonds (Figure 7B)% and may account for a slight improvement in trypsin inhibition.6> N- to
C-terminal macrocyclization is another common strategy to avoid aminopeptidase sensitivity
and is found in cyanobactins and some sactipeptides such as subtilosin.® Recent work has
demonstrated that many cyanobactins are not cyclized, but instead O-methylated at the C
terminus and A-prenylated at the N terminus (Figure 7C).57 The role of these modifications
in biological activity is not yet known, but it is probable that they influence the stability and
three-dimensional structure of the linear peptides.58 Another example is azolemycin C, a
cytotoxic, azole-rich peptide that contains modified N- and C-terminal residues which are
important for activity (Figure 7C).%°

C-terminal modifications are especially prevalent in thiopeptides, with amidation the most
common. At least two distinct mechanisms have evolved for generation of this modification
in different thiopeptide classes.”® C-terminal O-methylation is a cryptic intermediate in the
biosynthesis of the terminal amide in thiostrepton’! and produces a dramatic increase in
potency over the free carboxylate. The final amide product is less potent than the O-
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methylated precursor, but much more soluble. The C-terminus of thiostrepton does not
interact directly with the ribosome in the inhibitory complex,?’ so these modifications may
exert their effects by altering cell permeability or stability rather than mediating direct
interactions with the ribosome.

Aminovinyl(methyl)cysteine is a C-terminal modification formed by Michael-type addition
of an oxidatively decarboxylated Cys to an internal Dha or Dhb (Figure 4 and 6A).72 At
present, little is known about the contribution of AviCys to biological activity, but several
cases have demonstrated the importance of this modification in proper maturation and
activity of the peptides.”374 Recent in vitro characterization of MibD, which catalyzes
AviCys formation in microbisporicin, revealed that Cys decarboxylation may occur
alongside or be required for complete modification by the lanthipeptide synthase.>° Cys
oxidative decarboxylases have been shown to tolerate many non-native sequences ending in
Cys,28:75 suggesting their possible use for protecting the C termini of RiPPs or other
peptides.

AViCys is also present in thioviramides’8 and linaridins such as cypemycin (Figure 4).36
These non-lanthipeptides utilize the same oxidative decarboxylase as in AviCys-containing
lanthipeptides but presumably require an as-yet uncharacterized enzyme for generation of
the Dha residues to form the ring. No specific function for AviCys in these molecules has
been assigned, but for cypemycin—similar to microbisporicin—no antibiotic activity is
observed when biosynthesis is blocked by knock-out of the decarboxylase, suggesting an
important role in biosynthesis or activity.36

Conclusion

Primary modifications of RiPPs are often iterative and convert particular amino acids into
conformationally constrained heterocycles or macrocycles. Although further modification of
these peptides is not necessary for creation of biologically active molecules, tailoring
modifications provide a means to add to these privileged scaffolds, often enhancing stability
or binding affinity—and thus efficacy of biological activity. Space considerations did not
allow a comprehensive cataloguing of all tailoring reactions in RiPPs in this Account,
leading us to focus on those examples for which the molecular details of their interactions
with targets are known or that have particular promise for bioengineering purposes.
Characterization of the enzymes that produce them has already lead to several examples of
engineered RiPPs and peptides with improved properties.

Future opportunities in this field include biochemical study of the numerous uncharacterized
enzymes that have been identified from genomic data. Ribosomal peptide scaffolds are
attractive targets for genome-based discovery of new compounds and new tailoring enzymes
as the molecular nature of the final molecule and the types of likely modifications are often
apparent in the DNA sequence. The tailoring enzymes, especially substrate tolerant
examples that do not require a leader peptide, !’ may provide a future toolbox of catalysts
that can be used for RiPP engineering, stabilizing therapeutic compounds, or creating novel
peptide based materials with desired properties. Better understanding of how primary PTMs
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determine specificity will be essential to efforts to customize peptides with desirable
functions.

Although the chemical structure of RiPPs is often predictable to some extent from genomic
data, very little is known about their three-dimensional structures, especially in complex
with biological targets. Therefore, increased structural analysis of RiPP-target interactions
will be important to provide information about the effects of PTMs on binding affinity, such
that tailoring enzymes can be used in rational design of improved compounds, much in the
same way as structure-based drug optimization in synthetic molecules.
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Thiopeptides targeting the 50S ribosome. Structures of A) thiostrepton, and B) nosiheptide
with tailoring modifications highlighted. Also shown are crystal structures of C) thiostrepton
(PDB 1D 3CF5)* and D) nosiheptide (PDB 1D 2ZJP)*’ bound to the 50S ribosome. The
23S RNA binding site is shown as a surface; the L11 protein is not shown in the foreground

but binds to the near face of the peptides. E) Structure of thiocillin.
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Figure 2.
Thiopeptides targeting EF-Tu. (A) Structure of GE2270A with tailoring modifications

highlighted; Thz, thiazole. (B-D) Different views of GE2270A (PDB ID 2C77)!! bound to
EF-Tu. E) Structure of thiomuracin I, and F) X-ray structure bound to EF-TU (PDB ID
4G5G)."8

Acc Chem Res. Author manuscript; available in PMC 2018 July 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Funk and van der Donk Page 15

phosphatidyl
ethanolamine

Figure 3.
Structure of cinnamycin and solution structure (PDB 1D 2DDE)!7 bound to

phosphatidylethanolamine (PE). The p-hydroxylated Asp residue makes a hydrogen bond
(black dash) with the ammonium group of PE.
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Figure 4.
Selection of RiPPs with tailoring modifications as described in the text. Abu, 2-aminobutyric

acid.
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Figureb.

Radical-SAM-enzymes catalyze Ca-epimerization and C-methylation. A) The proteusins
are a family of Ca-epimerized peptides.?! B) Bottromycin A, contains multiple C-
methylations, an O-methylation, and a nonenzymatic Ca.-epimerization.24 C) Chemical3®
and solution structure (PDB 1D 2RQO)30 of polytheonamide B.
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A) Structure of microbisporicin. B) Comparison of solution structures of nisin bound to a

lipid 11 analog (PDB 1D 1WCO)"® and microbisporicin in complex with a
dodecylphosphocholine micelle (not shown) (PDB ID 2MHS5).8% Nisin binds to the
farnesylpyrophosphate (FPP) moiety with backbone amide groups. MurNAc, N-
acetylmuramic acid.
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Figure7.
A) Examples of O- and C-prenylated RiPPs. B) Microviridin J bound to bovine trypsin

(PDB 1D 4KTS).%4 A hydrogen bond (black dash) is present between the acetyl group
(highlighted) and a backbone amide. C) Examples of short linear peptides with N- and C-
terminal PTMs.

Acc Chem Res. Author manuscript; available in PMC 2018 July 18.



	Abstract
	Graphical abstract
	Introduction
	Hydroxylation and epoxidation
	Epimerization
	N- and O-Methylation
	C-methylation
	Halogenation
	Disulfides
	Prenylation
	N- and C-terminal modifications
	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

