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Abstract

Actinobacteria such as streptomycetes are renowned for their ability to produce bioactive natural
products including nonribosomal peptides (NRPs) and polyketides (PKs). The advent of genome
sequencing has revealed an even larger genetic repertoire for secondary metabolism with most of
the small molecule products of these gene clusters still unknown. Here, we employed a “protein-
first” method called PrISM (Proteomic Investigation of Secondary Metabolism) to screen 26
unsequenced actinomycetes using mass spectrometry-based proteomics for the targeted detection
of expressed nonribosomal peptide synthetases or polyketide synthases. Improvements to the
original PrISM screening approach (Nature Biotechnology, 2009, 27, 951 — 956), e.g. improved de
novo peptide sequencing, have enabled the discovery of ten NRPS/PKS gene clusters from six
strains. Taking advantage of the concurrence of biosynthetic enzymes and the secondary
metabolites they generate, two natural products were associated with their previously ‘orphan’
gene clusters. This work has demonstrated the feasibility of a proteomics-based strategy for use in
screening for NRP/PK production in actinomycetes (often >8 Mbp, high GC genomes) versus the
bacilli (2-4 Mbp genomes) used previously.
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Supplementary Table 1 lists the taxonomy of the six actinobacteria strains that yielded NRPS/PKS identifications, along with their
growing conditions. Supplementary Table 2 lists all the NRPS/PKS peptide or protein identifications from the six actinobacteria
strains. Supplementary Table 3 lists the primers for PCR amplification of target region for strains F-6133, F-6562 and F-6556.
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Supplementary Table 5 lists the PCR amplicons from strains F-6133, F-6562 and F-6556 whose translated nucleotides were
identified by OMSSA search. Supplementary Figure 1 shows a scheme for PCR amplification of target NRPS/PKS genes using
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Introduction

Natural products have been recognized as a major source for medicinal agents and
therapeutics by both academe and industry for decades. There is a continuing interest in
discovering new natural products with novel scaffolds or clinically relevant properties, as
well as in characterizing their biosynthesis for the purpose of designing new natural product
derivatives?. The traditional bioassay-guided strategy for natural product discovery, where
bioactive components are iteratively fractionated and concentrated from culture extracts,
tends to rediscover known compounds. On the other hand, genomics based approaches that
use DNA sequences as a guidance for natural product discovery, such as ‘genome mining’,
have evolved to offer new natural product discovery strategies3#. Nonetheless, much of the
genetic capacity of would-be natural product producers is “cryptic’, since the natural
products encoded by them are not produced under lab conditions. This gap between the
genetic potential in the microbial world and the actual expression of the natural products
remains a major barrier in drug discovery today. Recently, a proteomic-based approach,
called PrISM (Proteomic Investigation of Secondary Metabolism) was developed in our
laboratory® to complement genetics, genomics, and metabolomics. PrISM initiates the
process of natural product discovery from the detection of biosynthetic enzymes, and uses
proteomic information to direct the discovery of expressed biosynthetic genes and their
corresponding natural products.

PrISM permits targeted screening for nonribosomal peptides (NRPs) and polyketides (PKs),
two of the most important classes of natural products produced by microorganisms. NRPs
and PKs are synthesized by nonribosomal peptide synthetases (NRPSs) and polyketide
synthases (PKSs), which are often multimodular enzymes larger than 200 kDa®. In PriSM,
microorganisms are screened under varying culture conditions for the expression of high
molecular weight proteins (>200 kDa). This approach has proven capable of identifying a
novel natural product and its biosynthetic pathway in Bacilli’.

Previous proteomic studies of secondary metabolism in microorganisms were largely
performed in a whole proteomic format®: 9, until the development of two proteomic
approaches for targeted profiling of NRPS/PKS: PriISM and OASIS (Orthogonal Active Site
Identification System)10. PriISM and OASIS used different methods for the targeting or
enrichment of PKS and NRPS: PrISM selects NRPS/PKS by their large sizes, and OASIS
chemically reacts with the active sites of NRPS/PKS for affinity enrichment.

Members of the phylum Actinobacteria are high G + C content containing, Gram-positive
bacteria, well-known for the wide range of natural products they produce. About 66% of all
the known antibiotics and 40% of other bioactive metabolites are produced by
Actinobacteriall. Recent genome sequencing projects have revealed that most of the natural
product-rich Actinobacteria have large genomes (>8 Mbp) that encode for an average of
~20-30 gene clusters for secondary metabolism, about half of which are NRPS/PKS!2. In
the present study, a proteomics-based screening for actively expressed NRPS/PKS proteins
was performed using an improved PrISM platform, including de novo peptide sequencing to
increase the detection sensitivity of expressed NRPSs/PKSs within unsequenced
actinomycetes. Out of 26 strains screened, we detected the expression of ten NRPS/PKS
gene clusters from six strains. Starting from the NRPS/PKS peptides detected by LC-MS/
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MS, the corresponding biosynthetic gene clusters were identified and natural products were
either detected or dereplicated. We were able to correlate two gene clusters that had no
previous functional studies with their natural products. This work represents the first
proteomics-based screen of Actinobacteria for NRP/PK biosynthesis.

Material and Methods

Chemicals, media and reagents

All chemicals were from Sigma unless otherwise noted. Growth media were from BD
Biosciences. Oligonucleotides were purchased from Integrated DNA Technologies and
listed in Supplementary Table 3. Stable-isotope labeled amino acids were from Cambridge
Isotope Laboratories. Sequencing grade modified trypsin was from Promega.

Actinobacteria growth and proteome preparation

The basic workflow of the PrISM approach has been described elsewhere using Bacilli as
the proof-of-concept®. In this study, Actinobacteria strains from Agricultural Research
Service culture collection, United States Department of Agriculture were allowed to grow in
5 mL culture contained in a ~40 mL glass culture tube, under 250 rpm shaking. Single
colonies were used to inoculate 5 mL ATCC 172 medium (10 g/L glucose, 20 g/L soluble
starch, 5 g/L yeast extract, 5 g/L N-Z amine type A, 1 g/L CaCO3) and grow at 30°C for 3
days before transferring at 1:10 ratio to 4xR2A medium (2 g/L peptone, 2 g/L starch, 2 g/L
glucose, 2 g/L yeast extract, 2 g/L casein hydrolysate, 1.2 g/L KoHPO4, 1.2 g/L sodium
pyruvate, 0.1 g/L MgSO,) or mineral base medium13 supplemented with 10 mM sodium
succinate and 0.05% Casamino acids. Cultures were harvested after 24 or 48 hours for SDS-
PAGE analysis. Cells were lysed by heating in 4xSDS-PAGE loading buffer at 60°C for 60
min., followed by 0.1 mm glass bead (MO BIO Laboratories, CA) beating for 30 min.
Alternatively, cells were resuspended in lysis buffer (50 mM Tris-HCI, 200 mM NacCl, pH
7.4, with protease inhibitor), sonicated on ice for 5x1 min.. The proteome was separated by
a 10% T SDS-PAGE followed by staining with Coomassie Brilliant Blue G250.

Trypsin digestion and LC-MS/MS

In-gel trypsin digestion was done following a published protocoll#. The entire region above
150 kDa was excised, cut into three gel slices, and separately trypsinized. The treated
peptides were subsequently separated on a self-packed nano-capillary column (5um Jupiter
C18, 100 mm x 75 um) using a nanoL.C-Ultra system (Eksigent, Dublin, CA). LC solvents
included 5% acetonitrile in water with 0.1% formic acid (mobile phase A) and 95%
acetonitrile with 0.1% formic acid (mobile phase B). The LC gradient was set as follows: 0
min., 0% B; 55 min., 45% B; 63 min., 80% B; 67 min., 0% B with re-equilibration of 0% B
until 90 min. Peptides were eluted into a nanoelectrospray ionization (nESI) source ona 7
Tesla LTQ-FT ICR mass spectrometer (Thermo Fisher Scientific). Peptides were first
detected in a FT ICR cell with resolving power setting of 100,000 (at 400 m/z). Intact
peptide data were collected in the 400-2000 m/z range, and MS/MS spectra were acquired
using data dependent mode where the top five most abundant peaks from the FTMS full
scan were selected for collision induced dissociation (CID) fragmentation followed by mass
analysis of the fragment ions in the linear ion trap.

LC-MS/MS data analysis

LC-MS/MS raw data files were converted to dta files by Compass 1.0.4.41%, assuming

precursor charge states of 2+, 3+ and 4+. The dta files generated from the same strain were
merged into a single file and searched against the non-redundant protein database NCBInr
using Open Mass Spectrometry Search Algorithm (OMSSA) version 2.1.116, which uses a
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Poisson-based statistical model for probability-based identification as outlined by Meng et
al.1” The following parameters were applied during database searching: 0.01 Da precursor
mass error tolerance, peptide charge states allowed were 2+ to 4+, minimum charge to start
using multiple charged products was 3+; 0.5 Da fragment mass error tolerance, maximum
charge state allowed for product ions was 3+, and out of the top 6 most intense peaks, at
least one must match. Variable modifications included carbamidomethylation for cysteines
(+57 Da) and oxidation of methionines (+16 Da); two missed cleavage sites and two
variable modification combinations were allowed. An Expectation (E-value) cutoff of 0.01
was used for initial filtering.

De novo peptide sequencing and homology—based searching

In addition to database searching using OMSSA, the same raw data files were also subjected
to de novo peptide sequencing and homology searching using PEAKS Studio 5.218
(Bioinformatics Solutions Inc., ON, Canada). MS scans (with 10 ppm MS! tolerance) were
summed over 1 minute to reduce the amount of data for downstream processing. For de
novo sequencing, the precursor mass tolerance was 10 ppm and the fragment mass tolerance
was 0.5 Da. Variable modifications of carbamidomethylation of cysteine and oxidation of
methionine were used and two combined modifications were allowed for each peptide. De
novo peptide sequences were searched against a custom database by homology match. This
database contains 326,109 entries built by combining all sequences of bacterial proteins,
proteins containing PFAM domains associated with NRPSs and PKSs (regardless of origin),
human keratins and porcine trypsin from NCBI followed by removing redundant Gl
identifiers. The homology-based search used the same mass error tolerance and modification
settings as de novo sequencing, and assumed equivalency between leucine and isoleucine
and lysine and glutamine. Peptide hits identified as homologous to NRPS/PKS were first
sorted by PEAKS Spider scores and then manually examined.

PCR amplification of target region

Peptides identified as deriving from NRPS or PKS genes, from either OMSSA or PEAKS
homology searches, were manually examined for sequence tags with high quality and
confidence as well as low codon degeneracy. The peptide sequence tags were then reverse
translated to nucleotide sequences using the Expasy Reverse Translate tool
(http://www.bioinformatics.org/sms2/rev_trans.html), using the codon usage table for
Streptomyces coelicolor A3(2). Primers were designed based on both the most likely codons
and degenerate codons. Primers designed from reverse translation were paired either with
each other or with degenerate primers for the A3 and A7 conserved regions of NRPSs or
KS1 and M6 conserved regions of PKSs for PCR reactions®.

Genomic DNA of strains to be analyzed was isolated from 5 mL cultures using a DNeasy
Blood and Tissue DNA kit (Qiagen). PCR reactions were performed using GoTag® Green
Master Mix (Promega) in 25 pL volume. PCR reaction annealing temperature was set to
66°C, and the elongation time depended on the expected PCR product length. Successful
PCR products were sequenced using the same primer pairs.

Domain organization analysis of NRPS/PKS enzymes was performed using ‘NRPS PKS
analysis’ software20, ‘NRPS predictor’2! was used for predicting the substrate specificity of
NRPS adenylation domains.

Re-searching LC-MS/MS data against translated sequences of PCR products

In order to confirm the specificity of the PCR reactions, sequences of the amplicons were
first analyzed using BLASTX to find the correct translation frame, and these translated
sequence fragments were added into the protein database. The LC-MS/MS data were re-
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searched against the new database by OMSSA using the same parameters as above to
confirm that the PCR amplicon corresponds to the protein detected by LC-MS/MS.

Natural product detection using LC-MS

Strains were inoculated into 5 mL of ATCC 172 medium for 3 days at 30°C before
transferring to 5 mL of the desired media at 1:10 ratio and culture aliquots were taken every
day for 5 days. For metabolic labeling of secondary metabolites, amino acid precursors with
stable isotopes specified in text below were added to the media every day to a final
concentration of 0.5 mM. One hundred uL of the 0.2 um filtered culture supernatants were
injected on to a reversed phase Gemini®-NX 5um C18 110A LC column 150 x 2mm
(Phenomenex, Torrance, CA) and separated using a linear gradient from 0 to 100% of
acetonitrile with 0.1% formic acid over 50 min. An Exactive Orbitrap mass spectrometer
(Thermo Fisher Scientific) was used to monitor the effluent, detecting in positive mode and
displaying m/z 400 to 1500. When necessary, the same culture supernatant was fractionated
by a Gemini® 3um C18 110A LC column 150 x 4.6 mm using the same gradient. Fractions
containing the desired products were subjected to a 7 Tesla LTQ-FT ICR for fragmentation
by CID.

Shotgun genome sequencing of strain F-6133

The draft genome sequences of NRRL F-6133 was produced using paired-end sequencing
with a 100 bp run on an Illumina HiSeq?? at the Roy J. Carver Biotechnology Center at the
University of Illinois. The library was prepared using the Nextera DNA Sample Prep Kit and
pooled with eleven other samples into one lane. The library for NRRL F-6133 was covered
by 5,211,308 paired reads prior to quality trimming. Assembly was performed using a
custom pipeline that combined Velvet?3, SOAPdenovo?4, and EULER-SR?® assemblies in
gsAssembler28 using 400,000 paired-end reads reformatted for gsAssembler as additional
input, followed by final scaffolding with SSPACE2. This resulted in a total of 8,207,899 bp
assembled into 358 scaffolds built from 2371 contigs, with an N50 scaffold value 102,086
bp. Prodigal?® was used for ORF prediction, resulting in 8,993 ORFs.

Results and discussion

Screening for high molecular weight NRPS/PKS proteins

The PrISM workflow is initiated by screening for high molecular weight NRPS/PKS
proteins as shown in Figure 1a. First, bacterial proteomes were separated by size using SDS-
PAGE. The large sizes of modular NRPSs and PKSs compared to other bacterial proteins
makes SDS-PAGE a convenient approach for targeted screening of expressed NRPS/PKS
enzymes from a complex proteome. Since mass spectrometry is >100 times superior to
Coomassie staining in terms of sensitivity of detection, the entire region above 150 kDa
instead of visible protein bands was excised for in-gel trypsin digestion and LC-MS/MS
analysis, in order to utilize the enhanced sensitivity of mass spectrometry.

Using the PrISM platform above, we screened 26 Actinobacteria strains, and peptides that
were identical or homologous to known NRPSs or PKSs were confidently identified from
six of these (Supplementary Table 1), while the other 20 strains did not show NRPS/PKS
expression under the screening conditions. Considering that the genomic sequences of these
strains were unavailable (except the one described later), we followed the decision tree
shown in Figure 1b, which is dependent on the similarity of the detected proteins with
known NRPS/PKS proteins in the database. The raw LC-MS/MS data was first searched
against NCBInr, a highly redundant database composed of many homologs, orthologs and
paralogs, which maximized the number of identifications of perfectly matching peptides
from unsequenced organisms. The OMSSA search identified multiple peptides from the
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same NRPS/PKS gene clusters, e.g. F-6133 (PKS), F-6143, F-6134 and F-6652. Each
protein identification had more than four peptides, translating to peptide maps with >2%
coverage of primary sequences (Supplementary Table 2c). In other cases, peptides were
identified as coming from NRPS/PKS proteins from disparate gene clusters, e.g. F-6133
(NRPS), F-6562 and F-6556, and the sequence coverage for each protein identification was
less than 2% (Supplementary Table 2a). The low sequence coverage was due to the lack of
genome sequences for these strains in the database, and the low sequence homology with
known NRPSs/PKSs.

In order to obtain more protein sequence information from NRPSs/PKSs not well
represented in the database, we performed de novo sequencing and homology-based
searching using PEAKS Studio for those strains lacking confident protein identifications.
Using sequence tags derived from MS/MS spectra de novo, homology-based searches
against a tailored database (see Materials and Methods) identified nine and six peptides
homologous to known NRPS/PKS proteins from strains F-6133 and F-6556, respectively
(Supplementary Table 2b and Supplementary Figure 2a—2b).

PCR amplification based on peptide identifications

For strains expressing new gene clusters, i.e. with low homology to known NRPSs/PKSs, it
is difficult to accurately predict the domain organization and function of the target proteins
by analyzing the peptides alone. To get more information about the NRPS and PKS
biosynthetic machinery from the peptides identified, high quality peptides were reverse
translated to DNA sequences as PCR primers to amplify the coding genes for the NRPSs
and PKSs (Supplementary Table 3). NRPSs and PKSs are modularly organized proteins
composed of conserved domains most often including a condensation, adenylation, and
thiolation domain for NRPS, and a ketosynthase, acyltransferase and acyl carrier protein for
PKS (Supplementary Figure 1)6. These domains possess conserved regions (e.g. A3 and A7
for adenylation, KS1 for ketosynthase and M6 for methyl-malonyl-CoA transferase)1°.
Thus, each detected peptide can be mapped to the domain context and its relative position to
A3/A7/KS1/M6 conserved regions can be predicted. Overall, the primers designed from
peptides were either paired with each other or more often paired with primers designed
based on A3/A7/KS1/M6 sequences for PCR (Supplementary Figure 1, Supplementary
Table 4).

In order to confirm the PCR probe specificity, i.e., that the DNA sequence amplified by PCR
corresponds to the detected protein, we re-searched the LC-MS/MS raw files using an
expanded database with the translated nucleotide sequences of the PCR products added.
Supplementary Table 5 shows several successful PCR reactions, the primers used for each
reaction, the number of peptides detected and the closest homolog based on BLASTX
results. All the PCR products exhibited <80% sequence identity to their highest-scoring
homologs at the protein level. This was consistent with the low sequence coverage of
proteins identified by OMSSA-based searching, and suggested the potential novelty of each
biosynthetic gene cluster.

Functional analysis of expressed gene clusters

Genes encoding for biosynthesis of nonribosomal peptides and polyketides are located
within a cluster on a chromosome. Figure 2 lists all NRPS and PKS gene clusters identified
either by protein identifications or by their homologs based on PCR product sequences.
NRPS and/or PKS gene clusters were correlated to a potential natural product structure by
analyzing the NRPS/PKS domain organization and predicted substrate specificity. For
example, although only three NRPS peptides were identified from strain F-6556 as coming
from Thermobifida fusca Y X, the PCR products showed the detected protein is most similar
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(50-70% sequence identity at protein level) to the gene cluster at locus Tfu_1855-1873
from Thermobifida fusca Y X (Supplementary Table 5, Figure 2X). This gene cluster has
been reported recently to produce the new peptide-based siderophore, fuscachelin?®.

In another case, several PCR products from strain F-6562 matched with a region in
Streptomyces pristinaespiralis ATCC 25486 with ~80% identity at the protein level. It is
predicted to produce a peptidic siderophore since there are several siderophore transporter
genes in the gene cluster (Figure 2 VI11). Another PCR product from F-6562 matched with
an NRPS from Streptomyces sp. SA3_actE with 60% sequence identity, and is highly likely
to encode for enterobactin biosynthesis based on the NRPS domain organization (Figure
21X).

Investigation of strain F-6133 led to two successful PCR products that showed moderately
low sequence homology to known proteins (45% and 71% sequence identity to two different
proteins), indicating a potentially uncharacterized gene cluster. To get the full sequence of
the gene cluster, shotgun genome sequencing was performed on strain F-6133. By mapping
the two PCR sequences to the genome sequencing result, an NRPS gene cluster was
discovered containing enzymes for dihydroxybenzoate (DHB) biosynthesis and siderophore
transporters, turning small molecule dereplication towards peptidic siderophores containing
dihydroxybenzoate (Figure 2 I1). Thorough small molecule dereplication based on these
substructures is discussed below.

The PKS gene cluster detected in F-6133 has been linked to bafilomycin biosynthesis3?
(Figure 2I). The NRPS detected in F-6143 is predicted for siderophore production due to the
siderophore transporters in the gene cluster, though the genome sequencing gaps in that
region blocked analysis of NRPS domain organization (Figure 2 I11). In strain F-6134, the
PKS gene cluster has been associated with filipin, a polyene natural product biosynthesis3!
(Figure 2 1V), and the NRPS gene cluster is responsible for actinomycin biosynthesis32
(Figure 2 V). Lastly, two NRPS/PKS gene clusters were detected from strain F-6652, both
highly similar to gene clusters from Streptomyces flavogriseous ATCC33331. However,
neither of these clusters have been annotated with corresponding natural products. Based on
genetic information, we predict the NRPS cluster from F-6652 encodes a yet-unknown
lipohexapeptide, and the hybrid PKS-NRPS is highly similar to a group of gene clusters that
produces tetramate macrolactams, such as heat-stable antifungal factor (HSAF)32 (Figure 2
VI, VII).

Natural product detection and structure determination

The DNA sequence information about NRPS and PKS gene clusters was used to deduce
structural features that guided natural product detection by LC-MS. Since the active
production of the natural products is believed to correlate reasonably well with expression of
their biosynthetic enzymes, strains were grown in the same conditions that NRPS/PKS
proteins were identified. Culture supernatants were collected at multiple time points for LC-
MS analysis and several known compounds were identified, including bafilomycin B1 and
C1 (1), several actinomycin derivatives (4), and two siderophores - fuscachelin (8) and
enterobactin (7) (Table 1).

After dereplicating known natural products and their biosynthetic enzymes, we focused on
the gene clusters that have no known natural products reported (so-called ‘orphan’ clusters).
The gene cluster NRPS1 from strain F-6562 is predicted to produce a peptidic siderophore.
NRPS domain architecture suggested the final product is likely to incorporate at least two
ornithines and a serine (Figure 3a). From the LC-MS chromatogram of the culture
supernatant, we detected a peak with m/z 576.2631 ([M+H]*, 575.2558 Da) coeluting with
its iron bound form (m/z 629.1726, [M-2H*+Fe]*, Figure 3b). The mass is within 2 ppm of a
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known peptidic siderophore foroxymithine (6, cal. 575.2551 Da). CID MS/MS on m/z 576.3
gave the correct fragmentation pattern predicted for foroxymithine, and feeding the strain
with 13Cg-labeled arginine confirmed the incorporation of three ornithine residues (Figure
3c—d). Although the stereochemistry of the product still needs to be investigated by NMR
and Marfey’s method, the MS® and MS? as well as isotopic labeling results gave enough
information to support the structure of foroxymithine. Foroxymithine was found in 1985 as
an angiotensin-converting enzyme inhibitor34, and its biosynthetic pathway has yet to be
elucidated. The NRPS gene cluster identified from strain F-6562 is entirely consistent with
the biosynthesis of foroxymithine based on the domain organization of the NRPS protein
(Figure 3e). A compound with a similar structure to foroxymithine, erythrochelin, has
recently been reported with biosynthetic analysis using a ‘genome mining’ strategy3°. The
difference between the two compounds is that two 3-N-formyl groups in 6 are replaced by -
N-acetyl groups in erythrochelin. We predict the structural difference is coming from the
difference in these biosynthetic gene clusters: while the 3-N-formyl group in foroxymithine
is likely formed by a formyltransferase (orf2) in the gene cluster, the 5-N-acetyl group in
erythrochelin has been shown to be condensed by a remote acetyltransferase acting in
trans®.

As discussed above, the NRPS gene cluster from strain F-6133 does not have a closely
related homolog in the database. An NRPS gene cluster discovered by genomic sequencing
suggests it is likely producing a peptidic siderophore that contains dihydroxybenzoate
(DHB). Bioinformatic analysis of the NRPS indicated that it is likely to incorporate an
ornithine residue (Figure 4a). From its culture supernatant, we were able to detect a peak
with m/z 799.3942 ([M+H]*, 798.3869 Da, Figure 4b), together with its iron bound form (m/
7 852.3055, [M-2H*+Fe]*). The mass is within 1 ppm of a patented compound called
antibiotic S 213L (2, cal. 798.3872 Da). Fragment ion patterns from MS/MS of m/z 799.4
also agreed with the expected pattern for 2 (Figure 4c). Antibiotic S 213L is reported to have
antifungal activity3%, and using PrISM platform, we have discovered its biosynthetic gene
cluster. Further genomic and biochemical work is ongoing to elucidate the full biosynthesis
of the natural product.

Conclusion

Actinomycetes are well known for their biosynthesis of diverse natural products, including a
great number of nonribosomal peptides and polyketides. In this study, we extended the
recently developed PrISM platform to actinomycetes, screening for endogenous NRPS/PKS
enzymes by proteomics using mass spectrometry. By surveying only 26 actinomycetes, we
identified six strains harboring NRPS/PKS proteins, several with multiple gene clusters
expressed at high levels. Using protein identifications as well as PCR amplification of the
target region, a total of ten NRPS/PKS gene clusters were found, and the natural products
they produced were accordingly predicted. Analysis of the culture supernatant confirmed
four NRPs and PKs that have been reported before, and discovered natural products for two
gene clusters where no previous reports were available.

As one of the recently developed proteomic approaches for targeted profiling of NRPS/PKS,
PrISM has proven capable of identifying both known and novel natural products® . In this
study, we implemented technical improvements, such as improved database search protocols
and bypassing the need for protein staining on gels. The limit of detection for Coomassie
staining is ~100 ng (equivalent to 0.5 pmol for a 200 kDa protein), whereas mass
spectrometry is able to detect <50 fmol of in-gel digested proteins. This translates to an
ability to detect a protein copy number of ~30/cell if the equivalent of ~10° cells are loaded
on gel for analysis. We anticipate detection of lower abundant biosynthetic proteins would
lead eventually to the discovery of novel and more potent bioactive compounds.
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The goal of PriISM as a proteomics based approach is multi-faceted: to find new natural
products, new biosynthetic pathways, new biosynthetic transformations, and to associate
gene clusters with the metabolites they produce. With the current state of art, we anticipate
PrISM can be extended to larger scale screening of environmental strains (up to hundreds to
thousands of strains) for the discovery of potentially new biosynthetic pathways and natural
products. PriISM is also valuable for screening different culture conditions for teasing
sequenced organisms into expressing their cryptic gene clusters. Most importantly, PriSM
dereplicates the well-characterized systems early at the protein sequence level, allowing
more effort to be focused uncharacterized systems.

Future efforts should continue to enhance the sensitivity of detection and to improve the
overall efficiency of detecting uncharacterized gene clusters. We anticipate that with
improved instrumentation (e.g., using electron-based methods for tandem mass
spectrometry), longer peptide sequence stretches with better accuracy will facilitate PrISM-
based discovery. With such technical advancements, this protein-first strategy will gain a
more visible role in microbial proteomics, allowing larger scale screening and extension to
other types of metabolism. For secondary metabolites, it should also be applicable to fungi
and mixed microorganism communities, perhaps even without the need for culturing to
enable a new field of ‘metaproteomics’ to complement metagenomics.
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(a) The work and logic flow for PrISM used in this study. High molecular weight proteins
(>150 kDa) from a bacterial proteome are subjected to in-gel trypsin digestion and LC-MS/
MS analysis. The data were analyzed by both database searching (top) and de novo peptide
sequencing (bottom). Peptides identified as coming from NRPSs/PKSs were reverse
translated into nucleotide sequences for PCR amplification of the target region. The PCR
products guided the identification of biosynthetic gene clusters as well as discovery of the
natural products. (b) Decision tree for LC-MS/MS data analysis. The LC-MS/MS data were
first searched against NCBInr using OMSSA, and strains with NRPS/PKS identifications
were divided into two categories based on their sequence similarity to known NRPS/PKS
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proteins, which was represented by the number of peptides identified and sequence coverage
for each protein identification. Strains with low similarity to known NRPSs/PKSs were
subjected to de novo peptide sequencing and homology-based searching by PEAKS Studio.
Peptides identified by either search engines were used for PCR amplification. After
confirming the specificity of the PCR products, they were used to guide the identification of
biosynthetic gene clusters.
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NRPS/PKS gene clusters detected by PrISM and their corresponding natural products. For

each gene cluster, the NRRL number of strain, the type of biosynthetic enzymes and a

diagram of the genes are shown. Gene sequences were based on the most homologous gene
cluster as shown. The sequence of the NRPS gene cluster identified from strain F-6133 was
based on shotgun genome sequencing and partially assembled into contigs. The natural

product produced by each gene cluster is shown at right.
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Figure 3. Association of foroxymithine with its biosynthetic pathway

(a) The foroxymithine gene cluster identified from strain F-6562, using the DNA sequence

from Streptomyces pristinaespiralis ATCC 25486 as a template. Domain organization and

substrate specificity of adenylation domains of the NRPS were predicted by bioinformatics.

C, condensation domain; A, adenylation domain; T, thiolation domain; E, epimerization

domain. (b) LC-MS Base peak chromatogram (top) of F-6562 culture supernatant produced
by cells grown in 4xR2A medium for 4 days and selected ion chromatogram (SI1C, bottom)
of m/z 576.2631; inset, mass spectrum of species at m/z 576.2631 (iron free form) and
629.1726 (iron bound form). (c) Structure of foroxymithine with predicted fragment masses
(top). The CID fragmentation spectrum on m/z 576.26 is shown at bottom. (d) 13Cg-arginine
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feeding of strain F-6562 shows three ornithines are incorporated into the species at m/z
576.2618 as evidenced by a mass shift of 15 Da. Arginine can be converted to ornithine in
vivo by losing the terminal -C(NH)NH, group. (e) Predicted biosynthetic mechanism for
foroxymithine based on the NRPS domain organization.
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’:).N){ﬁ&‘?u}u .

Figure 4. Discovery of the biosynthetic gene cluster for antibiotic S 213L in strain F-6133

(a) The partial gene cluster determined by shotgun genome sequencing of strain F-6133. orf
12 NRPS contains peptides identified by LC-MS/MS and two PCR products from F-6133.
Gene annotations were based on BLAST analysis. (b) SIC for m/z 799.39 detected in a
culture supernatant from strain F-6133. The mass spectrum of the SIC peak is shown as an
inset. Two masses separated by 52.9 Da (mass difference of Fe and 3 x H*) were shown,
suggesting iron free and iron bound forms of the same species. (c) Structure of antibiotic S
213L. The labeled fragment ions were observed by tandem MS of the species at m/z 799.39.
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