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Abstract

Bioinformatic analysis of sequenced bacterial genomes has uncovered an increasing number of
natural product biosynthetic gene clusters (BGCs) to which no known bacterial metabolite can be
ascribed. One emerging method we have investigated for studying these BGCs is the synthetic-
Bioinformatic Natural Product (syn-BNP) approach. The syn-BNP approach replaces
transcription, translation, and /77 vivo enzymatic biosynthesis of natural products with
bioinformatic algorithms to predict the output of a BGC and /n vitro chemical synthesis to produce
the predicted structure. Here we report on expanding the syn-BNP approach to the design and
synthesis of cyclic peptides inspired by nonribosomal peptide synthetase BGCs associated with the
human microbiota. While no syn-BNPs we tested inhibited the growth of bacteria or yeast, five
were found to be active in the human cell-based MTT metabolic activity assay. Interestingly, active
peptides were mostly inspired by BGCs found in the genomes of opportunistic pathogens that are
often more commonly associated with environments outside the human microbiome. The cyclic
syn-BNP studies presented here provide further evidence of its potential for identifying bioactive
small molecules directly from the instructions encoded in the primary sequences of natural product
BGCs.

In recent years, tremendous resources have been allocated to the sequencing and
bioinformatic analysis of bacterial genomes. These studies have uncovered a growing
collection of natural product biosynthetic gene clusters (BGCs) to which no known
metabolites can be assigned.12 As this pool of “silent” BGCs has grown, an increasing
number of approaches have been investigated to access the metabolites it encodes.3* We are
exploring a cell-free discovery approach, where instead of relying on biological processes to
decode genetic instructions and produce metabolites biosynthetically, we use bioinformatic
algorithms to predict the molecular structure encoded by a BGC and chemical synthesis to
build the predicted structure. The molecules produced in this process are not intended to be
exact copies of natural products but instead close structural mimics that are called synthetic-
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Bioinformatic Natural Products (syn-BNPs).>6 Here we use a syn-BNP approach to explore
the biological activity of cyclic peptides inspired by nonribosomal peptide synthetase
(NRPS) BGCs found in the human microbiome.

NRPS BGCs encode short amino acid-based natural products that are produced independent
of the ribosome.” They are particularly well suited for a large-scale discovery effort using
the syn-BNP approach as bioinformatic algorithms for predicting nonribosomal peptide
(NRP) structures directly from the primary sequences of NRPS genes, as well as solid-phase
synthesis methods for building peptides, are both well-developed technologies. In our initial
syn-BNP studies, we identified bioactive structures through the synthesis and screening of
linear peptides inspired by NRPS BGCs.>6:8.9 The efficiency of accessing bioactive small
molecules from silent BGCs using the syn-BNP approach will undoubtedly improve with the
introduction of increasingly sophisticated synthetic features that better mimic the structural
complexity seen in natural products. NRPs are predominantly produced as cyclic structures,
10.11 and therefore we thought peptide cyclization was the most logical next level of
synthetic complexity to introduce into NRPS-inspired syn-BNPs.

Uncharacterized BGCs in the human microbiome have garnered interest for their potential to
encode metabolites that could shed light on how the microbiome influences its human host
and eventually prove useful as therapeutics.>12-17 Humans host hundreds of different species
of bacteria, a rapidly growing percentage of which have been fully sequenced.18:19 To
identify starting points for the synthesis of syn-BNP cyclic peptides, we analyzed NRPS
BGCs found in the genomes of 1,298 human-associated bacteria.1819 In this survey we
removed BGCs associated with known natural products as well as those that appeared to be
truncated in poorly assembled genomes. As short NRPs are often highly modified, and
therefore not as easily accessible through a syn-BNP approach, we also excluded BGCs
containing four or fewer modules from our analysis. Ultimately, we identified 48 large (=5
modules) NRPS BGCs that we predicted to encode for previously uncharacterized
metabolites. Among these BGCs, 25 yielded robust bioinformatic predictions that were
readily compatible with solid-phase peptide synthesis (Table S1). All BGCs in this subset
contained clear initiation and termination modules, appeared to be organized in an orthodox
collinear fashion, and did not contain polyketide modules, heterocyclic modules, or large
numbers of predicted tailoring genes. In five cases where an individual or a small number of
residue predictions differed dramatically between NRP prediction algorithms,20-22 we
designed two syn-BNP peptides to give 30 distinct peptide target sequences in total (Table
S1).

Of the human microbiome associated BGCs we identified, more than half (27 BGCs)
originated from bacteria associated with the oral microbiome (Figure 1).23 The remaining 21
BGCs were found in the genomes of bacteria isolated from the gastrointestinal tract, skin,
urogenital tract, airways, and blood. The most common taxonomic source of these BGCs
was Proteobacteria, followed by Actinobacteria and Firmicutes. This stands in contrast to
fermentation-based discovery studies using bacteria from many other environments, where
Actinobacteria have proved to be the most productive source of complex bioactive natural
products. Interestingly, the number of large NRPS BGCs a taxon contributed to our study
did not correlate with the number of species it commonly contributes to the human
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microbiome. For example, Bacteroidetes, one of the most common phyla in the human
microbiota, did not contribute any large BGCs to this collection. As the human microbiome
was predicted to encode an experimentally manageable number of unexplored target BGCs,
which are potentially enriched in metabolites that interact with the human host, we felt they
represented an ideal test case for expanding the syn-BNP approach to more complex cyclic
structures.

While existing bioinformatic algorithms are quite good at determining the amino acid
sequence of an NRP, they are not designed to predict its mode of cyclization. In canonical
NRPS biosynthesis, cyclic peptides are produced by thioesterase domains that catalyze the
reaction of an internal nucleophile with the C-terminus of the peptide.2* Three different
nucleophiles are commonly used in these reactions. In the simplest case, the A~terminus
serves as the nucleophile to form a head-to-tail cycle (Figure 2a, cHT). An amino acid side-
chain can also serve as the nucleophile (Figure 2a, cSC), and in A-acylated peptides an
oxidation on the fatty acid can serve as the nucleophile (Figure 2a, cFA). Although the mode
of cyclization used naturally is difficult to predict with high confidence, this was not an issue
as the versatility of solid-phase peptide synthesis allowed us to synthesize all three types of
cyclic peptides for each syn-BNP target (Figure 2b).25

Our analysis of known cyclic NRPs revealed that when more than one potential side-chain
nucleophile is present, the majority of structures are cyclized through the residue that
yielded the largest macrocycle (Figure S2). This analysis also revealed that fatty acid
cyclized peptides are often cyclized through a S-oxidation on the fatty acid. Our syntheses
were designed to conform to these observations. To facilitate side-chain cyclization, serine/
threonine nucleophiles were replaced with 2,3-diaminopropionic acid, an isosteric residue
that contains a more reactive nucleophile (NHy). The 2,3-diaminopropionic acid was
protected with an allyloxycarbonyl group to permit its selective deprotection. Similarly, to
facilitate cyclization through the fatty acid, 3-aminodecanoic acid was used in the synthesis
of all fatty acid cyclized peptides.

Based on the 30 peptide sequences we predicted from 25 human NRPS BGCs, we designed
86 cyclic syn-BNP target structures, each with a distinct sequence or cyclization pattern
(Table S1). Four peptides did not contain any nucleophilic amino acids for use in the
synthesis of side-chain cyclized product. All syntheses were performed on 2-chlorotrityl
resins using standard Fmoc/Bu building blocks. Upon completion of peptide synthesis, the
resins were split and a portion was capped with A-Fmoc-3-aminodecanoic acid. For A-to C-
terminus and fatty acid cyclized peptides, the A~terminal Fmoc protecting group was
removed, and for side-chain cyclized peptides the allyloxycarbonyl protecting group was
removed. Peptides were then released from the resins with mild acid treatment. Activation of
the C-terminal carboxylate to promote cyclization with the deprotected nucleophile was
accomplished using PyAOP as a coupling reagent. Cyclized peptides were globally
deprotected and HPLC purified prior to biological testing. After two rounds of synthesis we
successfully produced 72 of 86 syn-BNP targets.

While bacterial natural products have diverse biological activities, they have frequently been
associated with antibacterial, antifungal or antiproliferative activities.28 We screened all syn-
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BNPs for their ability to inhibit the growth of Gram-positive bacteria (Staphylococcus
aureus), Gram-negative bacteria (Escherichia coli), and fungi (Candida albicans). These
peptides were also screened against HeLa cells using the MTT metabolic activity assay. In
our initial single-concentration assays (10 4g/mL in quadruplicate, Figure 3a), no syn-BNPs
inhibited the growth of bacteria or fungi; however, five were active against HeLa cells based
on the MTT assay (Figure 3b).2” Hits were given simple names (syn-hoagimin A and B,
syn-rhodomin, syn-parascrofin, and syn-kroppenstin, Figure 4) based on the source of the
BGCs that inspired them. Syn-hoagimin A and B were designed based on the same BGC
and differ only in the way they were cyclized (Figure 4b). The more potent fatty acid
cyclized analog, syn-hoagimin B, was used in follow-up assays. To validate the observed
activity, hits were resynthesized, HPLC purified, validated through high-resolution mass
spectrometry (Table S4), and retested for MTT activity.

All resynthesized peptides showed high nanomolar to micromolar ICxps in the MTT assay
using four different cell lines (HeLa, HT-29, A549, NCI-H1299, Table S3). The range in
potency we observed is not surprising as a syn-BNP is not an evolutionarily optimized
natural product, but instead a molecule inspired by information inferred from a BGC. As
seen in our initial linear peptide syn-BNP studies, future synthetic optimization of these hits
is likely to identify analogs with improved potency.8:® The MTT assay serves as an easy
screen to identify molecules that interact with human cells, whether these peptides are actual
toxins or in some way perturb cellular metabolic processes remains to be seen.

Syn-rhodomin and syn-hoagimin were designed based on BGCs found in the genome of a
Rhodococcus hoagii strain that was isolated from human skin (Figure 4a,b).28 Rhodococcus
species were historically regarded as environmental bacteria found mostly in dry soils;
however, recent studies of the human microbiome have identified them as low abundance yet
common participants of the microbiota.2® They are historically well known as pathogens of
domesticated animals3? and more recently as opportunistic human pathogens that pose a
threat to immunocompromised individuals.3! Due to their common appearance in diverse
environments, Rhodococcus species have been extensively explored for the production of
bioactive natural products.32 To the best of our knowledge, no compound resembling either
syn-rhodomin or syn-hoagimin was reported in these studies. In addition, our analysis of
metabolites produced by R hoagiiin pure culture using liquid chromatography—-mass
spectrometry failed to identify any signals associated with peptides resembling either syn-
rhodomin or syn-hoagimin. This was not surprising as most BGCs remain silent under
laboratory conditions, which was one of the driving forces behind our development of the
syn-BNP approach.

Syn-parascrofin was designed based on a BGC found in the genome of Mycobacterium
parascrofulaceum (Figures 4c¢). M. parascrofulaceum has mostly been found in human
respiratory tracts. It is one of many newly identified nontuberculous mycobacteria
discovered via sequence-based methods and thought to be associated with opportunistic
infections in immunocompromised patients.2® Syn-kroppenstin was inspired by a BGC
found in the genome of Kroppenstedtia eburnea (Figure 4d), an aerobic spore-forming
Gram-positive bacterium found in the human microbiome as well as other diverse
environments, including grains, soil, compost, river water, and marine sediments.33
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Although K. eburneahas been isolated from normally sterile body sites of multiple sick
patients, the pathogenicity of this bacterium has yet to be definitively established.3* As was
the case for syn-rhodomin and syn-hoagimin, neither syn-parascrofin nor syn-kroppenstin
closely resembles any previously reported NRP structures.

Our analysis of 1298 bacterial genomes associated with the human microbiome revealed 48
large NRPS BGCs that could serve as syn-BNP targets. As a frame of reference, in a similar
analysis of sequenced soil Actinomycetes, historically the most productive source of natural
product-based therapeutics, we found that the same number of large NRPS BGCs could, on
average, be found in as few as 30 Actinomycete genomes. Interestingly, BGCs that yielded
bioactive syn-BNP cyclic peptides in this study largely arise from potential pathogens that
are often associated with environments outside the human microbiome. While bacteria
strictly associated with the human microbiome undoubtedly produce numerous metabolites
that affect human physiology,32-40 our results suggest they may not encode a large reservoir
of complex natural products, especially NRPs that resemble metabolites that have
historically inspired the development of therapeutics.2641 When tested against bacteria,
fungi, and human cells, syn-BNP cyclic peptides inspired by the human microbiome
exclusively showed activity in the human cell-based MTT assay, suggesting that, while the
microbiota may not produce large numbers of complex NRPs, the metabolites it does encode
may be evolutionarily enriched for activities that affect human cells. Additional bioactivity
assays are required to elucidate the mode of action of these syn-BNP cyclic peptides.

The studies outlined here suggest that continued expansion of the synthetic and
bioinformatic complexity of the syn-BNP discovery pipeline will increase the accessible
pool of new bioactive small molecules that are inspired by the rapidly growing collection of
uncharacterized BGCs found in sequenced bacterial genomes.
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Human-associated bacteria 48 large NRPS gene clusters

(1,000+ genomes) (all:suitable NRP syn-BNP targets) Taxa Gene clusters

(all:suitable)

Airways (2:1) Actinobacteria 16 :9

Oral (27:13) Bacteroidetes 0:0

_ Blood (1:1) > Firmicutes 13 :5
Skin (5:5) Proteobacteria 18 : 10
Urogenital (4:2) Others  1:1

Gastrointestinal (9:3)

Figurel.
Bioinformatic analysis of the human microbiome identified 48 large NRPS BGCs.
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(a) Peptides encoded by each of the 25 BGCs we targeted were bioinformatically predicted,

chemically synthesized, and cyclized. (b) Synthetic scheme for the production of three
common cyclic peptide configurations.
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Figure 3.
(a) In the primary screen, syn-BNP cyclic peptides were tested at 10 g/mL in

quadruplicates, and the results are shown as percent growth relative to DMSO controls for a
Gram-positive bacterium (S. aureus), a Gram-negative bacterium (£. coli), a fungal pathogen
(C. albicans), and a human cell line (HeLa). (b) Dose-response curves of HelLa cells
measured with the MTT assay following exposure to each active syn-BNP cyclic peptide.
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Figure 4.
Structure of each bioactive syn-BNP cyclic peptide and the bacterial genome from which it

was predicted.
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