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ABSTRACT: Recent innovations in peptide natural
product biosynthesis reveal a surprising wealth of
previously uncharacterized biochemical reactions that
have potential applications in synthetic biology. Among
these, the cyanobactins are noteworthy because these
peptides are protected at their N- and C-termini by
macrocyclization. Here, we use a novel bifunctional
enzyme AgeMTPT to protect linear peptides by attaching
prenyl and methyl groups at their free N- and C-termini.
Using this peptide protectase in combination with other
modular biosynthetic enzymes, we describe the total
synthesis of the natural product aeruginosamide B and the
biosynthesis of linear cyanobactin natural products. Our
studies help to define the enzymatic mechanism of
macrocyclization, providing evidence against the water
exclusion hypothesis of transpeptidation and favoring the
kinetic lability hypothesis.

Ribosomally synthesized and posttranslationally modified
peptide (RiPP) natural products are found in most

organisms,1 revealing many new enzymatic reactions with new
functionality.2 An area of increasing focus is the application of
RiPP enzymes to problems in pharmaceutical discovery and
development. One potential application is in improving the
pharmacological properties of linear peptide drugs.3 RiPP
biosynthetic enzymes offer solutions to rigidify peptide
backbones and overcome limitations, including the creation
of side-chain directed or head-to-tail macrocyclic peptides.1 As
one of many examples,4−6 in the cyanobactin RiPPs,7 the PatG
protease domain performs a N−C transamidation to yield a
macrocyclic product.8

In contrast to macrocyclization, here we describe the
biochemical basis of another peptide protection strategy, in
which linear peptides are protected by chemical modifications
at their N- and C-termini as found in aeruginosamide and
relatives. Aeruginosamide B (1) belongs to a family of
cyanobacterial natural products comprised of 3−4 amino
acids, which contain thiazole rings and isoprene groups. The
compounds are protected at the N- and C-termini by
isoprenylation and methyl esterification, respectively.9−11 In a
landmark paper, Leikoski et al. showed that aeruginosamide-like
compounds are biosynthesized by a cyanobactin pathway age,
which has several novel features in comparison to canonical
cyanobactin pathways (Figures 1 and S1).11 Most notably, the
cluster contains an ageMTPT gene (MT, methyltransferase; PT,
prenyltransferase), which was annotated as a novel didomain
methyl/prenyltransferase. The ageMTPT gene product was

proposed to carry out the dual methylation and prenylation
reactions on the peptide termini observed in the natural
product.11 By contrast, related prenyltransferases are known to
prenylate the side chains of amino acids within macrocyclic
peptides.12−15 Likewise, enzymes that are known to exclusively
methylate the α-carboxylate on peptides have not been
characterized. Here, we provide biochemical characterization
supporting these proposed functions of AgeMTPT.
Additionally, the gene ageG was annotated as a homologue of

PatG and related proteases, which produce N−C macrocycles
such as 2. In contrast to PatG, AgeG would putatively
synthesize short linear products via a hydrolytic, rather than
transamidative, mechanism. N−C cyclic RiPPs are widely found
in nature, but the biochemical basis of circularization versus
linearization is not known. One hypothesis is that exclusion of
water from the active site promotes cyclization.16 Here, by
comparing PatG and AgeG activity profiles we provide evidence
that the specificity of cyclization over linearization is caused by
the inherent chemistry of the cyclizing enzyme rather than by
water exclusion.
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Figure 1. Biosynthesis of N- and C-protected cyanobactin peptides.
Precursor peptides PatE and AgeE are modified by enzymes that are
encoded on longer gene clusters. The well-characterized pat pathway
leads to macrocycles, such as patellamide C (2). The age pathway
encodes a novel enzyme AgeMTPT. The blue domain adds isoprene,
while the green domain adds methyl. PatG performs macrocyclization
(purple).
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A key feature of cyanobactin pathways is modularity, wherein
enzymes from one pathway can be combined with enzymes and
substrates from other pathways, to afford large numbers of
derivatives via rational engineering.14 This led us to hypothesize
that modular cyanobactin enzymes would be useful in making
short peptides with blocked termini. Aeruginosamide A was
chemically synthesized previously.17 Here, in lieu of chemical
synthesis, we synthesize 1 using a modular set of biosynthetic
enzymes.
In characterized enzymes from circular cyanobactins, D

proteins such as AgeD are heterocyclases that generate
thiazoline on precursor peptides, such as AgeE. Subsequently,
A proteases (e.g., AgeA) hydrolyze heterocyclized precursors to
liberate free N-termini. Therefore, we used FFPCSYD (3),
which mimics the AgeA-proteolyzed native substrate AgeE. We
applied 3 to enzyme RSI-TruD, in which the heterocyclization
recognition sequence RSI is appended to heterocyclase TruD
from the tru pathway, allowing the reaction to proceed on short
substrates without a long leader peptide.18−22 This led to
formation of the thiazoline-containing FFPC*SYD (4, where
C* indicates thiazoline; Figures 2 and S2A).
Intermediate 4 is potentially a substrate for either the

prenyltransferase AgeMTPT (route I) or the C-terminal

protease AgeG (route II; Figures 2 and S3). A third possible
route, oxidation first, is ruled out by the specificity of
methylation (see below). To test route I, 4 was introduced to
AgeMTPT and dimethylallyl pyrophosphate (DMAPP). This
led to complete conversion of 4 to the singly prenylated
product 5 (C5H9−FFPC*SYD, C5H9 = isoprene; Figures 2,
S2B, and S4). AgeMTPT was relatively selective for 4, with a
limited substrate scope (Figure S5A); a preference for N-
terminal Phe is likely, given that 3 also acts as a substrate
(Figure S5B−D). Interestingly, AgeMTPT could also prenylate
S-adenosylmethionine (SAM) and adenosine analogs to a
minor degree (<5%; Figure S6). To test route II, 4 was
introduced to AgeG, leading to very minor amounts of the
expected proteolyzed product 4a (FFPC*) (Figure S7). In
contrast, AgeG completely processed the route I-derived
intermediate 5 to afford 6 (C5H9−FFPC*) (Figures 2 and
S2−C). Competition reactions further supported route I
(Figure S8). A limitation is that only the protease domain of
AgeG was used; in previous studies of related enzymes PatG
and TruG excised domains exhibited identical activity to full-
length protein.
Subsequent reaction of 6 with AgeMTPT and SAM led to

product 7 (C5H9−FFPC*−CH3; CH3, methyl; Figures 2 and
S2D). This reaction was slow (60% complete after 18 h). Using
substrate 6a, in which the thiazoline was oxidized to thiazole,
no methylation reaction was observed (Figure S9A). Competi-
tion experiments containing both 6 and 6a confirmed this
result, in that only 6 was methylated (Figure S9B), indicating
that oxidation occurs after methylation and is likely to be the
last biosynthetic step.
With 7 in hand (Figure S10), a formal synthesis required

oxidation to 1 (Figure S11). We used MnO2
23 (compounds 5

and 7), DDQ24 (compound 7), or K2CO3/O2
25 (compound 7)

to produce aeruginosamide B (1). The structure of 7 was
analyzed by NMR spectroscopy (Figure S12 and Table S3).
Although 1 was clearly synthesized as seen by mass
spectrometry (Figure S13), it was not stable, perhaps explaining
why the natural product was not initially isolated.11

The above reactions demonstrate the enzymatic roles of
AgeMTPT and AgeG protease and allow us to propose a
biosynthetic route: 4 is the substrate for AgeMTPT
prenylation, and AgeG hydrolyzes the C-terminus. AgeMTPT
acts a second time, methylating the nascent C-terminus.
Precedent suggests that AgeG oxidase synthesizes thiazole last
(Figure S14).
Here, we show that AgeG hydrolyzes and linearizes AgeE. All

other characterized AgeG homologues, such as PatG and TruG,
do not naturally hydrolyze peptides, but instead catalyze a
transpeptidation to produce N−C macrocycles.8,16,26 We
therefore believed that comparing these enzymes would
provide excellent insight into the enigmatic mechanism of
macrocyclization.
AgeG, PatG, and relatives are subtilisin-like serine proteases.

In comparison to canonical proteases, they contain an extra
helical domain that interacts16,26 with the recognition sequence
(RSIII, Ser-Tyr-Asp-COO−)8,21 in the precursor peptide
(Figure 3). Two models have been proposed to explain why
PatG circularizes, rather than linearizes, peptides and peptide
analogs with many different sequences. In the first, the extra
helical domain acts as a cap that excludes water.16 In the
second, PatG favors transamidation because of a preference for
amines as the nucleophile.8,14,26 A similar effect has long been
proposed to explain transamidation in subtiligase, which was

Figure 2. Synthesis and biosynthesis of aeruginosamide B (1). Blue
arrows indicate steps that worked using recombinant enzymes and
pure chemicals. Red dashed arrows indicate minimal (or no) reactions.
The metabolic pathway was determined on the basis of these reactions
and previous knowledge of cyanobactin biosynthesis. At bottom are
shown mass spectra [M + H]+ of species 4−7. Additional data in
Figures S2, S12, S13, and Tables S1−3.
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said to result from a greater “kinetic lability...toward amines as
opposed to water.”27

In favor of the latter hypothesis, PatG was shown to
hydrolyze and not macrocylize a peptide that terminates with
glycolate (OH) rather than glycine (NH2).

8 Moreover, in the
presence of glycylglycine buffer, PatG performs transamidation
between the normal substrate and the buffer, in addition to
macrocyclization, indicating that the access to the active site is
not blocked.26

To further probe this issue, we compared the reactivity of
PatG and AgeG protease domains. PatG was found to slowly
proteolyze 5, which is the proposed native substrate of AgeG
(Figure S15). This was expected, since PatG and AgeG are
similar in sequence (Figure S16). Since the active site cap of the
cyclizing PatG enzyme is also present in the linearizing AgeG
enzyme, it raises the question of the role of the cap in
cyclization (Figure 3). We found that PatG did not react with 4,
whereas AgeG slowly proteolyzed 4 to linear product 4a
(Figure S17). The lack of cyclization of 4 by AgeG could be
due to either the small size of 4 or an inherent linearizing
capability of AgeG. To differentiate between these possibilities,
we compared the reactivity of PatG/AgeG on substrate 8
(TSIAPFC*SYD) from the tru cyanobactin pathway that is
normally macrocyclized by PatG to the natural product
trunkamide.14 As expected, PatG cyclized 8 to product 9. In
contrast, AgeG hydrolyzed 8 to the linear product 10 (Figures
3 and S18). This establishes AgeG as a cyanobactin C-terminal
linearizing protease.
These results show that linearization versus macrocyclization

is not cap-dependent. Instead, since the cap binds RSIII, as seen
in elegant crystal structures,16 this binding may serve for
substrate recognition. In cyanobactins, the N-terminal portion
of the G-protein substrate is hypervariable, whereas the C-
terminal portion is the recognition sequence. Therefore, the cap
feature may be needed in order to recognize the hypervariable
N-terminus via the conserved C-terminal recognition motif.16

Alternatively, since the order of proteolysis is critical to the
fidelity of cyanobactin biosynthesis, this feature may help to
recognize and position appropriate substrates. As shown here,
different cyanobactin enzymes exhibit inherent substrate
preferences for transamidation or hydrolysis. A similar
phenomenon appears to be the case in subtiligases, wherein
preference is controlled by the reactivity (“kinetic lability”) of
the enzyme toward specific nucleophiles.27

This study reveals the biochemical basis of cyanobactin
peptide protection. We characterize AgeMTPT, the first
reported enzyme to block both termini of a linear peptide
substrate. In other RiPPs, different enzymes block individual
termini (examples include polytheonamide and plantazoli-
cin).28,29 N-Terminal prenylation is a rare modification that to
our knowledge has not been previously examined biochemi-
cally. Furthermore, although C-terminal methylation is an
observed posttranslational modification,30 the responsible
enzymes are not characterized. Finally, several RiPP families
are N−C macrocyclized,31−33 but the enzymatic basis of
transamidation versus hydrolysis is not yet known. Here, with
an AgeG/PatG comparison we provide evidence supporting the
kinetic lability model as defined by Wells and co-workers.27

By determining substrate preferences of AgeMTPT and
AgeG in vitro, here we define the proposed biosynthetic route
to aeruginosamide and relatives. We also exploited the
modularity of cyanobactin biosynthetic enzymes to combine
pathways in the first total synthesis of 1.14,34 A related
compound, aeruginosamide A, was previously constructed via
chemical synthesis through a 14-step reaction scheme.17 The
enzymatic route presented here is concise while retaining the
capacity to generate analogs. The rational use of enzymes from
multiple pathways to create structurally unrelated natural
products is a powerful tool for total synthesis. Additional
advantages of enzymatic synthesis include independence from
protecting groups, green reaction conditions, compatibility with
aqueous solvents, and the potential for synthetic biology in
living tissues. Here, we define methods to provide a roadmap
for enzymatic synthesis of protected peptides.
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