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Natural products, particularly cyclic peptides, are a promising source of bioactive compounds.
Nonribosomal peptide synthetases (NRPSs) play a key role in biosynthesizing these compounds, which
include antibiotic and anticancer agents, immunosuppressants, and others. Traditional methods of
discovering natural products have limitations including cryptic biosynthetic gene clusters (BGCs), low
titers, and currently unculturable organisms. This has prompted the exploration of alternative
approaches. Synthetic-bioinformatic natural products (syn-BNPs) are one such alternative that utilizes
bioinformatics techniques to predict nonribosomal peptides (NRPs) followed by chemical synthesis of
the predicted peptides. This approach has shown promise, resulting in the discovery of a variety of
bioactive compounds including peptides with antibacterial, antifungal, anticancer, and proteasome-
Received 18th August 2024 stimulating activities. Despite the success of this approach, challenges remain especially in the accurate

prediction of fatty acid incorporation, tailoring enzyme modifications, and peptide release mechanisms.

DOI-10.1039/d4np00043a Further work in these areas will enable the discovery of many bioactive peptides that are currently
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1. Introduction

Natural products are a bountiful source of bioactive
compounds, with many being utilized as therapeutics. As of
2019, approximately two-thirds of FDA-approved small mole-
cules are derived from natural products,’ highlighting the
significance of natural products in the drug discovery pipeline.
Bacteria, particularly Actinomycetota, are a prolific source of
bioactive compounds,> with over 13 000 bacterial natural
products discovered to date.>*

Among the bioactive natural products, cyclic peptides are
a promising class of therapeutics, with over 40 FDA-approved
cyclic peptides, many derived from natural products, targeting
a range of bioactivities.>® Since 2000, approximately one cyclic
peptide has been approved each year,*® highlighting their
growing importance in the pharmaceutical industry. Compared
to their linear counterparts, cyclic peptides typically exhibit
heightened bioactivity due to enhanced cell permeability,
binding affinity, and proteolytic stability.'***
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In biological systems, peptide natural products are primarily
synthesized via two main pathways: ribosomally synthesized
and post-translationally modified peptides (RiPPs)** and non-
ribosomal peptide synthetases (NRPSs).’* RiPPs have been
recently reviewed elsewhere.”*® This review focuses on NRPSs,
which produce nonribosomal peptides (NRPs) with potential for
a broad range of therapeutic applications, including antifungals
such as caspofungin, antibiotics such as daptomycin and
colistin, chemotherapeutics such as actinomycin D, and
immunosuppressants such as cyclosporine (Fig. 1). Despite the
considerable number of NRPs discovered thus far, bio-
informatics analyses of sequenced bacterial genomes suggest
that there remains immense potential for unearthing novel
bioactive molecules from Actinomycetota.***

Traditional methods of natural product discovery, such as
phenotypic screening,* co-cultivation,* and one strain many
compounds (OSMAC),” have yielded valuable insights, but
suffer from limitations such as low yields, high rediscovery
rates, and time intensive isolations.?**” To address these chal-
lenges, alternative approaches such as heterologous expression
of biosynthetic gene clusters (BGCs) and promoter engineering
have been employed.*® However, challenges persist, including
choice of chassis and promoters, as well as frequent low yields.

Recently, a new technique was developed, which focuses on
bioinformatics predictions of NRP structures followed by
chemical synthesis and biological testing to generate bioactive
natural product-inspired metabolites (Fig. 2A). This method
was initially developed by Brady and coworkers and was named
the synthetic-bioinformatic natural product (syn-BNP)
approach.” The goal of the syn-BNP method is not to generate
the exact natural product. Instead, it aims to quickly and more
easily access the core scaffold of the natural product that is
hopefully “close enough” in that it retains the biological activity
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of the natural product. This goal is well supported by the many
natural product derivatives that are used as medicines (e.g
eribulin, doxycycline, rezafungin, as well as many others). While
there are natural products that are directly used as medicines,
most must be modified to improve properties such as phar-
macokinetics or decrease toxicity. This is well evidenced by the
number of natural products (71) versus natural product deriva-
tives (356) approved by the FDA as drugs from 1981 to 2019.
The use of direct chemical synthesis allows access to many
(oftentimes between 10 and a few hundred) peptides on
reasonable scales for screening (usually a few milligrams). This
is in contrast to isolation where one or a few molecules are
isolated, oftentimes at submilligram quantities resulting in
limited numbers of biological assays being performed. Addi-
tionally, the synthetic approach allows for easy modification for
rapid structure activity relationship analyses and is generally
easier to scale-up than isolation for further analyses.

Overall, the syn-BNP approach complements more historical
approaches including bioactivity-guided fractionation of
organisms (either collected or cultured) as well as heterologous
expression. In particular, it overcomes many of the limitations
of these more traditional approaches, including supply limita-
tions, costly rediscovery of known natural products, the high
percentage of currently unculturable organisms, and the chal-
lenges of finding appropriate hosts for heterologous expression.
However, syn-BNP is currently limited by our ability to predict
natural product structures, with highly modified bioactive
molecules likely being missed by this approach. It also limits
the source of the natural products explored. While it is possible
to apply the syn-BNP method to fungal or plant genomes, it is
more challenging to predict natural product structures when
biosynthetic genes are not clustered, thus limiting our ability to
apply the syn-BNP method to these organisms. As natural
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Fig. 1 A selection of FDA approved NRPs with their approval date, bioactivity, and species of origin.

product structure predictions improve, we expect that syn-BNP
will be more widely applied to natural products from different
domains and kingdoms. Syn-BNP, along with other BGC tar-
geted approaches such as heterologous expression, also suffers
from the fact that we are often unable to predict whether
a natural product will be bioactive based solely on its BGC. For
this reason, there is a need to screen molecules from a wide
variety of BGCs in a large number of assays to identify bioactive
natural products. While this is very challenging using heterol-
ogous expression, this is an area where the syn-BNP method
excels. Specifically, the synthetic approach of syn-BNP allows for
rapid generation of medium sized libraries of natural product-
like molecules for biological testing. Additionally, the fact that
syn-BNPs are pure molecules is another advantage compared to
traditional screening of extracts. In particular, it avoids the
challenges of crude extracts or fractions, such as molecules that
directly interfere with screens (e.g. pan-assay interference
compounds, PAINS) or compounds that synergize and lose
activity upon isolation. Since the initial inception of the syn-BNP
approach in 2016, the technique has resulted in the

52 | Nat. Prod. Rep., 2025, 42, 50-66

identification of many bioactive molecules such as antibacte-
rial, antifungal, and anticancer compounds (ESI Table 17),
showcasing its potential in expanding the repertoire of bioactive
molecules derived from natural sources. In this review, we cover
the syn-BNP method and papers published on the topic from
2016 to August 2024.

2. Bioinformatics prediction of NRPs

NRPSs are multimodular enzyme complexes that possess
distinct domains responsible for loading and coupling amino
acids. The essential domains include adenylation (A), thiolation
(T), and condensation (C) domains (Fig. 2B). The A domain
selects and activates the amino acid via adenylation. These
activated amino acids are then loaded onto the phospho-
pantetheinyl arm of the T (also known as the peptidyl carrier
protein, PCP) domain, which is responsible for carrying the
growing peptide chain. Finally, the C domain is responsible for
peptide bond formation between the amino acids on the
upstream and downstream T domains. In addition to the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (A) General workflow of the syn-BNP approach. (B) General NRPS machinery. Rectangles denote modifications installed by tailoring

enzymes. Abbreviations: adenylation (A), thiolation (T), condensation (C), thioesterase (TE), biosynthetic gene cluster (BGC).

essential domains, several other domains are often present on
NRPSs including epimerization (E, epimerizes L amino acids to
D amino acids), methylation (M, often N-methylates an amino
acid), heterocyclization (Cy, cyclodehydrates between a Cys, Ser,
or Thr and backbone carbonyl), reduction (R, offloads the
peptide as an aldehyde) and thioesterase (TE, offloads peptide
as either a carboxylic acid, lactone, or lactam) domains.'****!
These additional domains and in trans tailoring enzymes
facilitate additional modifications to give the final NRP.

2.1. Strategies for peptide structure prediction

Accurate predictions of amino acid sequences of NRPs are
essential for the syn-BNP method to be successful. Many
methods for adenylation domain specificity predictions have
been developed over the years. Initially, Stachelhaus developed
a predictive method based on the A domain active site resi-
dues.* It was discovered that certain residues (positions 235,
236, 239, 278, 299, 301, 322, 330, 331, and 517) are essential for
substrate selectivity. The amino acids at these locations within
the substrate binding pocket generally correlate with the class
of amino acids that are loaded. This study helped identify rules
that can be utilized to predict the amino acids that will be
loaded by a specific adenylation domain. More recently, tools
such as AntiSMASH,**3* PRISM,**** SANDPUMA,*” Norine,*® and
NRPSPredictor2 (ref. 39) (Table 1) leverage machine learning
techniques, including profile hidden Markov models, to predict
the amino acid associated with the adenylation domain. These
models are robust and widely employed for predicting the
amino acid affiliated with a specific A domain.*®

This journal is © The Royal Society of Chemistry 2025

In addition to predicting the amino acid sequence, it is
necessary to predict other modifications to the NRP, such as
those performed by the non-essential domains and in trans
tailoring enzymes. Both antiSMASH and PRISM provide valu-
able insights into these modifications. For instance, they both
predict E, M, and Cy domains within the NRPS, enabling epi-
merization, methylation, and heterocycle formation to be pre-
dicted. They can also predict starter C (Cs) domains, which are
present at the beginning of the initiation module. Cs domains
are typically indicative of a lipopeptide, a distinct class of NRPs
with an N-terminal fatty acid tail. However, accurate prediction
of the identity of the chain remains challenging. These
programs can also predict the presence of likely peptide
tailoring enzymes, such as hydroxylases, glycosyltransferases,

Table 1 Bioinformatics tools employed in studies utilizing the syn-
BNP approach and corresponding references

Bioinformatics tools Reference paper

AntiSMASH v.6.1 40
AntiSMASH v.5.1.2 41-45
AntiSMASH v.5.0 46-49
AntiSMASH v.3.0 50
AntiSMASH v.2.0 29 and 51-53
PRISM 4 47-50
Minowa 54 and 55
NRPSPredictor2 54 and 55
Stachelhaus 55 and 56
SANDPUMA 45 and 56
Norine 45

MIBIG v.2.0 45

In-house method 41, 42, 45 and 57

Nat. Prod. Rep., 2025, 42, 50-66 | 53
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Table 2 Databases used in studies utilizing the syn-BNP strategy along with bioactivities discovered and reference papers

Repository Mechanism

Reference paper

GenBank
proteasome stimulator

Joint genome institute Antibiotic

Human microbiome project
Human oral microbiome database
Soil metagenome

and halogenases but are typically not able to accurately predict
how these tailoring enzymes will modify the NRP. For this
reason, BGCs with multiple tailoring enzymes are usually
avoided in the syn-BNP method.

Once the linear NRP is predicted, determining the method of
release becomes crucial. Two primary enzymes have been
utilized to date in the syn-BNP approach: traditional TEs and
penicillin-binding protein (PBP)-like TEs (PBP-TEs). Traditional
TE domains often act in cis and catalyze the release of peptides
from the final T domain of the NRPS, either through hydrolysis
or cyclization. Several types of cyclization are possible such as:
head-to-tail, head-to-sidechain, or head-to-fatty acid. While
a single TE will usually only perform one of these offloading
methods, predicting this process based solely on TE sequence
remains a challenge.* This results in many predicted NRPs for
each NRPS BGC. For the syn-BNP approach with traditional TE
containing NRPSs, either the linear peptide is exclusively
synthesized*>**** or multiple cyclized products per predicted
linear NRP (i.e., head-to-tail, head-to-sidechain, and/or head-to-
fatty acid) are produced.”** This can make the synthesis
process laborious as multiple derivatives must be synthesized to
identify the correct molecule of interest. While the majority of
NRPS BGCs found to date end in a traditional TE domain, other
offloading methods exist. One such method is via PBP-TEs,
which act in ¢rans to the NRPS. Multiple PBP-TEs have been
studied (e.g., SurE,*>** Ulm16,°> PenA,* Wol],** and Dsa]*®) with
several studies having utilized derivatives of their native
substrates to determine the scope of the PBP-TEs. To date, these
studies have only found PBP-TEs to catalyze head-to-tail cycli-
zation.***>%>%¢ Therefore, when utilizing a PBP-TE for bio-
informatics predictions, only one peptide needs to be
synthesized per linear prediction.*”->°

2.2. Sources of biosynthetic gene clusters

To generate bioinformatics predictions, genome libraries are
essential. For the syn-BNP approach, three major sources of
genomes have been investigated: genomes from isolated soil
bacteria, soil metagenomes, and the human microbiome. For
the studies that used genomes from isolated bacteria, most
have relied on either the GenBank® or the Joint Genome
Institute (JGI)*® database (Table 2). Others have focused on
particular bacterial species such as Streptomyces sp. H-KF8 (ref.
50) and Paenibacillus mucilaginosus K02.>* The soil metagenome
and the microbiome projects are particularly interesting sour-
ces because they do not require the isolation of an organism.

54 | Nat. Prod. Rep., 2025, 42, 50-66

Amoebicidal, antibiotic, antifungal, chemotherapeutic,

Antibiotic, chemotherapeutic
Antibiotic, chemotherapeutic
Antibiotic, chemotherapeutic

41-45, 47-49, 51, 53 and 57

57

29, 52 and 55
29, 52 and 55
40, 46 and 56

Given that approximately 1% of bacterial species are thought to
be currently culturable, the natural products in the other 99% of
bacterial species are currently inaccessible.* The culture-
independent nature of the syn-BNP method facilitates access
to these otherwise very challenging to attain molecules.

The work with soil metagenomes has exclusively been per-
formed by Brady and co-workers using their extensive soil
metagenome libraries.”**>*® For the microbiome work, genomes
have primarily been accessed from resources like the Human
Microbiome Project’® and the Human Oral Microbiome Data-
base.” These diverse sources of microorganisms have led to the
identification of unique and novel syn-BNPs. Given the vast
amount of genome sequences that exist and the continuing
growth of these libraries, we hypothesize that there are still
many bioactive syn-BNPs yet to be discovered.

3. Synthesis of NRPs

The second step of the syn-BNP method is the chemical
synthesis of the predicted peptides. Given that syn-BNP has only
been performed on NRPS substrates, except for the NRPS-PKS
hybrid albicidin, the major steps of the synthesis are the
generation of the linear peptide substrate and the subsequent
cyclization strategy, if applicable. The following sections delve
into the synthetic techniques employed in these areas. Another
important area, which will not be discussed in depth here, is the
synthesis of non-canonical amino acids. The synthesis of syn-
BNPs can be greatly complicated by predictions of non-
commercially available non-canonical amino acids. Continued
development of efficient methods to access non-canonical
amino acids will help to expedite these syntheses.””*

3.1. Linear peptide synthesis

The synthesis of linear peptides is often the first step of syn-BNP
synthesis. Solid-phase peptide synthesis (SPPS)™* is nearly
always employed (Fig. 3A). The exceptions to this are the highly
modified lapcin and PABA-containing syn-BNPs, which were
synthesized using batch methods.*>***®* Many fantastic reviews
of SPPS exist’>”” and thus we will only outline the methods used
to generate syn-BNPs. Chlorotrityl or Wang resin is most often
employed because either can be used to generate C-terminal
carboxylic acids, yielding completed linear peptides that can
be further activated for cyclization reactions if desired.””
Specific reagents for SPPS have included common coupling
reagents HATU, HBTU, Oxyma, or PyBOP for amide bond

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) General scheme for synthesizing linear peptides. Starting with a resin pre-loaded with the C-terminal amino acid, the steps for SPPS

include: (i) activation of the amino acid with an amide coupling reagent and (ii) deprotection of the Fmoc-protecting group with piperidine. Steps
i and ii are repeated until allamino acids are coupled. (iii) Removal of the protecting groups and cleavage of the peptide from the resin. (B) General
scheme for synthesizing head-to-tail cyclized peptides. After completion of SPPS: (i) cleavage of the peptide from resin using a method that
retains sidechain protecting groups, (i) cyclization of the peptide using a coupling agent, and (iii) global deprotection of the peptide. (C) General
scheme for synthesizing head-to-sidechain cyclized peptides. After completion of SPPS with the desired coupling sidechain having an
orthogonal protecting group: (i) deprotection of the allyloxycarbonyl group, (ii) cyclization with a coupling agent, and (iv) cleavage from resin and
global deprotection to obtain the final product. Acronyms: solid-phase peptide synthesis (SPPS), resin (R), protecting group (PG).

formation with piperidine for Fmoc-deprotection. Once the full
linear peptide is synthesized, it can be cleaved from the resin
using HFIP or TFA, depending on whether a side chain pro-
tected or fully deprotected peptide is desired. N-terminal
modifications such as fatty acid installation occur during
SPPS (e.g. cilagicin," lapcin,” macolacin**). While these
methods work well for generation of linear peptides, future
studies should consider greener alternatives to SPPS, which
requires the use of large amounts of toxic organic solvents as
well as explosive coupling reagents and allergenic additives.”

3.2. Cyclization strategies

Many of the syn-BNPs generated to date are cyclic peptides,
including head-to-tail, head-to-sidechain, and head-to-fatty acid
cyclic peptides. Head-to-tail cyclized peptides are generally
made using chlorotrityl resin followed by cleavage from the
resin with HFIP or TFA and DIEA, to retain the sidechain pro-
tecting groups and thus prevent unwanted sidechain cyclization
(Fig. 3B). The specific conditions for the TFA deprotection are
important to retain the protecting groups on the designated
sidechains, typically using short exposure to 1% TFA in DCM
with neutralization by DIEA.***°%*> Head-to-tail cyclization is
then catalyzed using PyBOP or HATU in solution, usually at low
concentrations to avoid oligomerization. After successful cycli-
zation, the sidechain protecting groups are removed with TFA
resulting in the final cyclic peptide.**

This journal is © The Royal Society of Chemistry 2025

Head-to-sidechain and head-to-fatty acid syntheses both rely
on orthogonal protecting strategies (Figs. 3C, e.g., an allylox-
ycarbonyl (Alloc) protecting group for an amine that can be
removed using palladium, leaving the other Fmoc-protected
amines protected). This ensures a selective cyclization of the
previously Alloc-protected amine with the activated carboxyl
group on the peptide. While utilization of the orthogonal pro-
tecting group strategy for peptide cyclization can be employed
off-resin, performing the cyclization on-resin is often advanta-
geous due to the pseudodilution effect.” Specifically, peptides
are much less likely to oligomerize, thus giving higher yields of
correctly cyclized products.*»*>#44%51:525657 One example of on-
resin cyclization for syn-BNPs added a monomethoxytrityl pro-
tected lysine to the C-terminus of the linear peptide during
SPPS. Glutaric anhydride was then coupled to the N-terminus
using DMAP. Cleavage of the monomethoxytrityl group on the
lysine was performed using TFA, and on-resin cyclization was
performed with PyBOP or HATU resulting in the final product.>

4. Examples of syn-BNP libraries and
bioactivities
4.1. Unbiased syn-BNP predictions and bioactivities

After predicting and synthesizing the syn-BNP libraries, they are
screened for bioactivities. This screening process has yielded
peptides exhibiting a wide spectrum of bioactivities (Table 2

Nat. Prod. Rep., 2025, 42, 50-66 | 55
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and ESI Table 17), underscoring the versatility and potential of
this technique.

4.1.1. Syn-BNPs with antibiotic activity. The primary
emphasis of most unbiased syn-BNP studies has been on
uncovering antibiotics, with nearly every paper investigating the
antibacterial activity of their syn-BNPs. Through this approach,
17 antibiotics effective against Gram-negative and/or Gram-
positive pathogens have been unearthed with diverse MIC
values ranging from 1 to 248 pg mL™ ' from 2016 to
2024.29°051535% Of the 17 discovered antibiotics, 15 have MIC
values less than 10 pg mL™". In the initial paper describing the
syn-BNP approach, both human commensal and pathogenic
bacteria were analyzed for the presence of NRPs.** NRPs pre-
dicted to have more than 5 residues, appeared to be complete
clusters, and did not contain PKS domains were taken forward,
leading to 30 target syn-BNPs. Of these, 25 linear peptides were
successfully synthesized and tested for antibiotic activity
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against both pathogens and human commensals. From this,
two N-acylated linear heptapeptides named humimycin A and
humimycin B were found to have potent activity against Gram-
positive bacteria including Firmicutes, Actinomycetota, Staphy-
lococcus, and Streptococcus (Fig. 4). Resistance to humimycin
was developed and suggested that the mechanism of action was
likely inhibition of a homolog of Mur], a flippase that trans-
locates peptidoglycan precursors. This was further supported by
the fact that humimycin A resensitized B-lactam resistant
strains to dicloxacillin, suggesting they are likely acting on the
peptidoglycan biosynthesis pathway. A follow up paper explored
the structure activity relationship and identified 17S, which
replaced all three aromatic residues in humimycin A with
tryptophan, as a broader spectrum, more potent antibiotic.* It
also retained the ability to synergize with B-lactams and had
a lower rate of resistance.

Humimycin A
Rhodococcus equi
Gram-positive activity

SyCPA 63 (thurinsyn)
HN Bacillus thuringiensis
Broad spectrum activity

SyCPA 144 (mucilasyn) :
Paenibacillus mucilaginosus |
Broad spectrum activity :

Syn-arascrofin =
Mycobacterium parascrofulaceum
Antiproliferative/anticancer

Fig.4 Structures of a subset of the bioactive syn-BNPs identified from unbiased libraries. Under each structure is the name, species of origin and
bioactivity of the molecule. Blue indicates residues with differing predictions. Red is the cyclization site.
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In another early syn-BNP study, a library of 288 linear syn-
BNPs from the NCBI database yielded 5 antibiotic agents with
MIC values less than 8 pg mL™" against ESKAPE pathogens.*
The most potent compound, syn-BNP 1 (Fig. 4), was discovered
from the Paenibacillus mucilaginosus K02 genome. Syn-BNP 1
demonstrated activity against Gram-positive bacteria, as well as
the Gram-negative Acinetobacter baumanii. This compound
mimics tridecaptins, with 5 of the 13 amino acids being shared.
Interestingly, no resistance to syn-BNP 1 could be developed via
direct plating or serial passaging methods. Because this is often
indicative of a membrane based mechanism, syn-BNP 1 was
tested for its ability to depolarize cells using a fluorescence
DiBAC4 assay. Similar to tridecaptin, no depolarization of the
membrane was observed. Tridecaptin has previously been
shown to bind lipid 1, and it is hypothesized that syn-BNP 1 is
acting similarly. However, additional experimentation is
needed to verify this hypothesis. Derivatives of syn-BNP 1 were
explored in a follow up paper where differences in amino acid
predictions as well as alternate fatty acid chains were investi-
gated.” Interestingly, the choice of fatty acid chain greatly
affected the activity profile. For example, replacement of the
decanoyl of syn-BNP 1 (aka compound 1F) with an acetyl group
(compound 4F, Fig. 4) resulted in decreased potency against
most of the Gram-positive strains and greatly increased potency
against the Gram-negative strains. 4F showed good selectivity
for bacterial cells over mammalian cells and strong activity in
a rat cutaneous model of multidrug resistant A. baumannii. To
explore the mechanism of 4F, resistant mutants were developed
using A. baumannii ATCC 17978. These mutants generally grew
slower and had a different morphology compared to the parent
strains. Sequencing revealed that mutations occurred in the cell
membrane phospholipid metabolism network (e.g. phospholi-
pase A and D and phosphatidyltransferase), suggesting that 4F
targets the membrane. Interestingly, several mutations in the
adeS gene, which encodes for a histidine kinase in a two-
component regulatory system, and in the lipopolysaccharide
biosynthesis pathway further supported the membrane as
a target of 4F. Additionally, while only moderate membrane
depolarization was observed upon treatment with 4F, extensive
pore formation was observed.

Another unbiased syn-BNP library was developed from
bacterial genomes found in GenBank.? After excluding known
NRPS biosynthetic gene clusters as well as clusters containing
a large number of tailoring enzymes or fewer that 3 adenylation
domains, 96 linear peptide predictions were explored. This
work differed from previous publications in that it focused on
cyclic peptides. Specifically, for each linear peptide predicted,
a head-to-tail (or head-to-fatty acid for predicted N-acyl con-
taining peptides) and head-to-side chain cyclic peptides were
explored. This resulted in 157 cyclic peptides, which were
screened against ESKAPEE pathogens and Mycobacterium
tuberculosis. Impressively, this relatively small library resulted
in 9 bioactive syn-BNP cyclic peptides (4 Gram-positive specific
and 5 with both Gram-positive and Gram-negative activity), with
7 showing minimal to no cytotoxicity to mammalian cells.
These syn-BNP cyclic peptide antibiotics (syCPAs) were found to
have various mechanisms of action including cell lysis (syCPA
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12, 102, and 123), membrane depolarization (syCPA 63), inhi-
bition of cell wall biosynthesis (syCPA 4), and ClpP protease
dysregulation (syCPA 116). Three active molecules (syCPA 2,
144, and 153) currently have undetermined mechanisms of
action (Fig. 4).

Overall, these findings suggest that syn-BNPs are a great
source of antibiotics with interesting mechanisms that have the
potential to target multidrug-resistant bacteria. Future
screening efforts should continue to explore and expand on this
activity. Additionally, in the future, standardized conditions for
testing peptides for antibiotic activity should be developed.
Many are screened using conditions originally optimized for
small molecules. These conditions can sometimes result in
degradation of the peptides and thus the community may be
missing some promising compounds.

4.1.2. Syn-BNPs with antifungal activity. Antifungal activity
has only been screened in a handful of studies,*>***>** with one
antifungal syn-BNP hit being discovered to date.*® Specifically,
the linear nono-lipopeptide (syn-BNP 2) has activity against
Candida albicans at 3.23 pg mL~" with no cytotoxicity displayed
at 128 pg mL~" against HT-29 and HeLa cells. Syn-BNP 2 also
displayed good activity (2-4 pg mL™') against other fungal
strains (Stachybotrys chartarum, Cryptococcus albidus, Crypto-
coccus neoformans, Schizosaccharomyces pombe, and Saccharo-
myces cerevisiae). A handful of derivatives of syn-BNP 2 based on
alternative predictions from the Stachelhaus code as compared
to the NRPSPred2 and Minowa algorithms were synthesized.
None showed superior activity to the parent compound.
Preliminary mechanism of action studies revealed that syn-BNP
2 does not disrupt the cell wall nor ergosterol biology, and the
mechanism currently remains unknown. Overall, there is
a need for additional testing of syn-BNPs for antifungal activity
given that many antifungal agents are peptide natural products.

4.1.3. Syn-BNPs with anticancer activity. Given that many
peptidic natural products have previously been shown to have
anticancer activity,* screening the syn-BNP library is a logical
step. Many syn-BNPs have been evaluated for their anticancer
activity, with five having activity at 2 puM or less.'®*8525¢
Interestingly, a library based on human microbiome NRPS
BGCs resulted in the discovery of several anticancer agents.*>
Analysis of approximately 1300 human associated bacteria for
BGCs containing greater than 5 modules with strong bio-
informatics predictions and few tailoring enzymes resulted in
30 linear syn-BNPs and 86 cyclic syn-BNP target structures. 72 of
these 86 targets were successfully synthesized and tested for
antibiotic, antifungal, and anticancer activities. Interestingly, in
contrast to studies performed with libraries of soil-dwelling
bacteria, no antibiotic or antifungal molecules were observed.
Instead, in a screen against the HeLa cervical cancer cell line,
four syn-BNPs (syn-hoagimin B, syn-rhodomin, syn-parascrofin,
and syn-kroppenstin) with anticancer activity were identified.*>
Excitingly, syn-parascrofin and syn-kroppenstin demonstrated
ICs values below 1 uM against HeLa cells as well as a colorectal
adenocarcinoma cell line (HT-29) and two non-small cell lung
cancer cell lines (A549 and NCI-H1299).?> Unfortunately, neither
toxicity to normal cells nor the mechanisms of action were
investigated. Overall, this study demonstrates the selective
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discovery of anticancer agents from human associated
microbes, especially opportunistic pathogens. This is quite
intriguing and suggests that the origin of the bacteria is likely to
influence the activities observed.

4.2. Targeted derivative predictions

While many of the papers utilizing the syn-BNP method employ
an unbiased approach (i.e. synthesizing any NRP with between 4
or 5 and 13 amino acids),”** some have employed a targeted
strategy to identify more potent analogs of either a certain
peptide class or molecule. Nearly all of these studies, with the
exception of the head-to-tail cyclized peptides, have focused on
antibiotic activity. Below we have described some of the targeted
approaches, specifically focusing on those that went after
specific NRP classes or NRPs containing certain non-canonical
amino acids.

4.2.1. Lipopeptides. Lipopeptides are clinically used as
both antibiotics (e.g. colistin and daptomycin) and antifungals
(e.g. caspofungin). For this reason, Brady and co-workers chose
to selectively search for NRPS BGCs that contained a Cs domain,
which install fatty acids on lipopeptides.**** They generated
a phylogenetic tree from NRPSs found in ~10000 bacterial
genomes in Genbank using the Cs domain as the query. From
this tree, they identified a clade with no characterized lip-
opeptides that fell into a larger group with Cs domains from
known antibiotic BGCs. As it is difficult to predict the release of
an NRP by a TE, they synthesized two linear and six cyclic
peptides identified in this clade. The fatty acid utilized for each
peptide family was determined based on the lipid most
commonly observed in the most closely related Cs domain. For
example, when peptides were similar to the paenibactins,
myristic acid was utilized. This led to the discovery of cilagicin
(Fig. 5), a dodecalipodepsipeptide antibiotic with potent activity
against Gram-positive, antibiotic-resistant pathogens.** Cil-
agicin was found to bind both undecaprenyl phosphate (C55:P)
and undecaprenyl pyrophosphate (Cff:PP), essential carrier
lipids required for the translocation of cell wall intermediates,
resulting in disrupted cell wall synthesis. To date, no resistance
has been developed to cilagicin, likely due to its ability to bind
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to multiple non-peptidic targets.”” Furthermore, cilagicin did
not demonstrate cytotoxic activity against HEK-293 cells at up to
64 ug mL~".*” Due to this very promising activity, cilagicin was
evaluated for in vivo efficacy in neutropenic mouse thigh models
with S. aureus and S. pyrogens, where it demonstrated very
promising reductions in bacterial burden. Unfortunately, high
serum binding likely reduced efficacy in vivo.*>

To discover peptides with similar or enhanced activity
compared to cilagicin, a screen was conducted using both the
Joint Genomic Institute (JGI) and GenBank databases to identify
compounds with highly homologous BGCs to the cilagicin
BGC.” Of the 25 they screened, only five highly similar (>50%
shared amino acids) NRPs were identified, with two being
identical to cilagicin. The three predicted NRPs (paenilagicin,
bacilagicin, and virgilagicin) were found to have similar, if
slightly less potent, Gram-positive antibiotic activity (0.12 to 8
pg mL ) to cilagicin. Interestingly, cilagicin, paenilagicin, and
virgilagicin did not lead to resistance after prolonged antibiotic
exposure.®” More recently, Brady and coworkers have put forth
efforts to optimize cilagicin for clinical development. The
myristic acid at the N-termini was replaced with a biphenyl
moiety, which in turn reduced the serum binding and improved
in vivo efficacy. A robust structure activity relationship
campaign identified a derivative called dodecacilagicin which
improved potency, reduced serum binding, and exhibited low
MICs.**

4.2.2. n-Cinnamoyl containing peptides. While most lip-
opeptide syn-BNPs have focused on peptides with simple fatty
acids, recently Brady and co-workers have investigated syn-BNPs
containing the cinnamoyl fatty acid (i.e. cinnamoyl containing
peptides, CCPs).** CCPs such as the Gram-positive antibiotic
cinnapeptin and the antitubercular agent atratumycin are just
two recent examples highlighting the promise of CCPs.*** To
identify syn-BNPs containing the cinnamoyl fatty acid, the
biosynthetic subcluster responsible for the production of cin-
namoyl (specifically the ketosynthase alpha, ketoreductase, and
isomerase) were used as query sequences, resulting in the
identification of hundreds of CPP-encoding BGCs. These BGCs
were initially analyzed using the standard syn-BNP approach,

N-Cinh'amoyl

t«%
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Fig. 5 Structures of bioactive syn-BNPs identified by the lipopeptide and n-cinnamoyl targeted approaches. Under each structure is the name,

species of origin and bioactivity of the molecule.
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with amino acids being predicted based on the substrate
binding pocket of the A-domain. BGCs corresponding to known
CCPs, duplicates, and those with many tailoring enzymes were
removed from further analysis. The cnn BGC, which is predicted
to encode for production of a decapeptide CCP, was chosen for
further analysis. While six adenylation domains had perfect
matches to characterized A-domains using the Stachelhaus
code, four more variant positions were further analyzed using
SANDPUMA. Ultimately, the SANDPUMA predictions agreed
with two positions but predicted ornithine at the other two. The
SANDPUMA predictions were used for the synthesis. Cyclization
was predicted to occur at the N-terminal allo-threonine due to
similar cyclization sites in other CCPs, resulting in the final
molecule cinnamosyn (Fig. 5). Cinnamosyn displayed moderate
antibiotic activity against E. coli and B. subtilis as well anticancer
activity against a variety of cancer cell lines (e.g. HeLa, U-2 OS,
LS-411, RKO, HT-29, HCT-116, and HCC1806) with an ICss
ranging from 4 to 21 uM. However, it also potently killed two
healthy cells lines (Uero E6 and HEK-293), suggesting that it is
likely to not be selective for cancerous over healthy tissues.
Replacement of the cinnamic acid with a hexanoic acid resulted
in greatly reduced potencies for both cancerous and healthy cell
lines, demonstrating the importance of the cinnamic acid for
activity.

4.2.3. Cationic lipopeptides. Another antibiotic class that
has been utilized as a hook for syn-BNPs is the cationic lip-
opeptides.®***” One of the most well-known cationic lipopeptides
is colistin (aka polymixn E), which has activity against
multidrug-resistant Gram-negative pathogens.*® Brady and
coworkers screened for new cationic lipopeptides by screening
for NRPS BGCs that contained a Cs domain (i.e. encoded for
production of a lipopeptide) and were predicted to incorporate
two or more positively charged amino acids.** Of the ~10 000
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Red indicates differences from colistin

syn-CNRLP5

Paenibacillus kribbensis strain AM49
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strains screened, over 15 000 BGCs contained Cs domains, and
395 were predicted to have =5 amino acids with 2 or more
amino acids being positively charged. Analysis of uncharac-
terized BGCs that were in the same Cs clade as known cationic
lipopeptides led to the discovery of derivatives of laterocidine
(syn-CNRLP1, -2, and -3), tridecaptin (syn-CNRPL4, -5, and -6),
and paenibacterin (syn-CNRLP7, Fig. 6). The cationic lip-
opeptides syn-CNRLP1, -5, and -7 displayed antibiotic activity
against ESKAPEE pathogens ranging from 0.25 to 64 pg mL™".
The laterocidine derivative, syn-CNRLP1, was active against
Gram-negative bacteria, while the tridecaptin derivative syn-
CNRLP5 and the paenibacterin derivative syn-CNRLP7 exhibited
activity against both Gram-negative and Gram-positive bacteria.
Interestingly, tridecaptin A was only active against Gram-
negative bacteria, demonstrating that the syn-BNP method
was able to identify syn-CNRLP5 as a more broad-spectrum tri-
decaptin. Similarly, while syn-CNRLP7 has weaker activity
against Gram-negative bacteria compared to paenibacterin, it
has increased activity against WT S. aureus, three strains of
multidrug-resistant S. aureus, and three strains of vancomycin-
resistant E. faecium. The mechanism of action for these mole-
cules is currently unknown,* but given that they are cationic
lipopeptides it is reasonable to assume that their activity is
likely at least in part due to membrane interactions.

Another cationic lipopeptide syn-BNP with antibiotic activity
is macolacin (Fig. 6), which has potent activity against ESKAPEE
pathogens, including those resistant to colistin.** Colistin is
a cationic lipopeptide that works by binding to lipid A in lipo-
polysaccharides, resulting in membrane disruption and cell
death. Recently, resistance to colistin has been rising, in large
part due to the plasmid-borne mobilized colistin resistance
gene mcr-1, which encodes phosphoethanolamine transferase.®
This transferase modifies lipid A with the positively charged

Paenibacillus alvei DSM 29 PAV_8c
Broad spectrum antibiotic
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Fig. 6 Structures of syn-BNPs identified by the cationic lipopeptide targeted approach. Under each structure is the name, species of origin and

bioactivity of the molecule.
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phosphoethanolamine, resulting in the loss of colistin binding.
Brady and co-workers specifically searched for colistin-like
BGCs. 35 syn-BNPs from colistin-like BGCs were synthesized
and tested for activity against pairs of colistin-sensitive and
colistin-resistant K. pneumoniae and A. baumannii. This resulted
in the discovery that macolacin has similar potency as colistin
against colistin-sensitive strains and much improved activity
against colistin-resistant strains (~16-fold, single-digit pg mL ™"
activities). Additionally, macolacin has improved activity
against strains with a 4-amino-4-deoxy-L-arabinose modification
compared to colistin and other polymyxins. Due to these very
promising results, derivatives of macolacin were synthesized,
including one that replaced the linear fatty acid tail with
a biphenyl. Biphenyl-macolacin proved to be more potent than
macolacin in vitro and was shown to be effective in vivo in
a neutropenic thigh mouse model of infection using colistin-
resistant A. baumannii strains.**

4.2.4. Head-to-tail cyclic peptides. Head-to-tail cyclized
peptides biosynthesized by PBP-TEs are a valuable source of
bioactive agents. PBP-TE cyclized peptides, including peptides
with antibiotic activity (ulleungmycin,* mannopeptimycin,**°
desotamide®®') and cathepsin B inhibition (sur-
ugamides),****** have been isolated from diverse strains of
Streptomyces. For this reason, we chose to focus our syn-BNP
efforts on NRPS BGCs that contain PBP-TEs. PBP-TEs associated
with known natural products localize near NRPSs, making PBP-
TEs a rational focus for the initial bioinformatics screen. A
BlastP search for the well-studied PBP-TE SurE was performed
to identify novel PBP-TEs, and the BGCs associated with the top
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500 SurE hits was further analyzed. The hits included BGCs that
synthesize the NRPs associated with known PBP-TEs such as the
mannopeptimycins, the ulleungmycins, desotamide B, and the
surugamides, showcasing the effectiveness of this method in
identifying PBP-TE NRPs. From the 500 hits, 131 unique and
novel cyclic peptides were identified, and 52 structurally diverse
cyclic peptides were synthesized.”® This library, which we
named the SNaPP (Synthetic Natural Product Inspired Cyclic
Peptides) library, has since been screened for a variety of
bioactivities. Specifically, the SNaPP library has been explored
for antibiotic activities with 14 of the 51 molecules screened
having activity against at least one multidrug-resistant ESKA-
PEE pathogens (pNP-23, -43, -51, -111, Fig. 7). Of the antibiotics
identified, 9 were active against Gram-positive strains, 4 against
Gram-negative strains, and one broad spectrum antibiotic.
Derivatives of pNP-43 were synthesized to determine a structure
activity relationship, with derivative pNP-43d (modifying the
ornithine with a lysine) showing increased activity against WT
and R A. baumannii. Additionally, preliminary mechanistic
studies were performed and demonstrated that pNP-43 results
in the lysis of Gram-negative bacteria, but not Gram-positive
bacteria or human red blood cells.*®* However, given that cell
lysis occurred at ~4 times the MIC, it is likely that there are
additional mechanisms involved.

When natural products are screened for activities, they are
most often tested in phenotypic assays for their antimicrobial
and anticancer activities. However, many other important
targets and interesting assays exist. To date, the SNaPP library
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Fig. 7 Structures of bioactive NRPs identified by the head-to-tail and p-aminobenzoic acid (PABA) containing targeted approach.
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has been explored in a handful of other activity assays including
proteasome stimulation and antiamoebic activity.

The accumulation of disordered proteins such as Tau and a-
synuclein has been implicated in neurodegenerative diseases
such as Alzheimer's®® and Parkinson's Disease.”*** Stimula-
tion of the 20S core particle (CP) of the proteasome has shown
promise in enhancing the clearance of highly disordered and
misfolded proteins through ubiquitin-independent proteol-
ysis.” Screening of the SNaPP library in an in vitro proteasome
stimulation assay resulted in the discovery of molecules that
lead to selective degradation of misfolded and highly disor-
dered protein a-synuclein at 10 pM.* These molecules have
been renamed the Cyclic Peptide Proteaseome Stimulators
(CyPPSs). Several CyPPSs (CyPPS-1, -13, -14, and -23, Fig. 7) are
cell-permeable and stimulate cytosolic 20S CP at 10 pM in cell
culture. Additionally, they exhibit no cytotoxic effects at up to
the highest concentration tested (15 pM).*

Balamuthia mandrillaris is a pathogenic free-living amoeba
that has a fatality rate of approximately 92%.'* A primary screen
of the SNaPP library targeting the free-living amoebas Balamu-
thia mandrillaris, Acanthamoeba castellanii, and Naegleria fowleri
was conducted.”” Eight hits were identified for Balamuthia
mandrillaris, sixteen for Acanthamoeba castellanii, and one
against Naegleria fowleri at 16 ug mL™". One hit, pNP-43 (Fig. 7),
displayed significant potency against Balamuthia mandrillaris
with an ICs, of 4.6 uM. Furthermore, this molecule exhibited no
cytotoxicity, showing no activity against A549 cells nor causing
hemolysis at 100 uM.*” Overall, these two examples demonstrate
that syn-BNPs have activities outside of the traditionally tested
antimicrobial and anticancer activities. This should inspire
further testing of these molecules in additional assays in the
future.

4.2.5. p-Aminobenzoic acid containing peptides. Structur-
ally related albicidin'* and cystobactamid'®> are DNA-gyrase
inhibitors that contain multiple p-aminobenzoic acid (PABA)
monomers. Three studies thus far have focused on identifying
NRPS BGCs that have at least one A domain that is predicted to
activate PABA for inclusion in an NRP.*****® These studies
investigated PABA containing NRPs from soil metagenome
libraries. After construction of a PABA A-domain phylogenetic
tree, 12 NRPS BGCs most closely related to the cystobactamid or
albicidin BGCs were subjected to the syn-BNP method. In
addition to predictions of the A domains, the presence
(albicidin-like) or absence (cystobactamid-like) of a polyketide
synthase (PKS) module and PABA modification enzymes (e.g.
oxygenases, methyltransferases, and B12-dependent radical
SAM enzymes) were also considered in the structure predic-
tions. This resulted in three cystobactamid analogues (PABA48,
PABA70, and PABA57) and three albicidin congeners (PABA34,
PABA157, and PABA95, Fig. 7). These molecules were screened
for antibiotic activity against the ESKAPEE pathogens.*® Inter-
estingly, several showed improved activity compared to the
parent molecules. Specifically, PABA48 had improved activity
against the Gram-positive strains and K. pneumoniae, while
PABA34 is more potent against Gram-negative bacteria
compared to the parent. As might be expected, all molecules
demonstrated potent inhibition of DNA gyrase. Interestingly,
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the compounds retained activity against mutant DNA gyrase
with resistance to the fluoroquinolones, suggesting that they
target a different site. One of the major limitations of albicidin
is its degradation by the endopeptidase AlbD, resulting in
resistance. Interestingly, PABA34 contains AHMBA rather than
PABA in position D which prevents hydrolysis by AlbD because
it is adjacent to the endopeptidase cleavage site. This suggests
that PABA34 is an excellent lead going forward.*

In addition to derivatives of albicidin and cystobactamid,
Brady and co-workers also investigated novel NRPS BGCs with
PABA A domains found in their metagenomic library.** They
identified an NRPS BGC encoding a decapeptide with a Cs
domain, suggesting it is a lipopeptide. The NRPS BGC also
contained two Cy domains and an FMN-dependent dehydro-
genase, suggesting the presence of two thiazole rings. Overall,
this prediction was for a unique NRP, which they named lapcin
(Fig. 7). Lapcin was successfully synthesized, but heterologous
expression of the BGC was unsuccessful, preventing confirma-
tion of the actual natural product.*® Interestingly, lapcin was
found to be a potent anticancer agent (nM to pM ICs,) with
generally good selectivity for cancerous over non-cancerous cell
lines. It was particularly potent against cell lines with mutant
p53. Unlike the other PABA-containing natural products albi-
cidin and cystobactamid, lapcin had little-to-no DNA gyrase
inhibition nor antibiotic activity. Instead, it was found to be
a potent and selective human topoisomerase inhibitor. Another
decalipopeptide similar to lapcin (tapcin) was also identified
from a soil metagenome library that has a BGC with high
similarity to the lapcin BGC.** The two major differences of the
new BGC are the lack of a serine at the two site and an addi-
tional Cy domain. The molecule resulting from this BGC was
named tapcin and contains three thiazole rings. Similar to
lapcin, tapcin is a potent chemotherapeutic through inhibition
of human topoisomerase.* Tapcin has similar efficacy to the
clinically used topoisomerase irinotecan in both hollow fiber
models and xenograft murine models of colorectal
adenocarcinoma.

4.2.6. Menaquinone-binding antibiotics. Menaquinones
are redox active molecules that are electron carriers in the
electron transport chain for many bacteria, enabling them to
adapt to low oxygen and other stressors,'® and are involved in
biofilm formation. Three structurally related cyclic lipopeptides
lysocin E,'* WAP-8294A2,°° and WBP-29479A1 (ref. 106-109)
bind directly to menaquinone, leading to membrane disrup-
tion, cell lysis, and ultimately bacteria cell death. Brady and
coworkers searched a soil metagenome cosmid library for novel
menaquinone-binding peptides by querying for six conserved
amino acids in the known menaquinone-binding peptides.*®
From the initial query, they identified six BGCs of interest. From
these six BGCs, ten cyclic peptides with a 3-hydroxy-octanoic
acid fatty acid were generated: six cyclized to the hydroxyl on
the fatty acid and four cyclized to nucleophilic side chains at the
first or second amino acid. The syn-BNPs based on these
previously discovered binders were screened for activity against
ESKAPEE pathogens.* Several were found to be active against
Gram-positive pathogens, as would be expected based on the
crucial role that menaquinone plays in their electron transport
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Fig. 8 Structures of bioactive NRPs identified by the cationic mena-
quinone-binding antibiotics targeted approach.

system. Additionally, they were tested for activity against M.
tuberculosis and found to have very promising activity against
several multidrug-resistant strains. From these peptides, they
were able to identify a shared motif (GXLXXXW)—which they
named the menaquinone-binding motif (Fig. 8). The mecha-
nism was confirmed to be binding to menaquinone using
strains with knockouts of the menaquinone biosynthesis
pathway and by direct binding to menaquinone, along with
other tests. Additionally, two syn-BNPs (MBA3 and -6, Fig. 8)
were screened using a peritonitis-sepsis mouse, with both
molecules drastically increasing the survival rate.

5. Future direction

Synthetic-bioinformatic natural product-inspired peptides have
proven to be a valuable tool in identifying novel peptides with

62 | Nat. Prod. Rep., 2025, 42, 50-66

View Article Online

Review

unique mechanisms of action and bioactivity.>**-**%-%7 This
approach has led to the discovery of compounds with
antibiotic,2414244-1648,50,51,53-57 gnpticancer, amoebicidal,*”
and proteasome stimulation activity.* Many of these
compounds are potent, and some have demonstrated activity in
cellulo and/or in vivo. However, several challenges persist.

One such challenge arises from the presence of a Cs domain
in the NRPS, indicating the presence of a fatty acid at the N
terminus."® To the best of our knowledge, current NRPS
predictions cannot accurately determine which fatty acid will be
added to the NRP, complicating the design and synthesis of the
predicted peptide. When only a few peptides are being targeted,
the synthesis of several peptides, each with a different fatty acid
chain, is manageable. However, simplification become more
necessary in cases where a large library is being synthesized,
often resulting in the same fatty acid being added to all the
peptides predicted to possess a starter Cs domain.”* This
approach likely limits the number of identified bioactive
peptides, since the identity of the fatty acid often has a large
effect on the bioactivity of the molecule.***** Improvements in
bioinformatics predictions of Cs fatty acid specificity will enable
access to syn-BNPs that more closely resemble the true natural
products, and are thus more likely to have interesting
bioactivities.

Another challenge for accurate syn-BNP predictions is
tailoring enzymes. Tailoring enzymes frequently are located
within the same genomic neighborhood as the NRPS and are
responsible for the synthesis of non-canonical amino acids or
the modification of the NRP during or after its assembly.
Common tailoring enzymes include halogenases (halogena-
tion), glycosyltransferases (addition of a sugar moiety),
hydroxylases (addition of hydroxyl), and P450s (various oxida-
tion reactions)."® Unfortunately, precise predictions of the
modifications that these tailoring enzymes will introduce is
challenging. Currently, many researchers refrain from incor-
porating modifications due to the inability to predict if or how
the tailoring enzymes will act. Since many of these modifica-
tions are essential to bioactivity (e.g. the antibiotic activity of
vancomycin and proteasome inhibition by salinosporamide A
both are dependent on the incorporation of halogen atoms by
halogenases),"** their exclusion likely limits the discovery of
bioactive molecules. As predictions for these tailoring enzymes
improve, their incorporation into syn-BNP predictions will likely
aid in the discovery of bioactive compounds. However, the
requirement for modified non-canonical amino acids is likely to
complicate the synthesis of these molecules.

Finally, the release of an NRP from an NRPS by a TE domain
presents another significant challenge for predictions. While
there are a handful of programs that attempt to predict the
cyclization method of an NRP based on the peptide structure,*
the methods developed to date are based on small libraries and
are thus biased and lack accuracy.®® This necessitates the
synthesis of multiple peptides per predicted linear substrate
when a traditional TE is present. Improvements of these
predictions, perhaps through machine learning analyses of
known TEs, will help to overcome this challenge, further
streamlining the syn-BNP approach.

40,43,52,56

This journal is © The Royal Society of Chemistry 2025
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Overall, to address all of these challenges, more data about
the biosynthesis of known molecules combined with predic-
tions, likely through machine learning models, will enhance the
efficiency and accuracy of peptide design and synthesis in the
future.
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