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CONSPECTUS

Biologically active peptides are a major growing class of drugs, but their therapeutic potential

is constrained by several limitations including bioavailability and poor pharmacokinetics. The
attachment of functional groups like lipids has proven to be a robust and effective strategy for
improving their therapeutic potential. Biochemical and bioactivity-guided screening efforts have
identified the cyanobactins as a large class of ribosomally synthesized and post-translationally
modified peptides (RiPPs) that are modified with lipids. These lipids are attached by the F
superfamily of peptide prenyltransferase enzymes that utilize 5-carbon (prenylation) or 10-carbon
(geranylation) donors. The chemical structures of various cyanobactins initially showed isoprenoid
attachments on Ser, Thr, or Tyr. Biochemical characterization of the F prenyltransferases from the
corresponding clusters show that the different enzymes have different acceptor residue specificities
but are otherwise remarkably sequence tolerant. Hence, these enzymes are well suited for
biotechnological applications. The crystal structure of the Tyr O-prenyltransferase PagF reveals
that the F enzyme share a domain architecture reminiscent of a canonical ABBA prenyltransferase
fold but lacks secondary structural elements necessary to form an enclosed active site. Binding of
only either cyclic or linear peptides is sufficient to close the active site to allow for productive
catalysis, explaining why these enzymes cannot use isolated amino acids as substrates.

Almost all characterized isoprenylated cyanobactins are modified with 5-carbon isoprenoids.
However, chemical characterization demonstrates that the piricyclamides are modified with a
10-carbon geranyl moiety, and /n vitro reconstitution of the corresponding PirF shows that the
enzyme is a geranyltransferase. Structural analysis of PirF shows an active site nearly identical
to that of the PagF prenyltransferase but with a single amino acid substitution. Of note, mutation
at this residue in PagF or PirF can completely switch the isoprenoid donor specificity of these
enzymes. Recent efforts have resulted in significant expansion of the F family with enzymes
identified that can carry out C-prenylations of Trp, A-prenylations of Trp and bis A-prenylations
of Arg. Additional genome-guided efforts based on the sequence of F enzymes identify linear
cyanobactins that are a-A-prenylated and a-C-methylated by a bifunctional prenyltransferase/
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methyltransferase fusion, and a bis-a-A- and a- C-prenylated linear peptide. The discovery of
these different classes of prenyltransferases with diverse acceptor residue specificities expands the
biosynthetic toolkit for enzymatic prenylation of peptide substrates.

In this Account, we review the current knowledge scope of the F family of peptide
prenyltransferases, focusing on the biochemical, structure-function, and chemical characterization
studies that have been carried out in our laboratories. These enzymes are easily amenable

for diversity-oriented synthetic efforts as they can accommodate substrate peptides of diverse
sequences and are thus attractive catalysts for use in synthetic biology approaches to generate
high-value peptidic therapeutics.

Graphical Abstract

INTRODUCTION

Biologically active peptides represent a major growing class of therapeutics with more
than 80 peptides drug that have reached the market and nearly 400-600 drug-candidates
that are currently in preclinical studies.>~’ The remarkable potency, selectivity, and low
immunogenicity of peptides, along with the ease of production had drawn significant
pharmaceutical interest, starting with the commercially successful production of insulin,
leuprolide and goserelin in the 1980s.8:° Given the technological ease of peptide synthesis,
the success of biologics and increased investment in research efforts, the market for
peptide-based therapeutics will continue to expand.1% However, the therapeutic potential
of peptides is constrained by several limitations including low oral bioavailability, poor
pharmacokinetics behavior, and low plasma stability of medium and short length peptides.
Numerous strategies have been adopted to improve the pharmacological profiles of peptides,
such as cyclization, modification of the amide backbone, use of non-natural amino acids,
and the attachment of functional groups such as phosphates, sugars and/or lipids.11:12
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Lipidation has proven to be a robust and effective strategy for improving the therapeutic
potential of peptide therapeutics.1314 Successful examples of lipidated peptide therapeutics
include the cyclic lipopeptide antibiotics daptomycin (Cubicin RF)1° and polymyxin B
(Poly-Rx),16 the anti-diabetic glucagon-like peptide-1 analogs liraglutide (Victoza)l” and
semaglutide (Ozempic),18 and the insulin detemir (Levemir) (Figure 1).19 The covalent
incorporation of lipids onto peptide can dramatically enhances receptor selectivity, and
enzymatic stability.20 Lipidation can also enhance bioavailability by promoting the
interactions of peptides with the cell membrane, improving uptake,?! allowing for non-
specific interactions with serum albumin to reduce renal filtration,2? and affecting the
oligomeric state of the peptide to limit proteolytic degradation. Lastly, in contrast to other
modifications, such as covalent attachment of polyethylene glycol (PEGylation), lipidation
of peptides does not significantly affect in vitro activity.23

Lipidation of peptides and proteins is an established post-translational modification.24
Protein lipidation, including prenylation, myristoylation, and palmitoylation, are known

to modulate biological function; for example, the oncogenic activity of members of

the RAS superfamily is modulated by prenylation.2> In addition, naturally occurring
lipopeptides are widespread among bacteria and fungi, and several characterized samples
have known therapeutic potential.28:27 Many such lipopeptides are produced by non-
ribosomal peptide synthetases (NRPSs), and demonstrated bioactivities include antifungal
(iturins and eichnocandins),2® antimicrobial (surfactins, daptomycin and polymyxin),2° and
antineoplastic (kailuins), among others. The lipid is synthesized independently by either the
fatty acid synthase (FAS) or by dedicated polyketide synthetases (PKSs).30 Transacylation is
catalyzed by a condensation domain that transfers the thioester-activated lipid to a peptide
substrate loaded on a peptidy! carrier protein (PCP).3! The substrate scope of the NRPS/PKS
or NRPS/FAS systems has not been studied, but the condensation enzymes likely only
function on their native substrates.

Biochemical and bioactivity-guided screening efforts also identify several classes of
ribosomally derived lipidated peptides that fall into the category of ribosomally synthesized
and post-translationally modified peptides (RiPPs) (Figure 2).32:33 The earliest characterized
of these ribosomal lipopeptides was the ComX pheromone that mediates intracellular
signaling in the Gram-positive bacterium Bacillus subtilis.3* Structural studies of ComX
purified from a heterologous expression system demonstrate that the signal is a six-residue
peptide that is C3-prenylated on Trp-4, followed by a spontaneous rearrangement that

yields a tricyclic structure (Figure 2).3% The absolute stereochemistry was determined

using nuclear magnetic resonance and confirmed using a synthetic standard. The membrane-
associated prenyltransferase ComQ carries out post-translational modification on the
peptide.38 A second example of ribosomally derived lipopeptides are the lipolanthines,

such as microvionin, that consist of a lanthipeptide with an N-terminal guanidino fatty

acid (Figure 2).37 Reconstitution studies demonstrate that the acyl chain is assembled by

a dedicated PKS, and a GNAT-superfamily member catalyzes transfer of an ACP-linked
acyl chain onto the modified peptide, analogous to the hybrid NRPS/PKS systems.38 More
recently, the selidamides, such as phaeornamide, are identified as RiPPs containing a single
lanthionine ring and an acyl chain attached to a lysine residue (Figure 2). Heterologous
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expression studies suggest that acyl transfer utilizes fatty acid from cellular pools, but this
has not been confirmed by in vitro reconstitution studies.3°

The most widely studied of the ribosomally derived lipopeptides are the cyanobactin class

of RiPP natural products (Figure 3).40:41 The first isolated prenylated cyanobactins were

the patellins, isolated from the marine invertebrates Lissoclinum patella*? where they are
biosynthesized by obligate symbiont cyanobacteria of the Prochloron genus.*3 The patellin
structures reveal a cyclic peptide containing a thiazole residue and reverse O-prenylation at
Ser or Thr residues. Reconstitution of the patellin biosynthetic cluster in £. coli confirmed
that the constituent open reading frames encode all enzymes necessary for the post-
translational modification including prenylation.#3 A second class of modification observed
in cyanobactins is the forward O-prenylation on Tyr, as observed in the cyclic peptides
prenylagaramides A and B, isolated from Planktothrix agardhii NIES-596.44 Sequencing and
genomic analysis identified a plausible biosynthetic cluster for prenylagaramides production.
Chemical analysis of cyclic peptides isolated from the strain confirmed the presence of
several products with O-prenylation on Tyr.4°

THE CYANOBACTIN F CLASS OF RiPP PRENYLTRANSFERASES

Initial efforts to identify the requisite catalyst for isoprene addition in cyanobactin
biosynthetic clusters were hindered by the lack of any genes with identifiable sequence
signatures to known prenyltransferase classes. Detailed bioinformatics analysis of several
putative cyanobactin pathways discovered by metagenomic sequencing identified homologs
of truF1 present in all pathways with prenylated products.3 However, neither the

TruF1 gene product nor any homologs show sequence similarities to known classes

of prenyltransferases that transfer allylic prenyl moieties to small molecule acceptors.
Recombinantly expressed and purified homolog LynF from Lyngbya aestuarii unequivocally
establishes that the enzyme catalyzes prenyl transfer a series of plausible substrates (Figure
4).1 As no known natural products had been identified from this pathway during the time of
the study, synthetic substrates corresponding to the core sequence and variants were tested.
The LynE precursor peptide contains repeat sequence of ACMPCYP and was devoid of
any Ser or Thr residues, which had been previously identified as the sites of prenylation in
the patellamides.*2 Synthetic substrates utilized Pro residues as mimics for the Cys-derived
thiazol(in)e residues.

When incubated with the isoprene donor dimethylallyl pyrophosphate (DMAPP) and
magnesium chloride, LynF catalyzed the prenylation on Tyr residues on synthetic peptide
substrates (Figure 4).1 Notably, LynF demonstrates tolerance for a broad range of peptide
substrates, but prenyl transfer is specific for Tyr and other amino acids are not modified.
While LynF was able to effectively prenylate the Tyr residue on cycliclAPMPPY P]

and large analogs, it could also process the linear peptide, albeit much less effectively.

While L-Tyr itself was not a substrate of LynF, small-molecule phenolics such as N-ter-
butyloxycarbonyl (Boc)-L-Tyr and A-acetyl-L-Tyr are prenylated. Structural analysis of LynF
modified cycliclAPMPPYP] and A-(Boc)-L-Tyr shows that the final product was forward
prenylated on the ortho-carbon of Tyr. More detailed time-course analysis shows that LynF
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carries out the reverse O-prenylation on phenolics, followed by a non-enzymatic Claisen-
type sigmatropic rearrangement to produce the final C-prenylated product (Figure 4).

As noted, the initial biochemical reconstitution studies of LynF were carried out on synthetic
peptides that are structural analogs of the presumed natural products. To confirm the

role of the F enzymes on bona fide substrates, the thiazol(in)e-containing cyclic peptides
aestuaramides were identified by screening cultures of Lyngbya aestuarii PCC 8106.46
Congeners of the aestuaramides include peptides with reverse O-prenylation on Tyr, as well
as those without the isoprene moiety. Incubation of the latter peptide with recombinant
LynF and the allylic donor DMAPP results in O-prenylation on Tyr. Furthermore, the
isolated prenylated peptide underwent a spontaneously rearrangement to yield a stable Tyr
C-prenylated species, providing direct evidence for LynF as a peptide prenyltransferase.46
The presence of modified cyclic peptides lacking the isoprene in cell extracts is consistent
with isoprenylation as a late-stage post-translational modification that is independent of the
leader peptide or recognition sequences.

Subsequently, optimization of heterologous expression conditions facilitated purification of
TruF1.47 Reconstitution studies with either defined cyclic peptide substrates or with the
precursor peptide and other enzymes from the biosynthetic pathway shows that this enzyme
catalyzes the expected reverse O-prenylation on Ser and Thr residues as observed in the
isolated natural product pattelins. These studies establish LynF and TruF1 as founding
members of the cyanobactin F family peptide prenyltransferases.4’ As studies with natural
and synthetic substrates conclusively demonstrate that prenylation is a late-stage enzymatic
modification, it is likely that the F family enzymes may be used as broadly substrate tolerant
biotechnology tools for peptide lipidation. Indeed, in vivo library generation experiments
defined the selectivity rules for TruF1 Ser/Thr prenyltransferase,8:4% while saturation
mutagenesis using PagF Tyr prenyltransferase defined an exceptionally broad scope for
modification of linear and cyclic peptides.>0

STRUCTURAL BASIS FOR F ENZYME SUBSTRATE SPECIFICITIES

The first structure of a F family prenyltransferase is that of PagF from Planktothrix agardhii
that carries out forward Tyr O-prenylation in the biosynthesis of the prenylagaramides.2

The 1.8 A resolution structure of PagF consists of 10 antiparallel -strands surround by

10 a-helices that form a barrel structure (Figure 5). The architecture is similar to those of
aromatic prenyltransferases of the ABBA and indole PTase family,51:52 despite the lack of
detectable similarities in sequence. Additionally, PagF is roughly two-thirds the size of these
ABBA prenyltransferases, and the crystal structure shows that the base of the canonical
PTase fold, necessary to form the hydrophobic active site barrel, is absent in the structure

of PagF.2 As a result, the active site of PagF is solvent exposed, and this barrel must be
enclosed to prevent non-productive quenching of the DMAPP-derived allylic carbocation.

Ternary complex structures of PagF bound to the inert prenyl donor analog dimethylallyl
Sthiolodiphosphate (DMSPP)/Mg?2* and either A-(Boc)-L-Tyr (2.1 A resolution), a Tyr-
Tyr-Tyr tripeptide (1.9 A resolution), or cyclic[INPYLYP] (2.2 A resolution), the latter
of which is the physiological substrate of this enzyme>? show substrate binding to a
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hydrophobic barrel at the base of the protein. Each of these structures show that the

peptide substrate binding provides an enclosed hydrophobic cavity that would shield the
allylic carbocation from solvent. The amino acid L-Tyr would be too small to encapsulate
the solvent-exposed channel, explaining why it is not modified by PagF. By contrast, in
structures of canonical ABBA small molecule prenyltransferase such as NphB or FgaPT2,
secondary structural elements from the protein, rather than substrate, occlude the base of the
respective hydrophobic barrel (Figure 5).53:54

Michaelis-Menten kinetics analysis on PagF using a range of synthetic substrates and the
allylic donor yielded turnover numbers consistent with those observed for small molecule
prenyltransferases.? However, the catalytic efficiencies (i.e. A.ai/ Kp) correlate directly

with the volume of the substrate with an increase in catalytic efficiency of 4,500-fold

for cyclic[INPYLYP] (792 A3 volume), as compared to that for A-(Boc)-L-Tyr (259 A3
volume). In particular, the K., values for the substrates tested decrease with the size of the
substrate, consistent with the role of the cyclic peptide substrate as a more effective plug of
the PagF hydrophobic active site. This is consistent with the observation that F enzymes can
function only on cyclic or large peptide substrates and not free amino acids.

A superposition of the cocrystal structures resulted in near identical placement of the
isoprene acceptor Tyr, with geometry and distance to the allylic donor favoring forward,
rather than reverse O-prenylation. Moreover, the residue following the substrate Tyr is
anchored through hydrogen bonding and van der Waals contact in an adjacent hydrophobic
patch. These observations suggest that PagF could modify Tyr residues in the context of
nearly any substrate provided that the following residue was either aliphatic or aromatic.
Two random peptides with a Tyr-Leu-Tyr motif attached at the amino terminus were
effectively modified by PagF showing that F enzymes may be used for prenylation on
non-native peptide of interest.2

ISOPRENE DONOR SPECIFICITY OF F ENZYMES

Chemical characterization of prenylated cyanobactins, along with subsequent in vitro
reconstitution of the corresponding F prenyltransferases, demonstrate that the enzymes
exhibit different chemoselectivities for the modified residue.*® Notably, almost all these
natural products exclusively contain residues that are modified with C5 isoprenoids and their
corresponding F enzyme use DMAPP as the donor. An LC-MS based screening effort of
freshwater cyanobacteria to identify peptides with an isoprene unit linked to a heteroatom
resulted in the discovery of several new cyanobactins.>® Notably, analysis of extracts of
Microcystis aeruginosa PCC 7005 produced a fragmentation pattern consistent with the loss
of 136 Da consistent with a C10 geranyl group, rather than the expected 68 Da loss that
would occur upon fragmentation of a heteroatom linked to a C5 isoprene. These compounds
were termed piricyclamides, and sequencing of the putative biosynthetic cluster identified F
family homolog PirF. However, the final natural product could not be obtained in quantities
necessary for either identification of the residue that was modified or for complete structure
determination.®®
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In vitro testing of recombinantly purified PirF against a series of A-(Boc) substrates using
geranyl pyrophosphate (GPP) as the isoprene donor showed that only A-(Boc)-L-Tyr is
modified by the enzyme (Figure 6).3 No activity is observed using DMAPP (C5), farnesyl
pyrophosphate (C15) or geranylgeranyl pyrophosphate (C20), indicating that PirF selectively
uses the C10-carbon donor GPP. As with PagF, the substrate scope of PirF is broad, and the
enzyme could carry out GPP-dependent geranylation on Tyr-Tyr-Tyr tripeptide as well as
presumptive substrate cyclicfMSGVDY YNP]. Kinetic characterization using the cyclic and
linear substrates shows that both were equally competent substrates. NMR characterization
of Tyr-Tyr-Tyr that is in vitro geranylated demonstrates that PirF carries out O-geranylation
on Tyr. As the natural substrate contains two Tyr residues, additional characterization

shows that the major product (60%) consisted of O-geranylation on the first Tyr. Using

the synthetic substrates as standards, more detailed analysis of cyanobacterial extracts shows
that the major product (87%) contained a geranyl moiety on the first Tyr, similar to the trend
observed with purified enzyme functioning on the synthetic cyclic peptide substrate. PirF
represents the first characterized enzyme that can catalyze the forward O-geranylation on a
Tyr residue in a peptide substrate.3

The observation that PirF carries out forward O-geranylation on Tyr, while PagF carries

out forward O-prenylation on Tyr is notable given that the two enzymes share more than
70% sequence identity. To provide a quantitative context for the respective post-translational
modifications, Michael-Menten kinetics were carried out on PagF and PirF using a Tyr-
Tyr-Tyr model peptide as substrate.* As expected PagF carries out DMAPP-dependent
prenylation on the substrate with a Azqi/ K of 2.7 x 10* M~1 min~2 but shows no activity
using GPP. In contrast, PirF carries out GPP-dependent geranylation with a Agqi/ K 0f 5.1 x
10* M1 min~1 but is inactive using DMAPP as the isoprene donor.

The 2.3 A resolution crystal structure of PirF shows the expected F family fold and a
remarkable near conservation of all residues in the vicinity of the active site with a single
exception: Phe222 in the edge of the active site in PagF is replaced with a Gly221 in the
structure of PirF creating the necessary cavity to accommodate the longer C10 isoprene
donor (Figure 6).* Remarkably, mutation at this single residue completely switches the
specificity for the allylic donor. The PagF F222A and F222G variants are effective C10-
geranyltransferases (kgai/ Ky 0f 3.9 x 104 M~ min~1 and 7.4 x 10* M~1 min~1) but with a
10-fold and 30-fold loss in C5-prenyltransferase activity, respectively. Hence, mutations at
this residue do not simply expand the scope but rather completely switch tolerance for the
isoprene donor. The 1.85 A resolution cocrystal structure of F222A PagF in complex with
GPP and Mg?2* shows that the C10 moiety of GPP extends out of the active site and occupies
the cavity created by substitution of the bulky Phe222 with an Ala.% Presumably, the F222G
variant would provide lesser steric hindrance, and may explain the greater geranyltransferase
activity of this variant.

CHEMOSELECTIVITY OF F ENZYMES FOR ISOPRENYLATION

In the past few years, studies further characterize F family enzymes with previously
unanticipated chemoselectivities, guided by fragmentation-based screening methods and/or
genome-mining based on the knowledge of the cyanobactin biosynthetic pathways (Figure
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7). While TruF1 was demonstrated to catalyze reverse O-prenylation on Ser and Thr residues
in the pattelins, forward Ser/Thr O-prenylation had not been previously identified in any
isolated natural product. Bioinformatics analysis identifies the fo/F gene in the freshwater
cyanobacterium 7olypothrix sp. PCC 7601 and phylogenetic analysis suggests that TolF
shares evolutionary relationship with TruF1, despite limited sequence identity (~48%).

Large scale isolation of prenylated cyanobactins from this organism yielded tolypamide,

a cyclic azolic cyanobactin that is forward O-prenylated on Thr. Heterologously expressed
TolF demonstrates Thr forward O-prenyltransferase activity on the native azolic peptide and
linear and cyclic peptide analogs.>®

Nearly three decades ago, the cyclic peptide kawaguchipeptin A from the cyanobacterium
Microcystis aeruginosa NIES-88 was isolated in a screening effort, and structural elucidation
showed the presence of two isoprene groups attached at C3 on two different Trp

residues.>’ Decades later, the kawaguchipeptins are shown to be the product of a
cyanobactin pathway by genome sequencing and heterologous production in £, coli®® The
corresponding F family prenyltransferase from this cluster, KgpF carries out bis-prenylation
on heterologougly produced cycliclWLNGDNNWSTP] but only modifies a single Trp
residue in the linear peptide. Although the aromatic C-prenylated aestuaramides have

been characterized, this modification is the result of a spontaneous Claisen condensation
following O-prenylation on Tyr. In contrast, aromatic C3-prenylation is the product of

a direct post-translational modification by KgpF (Figure 7).%8 Tryptophan prenylation at

C3 has been reported for oscillatorin as determined by NMR analysis but the enzyme
responsible for the modification has not been characterized.>®

The C3-prenylation on a peptide Trp substrate is reminiscent of the modification observed in
the ComX pheromone produced by B. subtilis and related bacilli.3® To formally assign the
configuration of the isoprene attached at C3, fluorenylmethyloxycarbonyl (Fmoc)-L-Tyr was
used as substrate surrogate and prenylated using recombinant KgpF.8% Comparison of the
enzymatically produced product against synthetic C3 sterecisomeric standards conclusively
shows the stereoconfiguration of the modified Trp residue in kawaguchipeptin. Notably,

the observed stereochemistry was opposite to that observed for the C3 modification on
ComX.50 As the ComX prenyltransferase (ComQ) is not an F family or canonical ABBA
type prenyltransferase, the basis for the different stereochemical outcomes has not been
determined. The cyclic peptides trikoramides, from Symploca hydnoides, also contain two
Trp residues that are C3-prenylated but with a stereochemistry opposite to that observed in
the structure of kawaguchipeptin; the biosynthetic gene cluster for this natural product has
not been identified.61

Cyanobactins with isoprene modifications of Trp heteroatoms have also been reported.

The chemical structure of the croissamide, isolated from the free-living cyanobacterium
Symploca sp., reveals a cyclic peptide with a reverse A-prenylation on Trp.82 Although

the biosynthetic origin of this natural product has not yet been confirmed, it is very

likely a cyanobactin RiPP. A LC-MS-based screening effort of extracts from filamentous
cyanobacteria of the genus Anabaena identified cyclic peptides termed anacyclamides in 27
strains, some of which were prenylated.53 However, insufficient production levels precluded
structural determination of any of the anacyclamides. Subsequent heterologous production
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of the biosynthetic cluster in £. co/iand in vitro studies of the AcyF prenyltransferase
conclusively demonstrates that the enzyme catalyzes forward A-prenylation on Trp (Figure
7).64 No activity was observed for AcyF when GPP was used as the isoprenoid donor. The
rationale for the difference in chemo- and regio-specificities between AcyF (A-prenylation
on Trp) and KgpF (aromatic C3-prenylation on Trp) is not yet been determined.

Screening efforts using LC-MS profiling of extracts of Microcystis aeruginosa NIES-88 (the
producing strain of kawaguchipeptins) identifies ion peaks corresponding to masses that
differ by one and two multiples of 68 atomic mass units, which is consistent with singly and
doubly prenylated products.85 Large-scale isolation and chemical analysis of the product is
consistent with a cyclic peptide with the attachment of either one or two isoprene moieties
on Arg. Precise sequencing of M. aeruginosa NIES-88 identified a precursor peptide
(AgcE1) with core sequencing corresponding to the final product but absent of any syntenic
biosynthetic genes. A second putative precursor (AgcE2) was identified near a previously
uncharacterized F family enzyme and named AgcF but without the biosynthetic proteases
that are necessary for macrocyclication.86-68 Heterologous expression studies reveal that
the precursor peptide is macrocyclized by the kawaguchipeptin biosynthetic machinery and
reconstitution studies show that AgcF catalyzes the bis-A~prenylation on the cyclic product
(Figure 7). Moreover, AgcF could also utilize GPP as a isoprenoid donor, in contrast to other
characterized F enzymes that show strict donor specificity.5> While guanidine prenylation
has been previously identified in alkaloids®® and Arg prenylation has been observed in the
natural products microguanidine and aeruginoguanidines,’© these studies are the first to
establish a biosynthetic origin for this modification.

Genome mining using the sequences of the two biosynthetic proteases common amongst
all cyanobactin biosynthetic clusters identified putative biosynthetic clusters in Microcystis
and Oscillatoria that contained precursor peptide predicted to produce final produces of
chains lengths between three to five amino acids each.’! Chemical screening of extracts
from representative cyanobacterial species identified prenylated peptides with fragmentation
patterns that corresponded to the bioinformatics prediction. Detailed structural analysis
demonstrated that the linear cyanobactins are short peptides that contain a thioazole,
methyl esterification of the carboxy terminus and reverse a-A-prenylation at the amino
terminus.”! These peptides were named aeruginosamide B and C as they are structurally
related to a linear tetrapeptide that had previously been isolated and characterized but of
unknown biosynthetic origins.”2 The linear RiPP peptides expand the chemical diversity of
cyanobactins and point to the likelihood of ribosomal biosynthetic origin for other linear
peptides that had previously been characterized.

Sequence analysis of the aeruginosamide biosynthetic gene cluster identified a single

open reading frame that showed sequence similarities to the F family enzymes but with

an amino terminal fusion of a S-adenosylmethionine (SAM) dependent methyltransferase
domain. Reconstitution studies demonstrated that this AgeMTPT fusion catalyzed both the
a-/N-prenylation at the amino terminus and methylation of the carboxy terminus (Figure
7).73 The order of the biosynthetic steps was firmly established using purified enzymes
and synthetic substrate and showed that the prenyltransferase domain could modify several
biosynthetic intermediates, but the methyltransferase domain could only function on the
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thioazoline containing core peptide. Lastly, unlike macrocylase enzymes from canonical
cyanobactin biosynthetic pathways, the homologous AgeG produced linear products.”

The peptide alkaloid muscoride A is produced by the freshwater cyanobacterium Nostoc
muscorum |AM M-14, and consists of a bis-methyloxazole residues and prenylation at

both the amino and carboxy terminus.”# The amino terminus is modified by a reverse
a-/N-prenylation while the carboxy terminus is modified by forward a-O-prenylation. The
presence of the bis-oxazole has drawn interest from various total synthesis efforts,’>~"7

but the biosynthetic origins had only recently been elucidated. Chemical screening of
extracts of M. muscorum PCC 7906 identified a mass consistent with that of muscoride
A.78 Mining of the sequenced genome using the F family sequences as a probe identified

a plausible cyanobactin-like biosynthetic pathway. The validity of the biosynthetic cluster
was established by heterologous production in £. coliand comparison against the isolated
natural product as a standard. Notably, the biosynthetic pathway contains two F enzymes
that show 66% sequence identity. Heterologous production of the cluster with deletion of
either or both prenyltransferases showed that MusF1 catalyzed the forward a.- O-prenylation
at the carboxy terminus, and MusF2 catalyzed only the reverse a-A-prenylation at the
amino terminus (Figure 7).”® The enzymes seemingly functioned independently in the in
vivo production assays, but this has not been biochemically confirmed. Remarkably, despite
sharing 66% sequence identity, the two homologs demonstrate different and strict regio- and
chemo-specificities. The basis for these preferences has yet to be determined.

IMPLICATIONS FOR PEPTIDE DIVERSIFICATION AND THERAPEUTIC

DESIGN

The broad tolerance of F enzymes for isoprenylation of peptide substrates regardless of
sequence suggests that they may have utility in biotechnology, and any such use would
benefit from detailed knowledge of the acceptor residue chemoselectivities of each F
enzymes. To this end, we use the Enzyme Similarity Tool from the Enzyme Function
Initiative (EFI-EST)? to generate a sequence similarity network for the F homologs of
known sequences from UniProtKB database (IPR031037). At an alignment score threshold
of 86 (~53% sequence identity), the sequences cluster together with respect to their
expected chemoselectivities, based on the functions of known enzymes (Figure 8). While
the stereochemistry of the final product cannot be discerned by bioinformatics, the utility
of the tools such as the EFI-EST should facilitate rapid identification of novel catalysts in
newly sequence cyanobacterial genomes for further in vitro efforts.

These enzymes are easily amenable for diversity-oriented synthetic efforts and are thus
attractive catalysts for use in synthetic biology approaches to generate high-value peptidic
therapeutics.*8:59 Moreover, simple mutational changes can alter isoprene donor specificity
and further expand the scope of biocatalysts available for synthetic efforts.* We anticipate
that knowledge of structure-function relationships among F enzymes will benefit future
studies in which these catalysts are deployed in the production of large libraries of

lipidated peptide products or in directing the synthesis of bioactive compounds with desired
modifications.
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Figurel.
Chemical structures of representative lipid-attached peptides that have been approved for

therapeutic use. Each of these compounds is either a natural product or derived from

a biological compound. The lipopeptide natural products are commonly produced by a
combination of a non-ribosomal peptide synthetase (peptide portion) and a polyketide or
fatty acid synthase (lipid component).
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Figure2.
Chemical structures of bioactive lipopeptides that are products of ribosomally synthesized

and post-translationally modified peptide (RiPP) pathway. The lipids are derived from
isoprenoids or fatty acids and conjugated to the peptide by prenyltransferases or
acyltransferases, respectively.
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Figure 3.
General scheme for the biosynthesis of cyanobactins. The precursor is ribosomally

synthesized and consists of a leader sequence (LP), core peptide (CP) and recognition
sequence (RS). General post-translational modifications include heterocyclization by
enzymes D and OX, proteolysis by enzymes A and G, macrocyclization by enzyme G and
prenylation of the modified peptide by enzyme F to elaborate the final product.
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Figure 4.
The biosynthetic pathway to aestuaramide A from Lyngbya sp. The precursor peptide

contains multiple core sequences that are arranged as cassettes. Heterocyclization and
macrocyclization of each core is carried out by the canonical biosynthetic enzymes.
Incubation of purified aestuaramide A with recombinant LynF results in O-prenylation
on Tyr, which subsequently undergoes a Claisen rearrangement to produce a Tyr forward
C-prenylated product.
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Figureb.
(A) Cocrystal structure of PagF (PDB 1D 5TU6) and substrate DMSPP with

cyclic[INPYLYP]. A surface cutaway diagram shows that the large cyclic substrate is bound
at the base of the active site barrel to plug the solvent-exposed channel. The crystal structure
of small molecular prenyltransferases, NphB (B) (PDB ID 1ZCW) and FgaPT2 (C) (PDB
ID 314X), show solvent-occluded active sites in which the base of hydrophobic barrels is
encapsulated by secondary structural elements (colored in red). Helices are colored in cyan
(PagF), green (NphB) or blue (FgaPT2) and strands are colored in pink.
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Figure6.
(A) PagF catalyzes transfer of C5 dimethylallyl donor DMAPP on Tyr and cannot transfer

C10 isoprenes using GPP. (B) In constrast, PirF (PDB ID 6PGM) carries out C10 transfer
from GPP but show no activity using DMAPP. A comparison of the crystal structures of
(C) PagF (PDB ID 5TUS6) and (D) PirF (PDB ID 6PGM) shows that the distinct difference
between the two enzymes is that F222 in the PagF active site is replaced with a G221 in
PirF.
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Figure7.
The timeline of the identification and characterization of new cyanobactin prenyltransferases

(PTases) and chemical structures of the modified final products.
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Figure 8.
(A) Sequence similarity network of F family enzymes generated using InterPro IPR031037

to query the EFI-EST tools and visualized in Cytoscape. Nodes are clustered with an
alignment score threshold of 86 (~53% sequence identity). At this threshold, the sequences
cluster together according to their expected chemoselectivities. Sequences which do not
cluster with any other are shown as cyan circles. (B) Known types of post-translational
prenylation shown by the residue chemospecificity, along with the names of the enzymes
that install these modifications.
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