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Introduction

Nature has been recognized as a rich source of therapeutic and medicinal agents for
thousands of years. The high activity of these molecules is often attributed to their unique
biogenesis, in which evolutionary pressure has selected for secondary biosynthetic pathways
capable of producing unique, protein-interacting compounds that confer survival advantages
to an organism by facilitating chemical defense, interspecies communication, and adaptation
to well defined ecological niches [1,2]. However, despite accounting for close to half of all
drug scaffolds discovered in the past 15 years, fewer than 1% of bacterial, 5% of fungal, and
15% of plant species have been systematically investigated for the production of bioactive
compounds [3]. This is in part due to the high rediscovery rate of known (and patented)
compounds during conventional bioassay guided discovery efforts, which, together with
issues of chemical complexity and developments in combinatorial chemistry, helped spur
the wholesale elimination of natural product research departments at most pharmaceutical
firms over the past decade [4,5].

Rather than leave the vast biosynthetic resources of nature unexplored, enterprising
academic groups have filled this gap by continuing natural product isolation and developing
new methodologies for the study of natural product biosynthesis [6]. Here we describe
recent efforts in which proteomic methods have been applied to link polyketides and
nonribosomal peptide natural products to the biosynthetic catalysts responsible for their
production using protein mass spectrometry (MS). This approach in effect reverses the drug
discovery process by starting from expressed biosynthetic enzymes. The goal of these efforts
is to facilitate discovery of new molecules and enzymatic pathways from both sequenced
and unsequenced natural product producers. As this represents a relatively nascent field, we
focus on providing a brief background before delving into a detailed and in-depth
description of two recently reported proteomic approaches to the study of secondary
metabolism. Finally, we highlight future opportunities and challenges which must be
addressed in order for the full impact of proteomic profiling of natural product biosynthesis
to be realized.
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Modular Biosynthetic Enzymes

Polyketide and nonribosomal peptide natural products are produced by modular biosynthetic
catalysts known as polyketide synthase (PKS) and nonribosomal peptide synthetase (NRPS)
enzymes (Figure 1). These enzymes function through activation and condensation of a series
of monomer units, acyl-CoAs in the case of PKS and amino acids (both proteinogenic and
non-proteinogenic) in the case of NRPS, which are tailored and enzymatically elaborated to
produce the structural diversity associated with this class of small molecules. The enzymatic
activities responsible for loading and incorporation of each building block is termed a
module, and each discrete enzymatic activity within a module (i.e. loading, condensation,
methylation) is performed by discrete domains. While the individual details of PKS and
NRPS pathways can be highly nuanced and have been superbly reviewed elsewhere [7¢,8],
the challenges confounding their proteomic identification are common ones: how to
efficiently sample this protein population from a complex peptide mixture, and how to
increase the dynamic range of detection over which these enzymes may be observed. In this
regard it is fortunate that PKS and NRPS enzymes have several distinct features can be used
to uniquely distinguish them from the proteomic milieu (Figure 2):

1. Posttranslational modification

PKS and NRPS, as well as the functionally related fatty acid synthase (FAS) enzymes all
utilize small carrier protein (CP) domains to covalently tether activated monomers and
intermediates directly to the enzymes themselves throughout the biosynthetic process [9].
The site of this covalent tethering is at the terminal thiol of the 4’-phosphopantetheine
(PPant) prosthetic group, a posttranslational modification that is introduced by a 4'-
phosphopantentheinyl transferase (PPTase). PPTase enzymes mediate the transfer of PPant
from coenzyme A (CoA) to a conserved serine residue within each CP domain, thereby
converting apo-synthase to holo-synthase. Notably, the PPant posttranslational modification
has only been observed within PKS, NRPS, FAS and a handful of related enzymes, and can
thereby be used to detect these activities through either chemoenzymatic labeling
approaches or observation of unique fragmentation during tandem mass spectrometry
(described below).

2. High molecular weight

PKS and NRPS enzymes utilize a large number of catalytic domains to incorporate and
tailor each monomer unit integrated into the final natural product. For example,
incorporation and complete reduction of a single acetate unit into a polyketide necessitates
an acyltransferase (AT), ketosynthase (KS), ketoreductase (KR), dehydratase (DH), and
enoyl reductase (ER) activity, each of which can be ~30-60 kDa. Therefore type | PKS and
NRPS enzymes, in which these domains are all housed on a single polypeptide, are often
some of the largest enzymes in the cell, typically in excess of 200 kDa. When more than one
module is housed on a single protein the enzymes can be much larger, as exemplified by the
cyclosporine synthetase, a single polypeptide chain of 1600 kDa comparable in size to the
entire ribosome assembly (2500 kDa).

3. Diverse and well studied active site chemistries

As mentioned above type | PKS and NRPS proteins are enzymologically versatile, utilizing
a variety of active site chemistries and cofactors, all housed on a single polypeptide. For
example, these include several hydrolase motifs, which are well studied as targets of
irreversible inhibitors. Several other activities for which active site inhibitors have been
developed owe their importance in primary metabolism and/or as potential antibiotic drug
targets [10,11]. Properly derivatized, these scaffolds can provide chemical handles for
enrichment and discovery of PKS and NRPS enzymes.

Curr Opin Chem Biol. Author manuscript; available in PMC 2012 February 1.
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Proteomic Studies of PKS/NRPS Enzymes

Whole Proteome Approaches

Far from being a recent development, PKS and NRPS proteins were commonly isolated and
studied directly from natural product producer proteomes in the pre genomic era through the
utilization of classical activity based fractionation techniques [12,13]. These approaches
were practically abandoned with the advent of modern molecular biology, as recombinant
expression of PKS and NRPS enzymes promised some alleviation from the tedium
associated with activity based protein fractionation while also affording enzymes of greater
purity for in vitro characterization. However, recent years have seen the development of
liquid chromatography tandem mass spectrometry (LC-MS/MS) instrumentation and
methods whose application affords a new avenue for the routine and automated fractionation
and analysis of PKS and NRPS enzymes from proteomic samples. LC-MS/MS proteomic
methods are only succinctly introduced here — for an in-depth discussion the reader is
directed to reviews of this topic available in this journal and elsewhere [14e¢,15]. Briefly,
LC-MS/MS based proteomics involves breaking cellular proteins down into small peptides,
usually through the use of a protease such as trypsin. Liquid chromatography (LC)-based
separation is then performed prior to elution into a mass spectrometer, where peptides
undergo ionization and are fragmented by tandem mass spectrometry (MS/MS). Search
algorithms then match peptide fragmentation spectra to those predicted to be encoded by the
genome of the organism, thereby reporting on the identity of proteins present in the cellular
proteome [16].

These methods were first applied with the express intent of profiling PKS and NRPS
biosynthesis in a study by Muller and coworkers in 2006, in which proteome isolated from
late exponential growth phase cultures of the Myxobacteria natural product producer
Myxococcus xanthus were interrogated by LC-MS/MS [17]. Offline two-dimensional LC of
the soluble proteome followed by MS/MS analysis identified peptides from four PKS/NRPS
gene clusters responsible for production of the small molecules myxalamid, DKxanthene,
myxochromid, and myxovisescin. Perhaps more intriguingly, peptides from six additional
PKS/NRPS gene clusters for which no natural product was known (termed “orphan” gene
clusters) were also identified, hinting at the possibilities of using proteomics to guide
expression analysis and identification of new natural products. However, no attempt was
made to correlate protein expression with natural product production, and the limitations of
whole proteome analysis in terms of dynamic range were evidenced by the low overall
number of total PKS and NRPS peptides observed. These obstacles spurred the concurrent
development of two novel approaches for directed proteomic profiling of PKS and NRPS
pathways, termed the OASIS (Orthogonal Active Site Identification System) and PriISM
(Proteomic Interrogation of Secondary Metabolism) methods.

The OASIS Method - Profiling PKS/NRPS Through Active Site Enrichment

Proteomic Enrichment Probes for PKS and NRPS Enzymes

To counter the low coverage of PKS/NRPS enzymes observed by whole proteome analysis,
OASIS utilizes chemical probes to enrich PKS and NRPS enzymes prior to MS/MS analysis
on the basis of i) their use of the PPant posttranslational modification and ii) their unique
active site chemistries. The development of these enrichment approaches has been detailed
elsewhere but is briefly introduced here to facilitate discussion.

As mentioned above, the 4’-PPant posttranslational modification of CP domains is found in
all type 1 and 11 PKS and NRPS enzymes. Early studies showed apo-CP domains were
capable of accepting fluorophore- and affinity-labeled CoA as PPTase substrates in vitro,
resulting in affinity-labeled crypto-CP domains [18]. However, the application of this
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technique for proteomic labeling of PKS and NRPS CP domains can be low yielding, due to
in vivo modification of these enzymes by endogenous CoA. This lead our group to develop
a technique based on co-opting the in vivo CoA biosynthetic pathway with functionalized
CoA precursors (Figure 2) [19+,20]. These CoA precursors exhibit uptake and biosynthetic
conversion to CoA analogues in vivo by simple feeding and additionally function as
substrates for endogenous PPTase enzymes resulting in modified PKS, NRPS, and FAS CP
domains. Most useful in this regard have been azido-CoA precursors, whose terminal group
functions as a bioorthogonal chemical reporter which can be used for affinity purification or
gel-based visualization of labeled CP domains via Cu-catalyzed cycloaddition to a reporter
labeled alkyne [21ee].

As an alternative to 4’-PPant-based labeling, hydrolytic PKS/NRPS active sites can be
tagged for enrichment employing an approach known as activity based protein profiling
(ABPP). ABPP involves the modification of known enzyme inhibitors with fluorescence or
affinity agents to allow the purification of active enzymes from complex proteomes [22].
For example the fluorophosphonate (FP) scaffold, a class-wide irreversible inhibitor of
serine hydrolases, can been modified with a biotin moiety to facilitate isolation and
visualization of this enzyme class (Figure 2). Because the reactivity of ABPP probes
depends on the inherent catalytic properties of the enzyme class being profiled, these probes
are able to discriminate between active enzymes and their inactive (for example zymogen or
inhibitor-bound) states. ABPP thereby provides not only enrichment of low abundance PKS/
NRPS enzymes, but also a direct report of their functional activity in a natural product
producer proteome. In applying this approach to natural product proteomics, initial studies
profiled the reactivity of PKS and NRPS enzymes with fluorescently labeled electrophiles
using gel-based assays [23]. Notably, haloacetamide activity based probes showed enhanced
reactivity with PKS KS domains, while the aforementioned fluorophosphonates showed
strong reactivity with PKS and NRPS TE domains in unfractionated proteomes. In contrast
to their intense labeling of TE domains, FP-probes do not label PKS AT domains,
demonstrating the ability of this probe to differentiate between two catalytically distinct
serine hydrolase active sites. More recent studies have also demonstrated the reactivity of
PKS and NRPS TE domains and FAS KS domains with reporter-labeled beta-lactones [24].

Global profiling of PKS and NRPS enzymes of Bacillus subtilis by OASIS

Metabolic labeling provides an avenue for selective labeling of enzymes based on
posttranslational modification, but can be stymied by limited pathway incorporation and
does not distinguish between primary and secondary biosynthetic enzymes, both of which
utilize 4’-phosphopantetheine. Activity based probes provide a handle for selective
proteomic enrichment of terminal PKS and NRPS modules, but also shows proteome-wide
enrichment of non-PKS/NRPS serine hydrolases. This lead to the exploration of multiple
enrichment probes targeted to orthogonal PKS/NRPS active sites to provide selective
proteomic detection of PKS/NRPS enzymes, an approach termed OASIS (Figure 3) [25ee].
In the initial proof-of-concept study, OASIS CP-probes and ABPP probes were applied to
unfractionated whole proteomes of the model natural product producer Bacillus subtilis.
Labeled proteins were enriched by biotin-avidin affinity purification, followed by analysis
using multidimensional protein identification technology (MudPIT). MudPIT utilizes a two
dimensional LC separation, strong cation (SCX) followed by reverse-phase (RP)
chromatography, prior to MS/MS analysis to increase resolution and facilitate identification
of low abundance peptides in proteomic samples [26]. While primarily a technical
improvement, incorporation of MudPIT into the OASIS workflow represented a significant
leap over previous, gel-based methods of detection used during development of proteomics
probes for PKS/NRPS enzymes, allowing the reactivity of CP-labeling reagents to be
profiled for the first time on a global scale. After database search relative protein amounts in
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each sample were estimated by spectral counting, which sums the number of tandem mass
spectrometry spectra assigned to a specific protein to provide a semi-quantitative measure of
protein abundance [27].

Analyzing results on the protein level, a CP-probe specifically enriched 12 of the possible 16
PKS and NRPS CP-containing enzymes found in the B. subtilis genome, including hits from
all four PKS and NRPS gene clusters. The activity based TE probe proved similarly well-
suited to the analysis of modular biosynthetic enzymes, identifying the TE-containing
termination modules of 3 out of 4 PKS/NRPS enzymes in both strains of B. subtilis, as well
as a type Il TE enzyme involved in the editing of misprimed CP domains. Comparing PKS/
NRPS enzymes identified in enriched B. subtilis samples to those identified by MudPIT of
unfractionated lysates showed that these OASIS probes provide substantial increases in the
dynamic range of analysis and allow peptides form PKS and NRPS enzymes to be sampled
by MS/MS that were not observed during whole proteome analysis. Spectral counting
analysis was also used to compare PKS/NRPS expression in two stains of B. subtilis. While
no attempt was made to correlate metabolite profile with enzyme expression, substantial
interstrain variations in PKS/NRPS expression were observed which correlated well with
gel-based analysis of enzyme abundance [23]. These analyses demonstrated the capabilities
of OASIS as a highly sensitive platform for profiling the global expression of PKS and
NRPS enzymes directly from natural product producer organisms.

The potential of OASIS as a tool for new PKS/NRPS enzyme discovery was also explored,
by analyzing the results of enrichment by CP and TE probes on the peptide level. Cross-
referencing peptides specifically enriched in multiple replicate samples by both CP-probes
and TE-probes resulted in identification of 39 peptides, eight of which (20%) originated
from PKS/NRPS terminal modules. While seemingly modest, this represented a large
enrichment relative to the abundance of other enzyme classes found in this enriched peptide
pool, and bioinformatic analysis by the error tolerant Basic Local Alignment Search Tool
MS-BLAST [28] showed PKS/NRPS peptides could be distinguished by homology from
nonspecific background peptides. While not applied in the initial study, it was suggested that
such an approach may be similarly applied to identify peptides from unsequenced
organisms, and thereby facilitate PCR probe design for the identification of novel PKS/
NRPS gene clusters.

PrISM - Profiling PKS/NRPS Through High Accuracy Mass Spectrometry

Directly concurrent with the above approach, an alternative method for proteomic profiling
of PKS and NRPS enzymes was developed by Kelleher and coworkers known as Proteomic
Interrogation of Secondary Metabolism (PrISM —Figure 4) [29e¢]. PrISM builds on advances
in the analysis of PKS and NRPS enzymes by Fourier Transform-lon Cyclotron Resonance
(FT-ICR) mass spectrometry, an excellent review of which can be found in this journal
[30e¢]. FT-ICR MS methods are characterized by their high accuracy and resolution and
have been widely applied during in vitro studies of PKS and NRPS enzymes to directly
observe mass changes corresponding to 4'-PPant bound intermediates. Such studies have
been greatly aided by the highly labile nature of the 4’-PPant posttranslational modification
during tandem mass spectrometry, which undergoes neutral or charged ejection to form a
low molecular weight PPant ejection fragment to provide a rapid diagnostic for the presence
of CP active sites and identity of CP-bound intermediates (Figure 4) [31,32¢]. To explore
whether this technology could be extended to profile PKS/NRPS enzymes in proteomic
settings, Bumpus et al. first examined proteomic extracts from three systems of increasing
complexity: i) Eschericia coli overexpressing a CP-containing NRPS, ii) Bacillus brevis
ATCC 9999, producer of the prototypical NRPS product gramicidin, and iii) Streptomyces
viridochromogenes DSM 40736, an actinomycete responsible for production of the
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herbicide phosphothricin. Unfractionated proteomes were subjected to MudPIT-like SCX/
reverse phase separation followed by tandem MS analysis using a hybrid FT-ICR ion trap
instrument. In each of these studies conventional high accuracy FT-ICR precursor ion scans
were followed by a “fast” low resolution FT-ICR scan in which the chromatographic eluent
was subjected to source-induced dissociation (resulting in PPant ejection) and selected
tandem MS on the 261.1 4'-PPant ejection fragment to confirm the presence of 4’-PPant
modified ions [32]. In each of these systems, correlating elution of 4’-PPant ions with highly
accurate FT-ICR measurement of precursor ion mass allowed identification of parent ions
that corresponded to predicted tryptic NRPS CP-active sites, validating this approach on the
proteomic level.

Not content with proof-of-concept experiments, PriSM was next applied to profile PKS/
NRPS production in environmental strains of Bacillus isolated from heat-treated soil
samples. Isolated strains were grown in nutrient broth and analyzed by SDS-PAGE for
production of high molecular weight proteins characteristic of PKS and NRPS enzymes,
leading to identification of a candidate natural product producer strain NK2018. Proteins
from NK2018 cell lysate were first separated by off-line SCX chromoatography followed by
FT-ICR tandem MS analysis, resulting in detection of a 4'-PPant precursor ion. Upon re-
analysis and subjection of this precursor ion to repeated rounds of MS (MS"), a peptide
fragmentation spectrum was generated of sufficient quality to allow sequence determination
by manual de novo interpretation, resulting in identification of the organism's type Il FAS
CP active site.

Complementary to the above CP-directed approach, simple size-based fractionation was also
utilized for enrichment of NK2018 type | PKS and NRPS enzymes on SDS PAGE gels,
followed by tryptic digest of putative high molecular weight PKS/NRPS bands and analysis
using MudPIT-like protocols. The presence of PKS/NRPS CP-active sites in these samples
was confirmed by observation of authentic PPant ejection ions. Furthermore, search of
peptide fragmentation data against the nonredundant protein database resulted in
identification of peptides mapping to known and orphan PKS/NPS gene clusters encoded by
the recently sequenced Bacillus cereus AH1134. These peptides (along with B. cereus
sequence information) were then used to design PCR primers allowing amplification and
sequencing of the corresponding PKS/NRPS gene clusters from NK2018. While the
amplified NK2018 gene clusters were found to be highly similar (>97% identity) to PKS
and NRPS enzymes encoded by B. cereus AH1134, this experiment provide an important
proof-of-concept demonstrating how proteomic analyses could be reverse-translated into
identification of PKS/NRPS gene clusters. The specific gene clusters themselves were
predicted to encode zwittermicin A, a known antibiotic, as well as an orphan natural product
of unknown structure. Having already verified expression of the orphan gene cluster by
proteomic analyses, NK2018 extracts were analyzed to determine the structure of the
encoded compound. A powerful combination of bioinformatics, high accuracy MS, and de
novo spectral interpretation allowed discovery of a novel cyclic lipoheptapeptide, providing
the first complete characterization of an orphan PKS-NRPS pathway by purely MS-centric
methodology.

Comparison of OASIS and PrISM Methods

OASIS and PrISM methods represent innovative and complementary methods in many
ways. Foremost among the differences between the two methods is the choice of the MS
instrumentation. Tandem MS during OASIS analyses is performed using a conventional
linear ion trap for mass analysis, while PriISM utilizes a more recently developed hybrid
instrument, in which a FT-ICR and linear ion trap mass analyzer are applied in parallel to
allow for highly accurate determination of precursor ion mass (FT-ICR) followed by unit
resolution of tandem MS data. The advantages of conventional linear ion trap instruments
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are their relative accessibility (for example, in proteomics core facilities) and comparatively
fast cycle times, which maximize the sampling of enriched peptides during shotgun
proteomics. However, hybrid FT-ICR instruments determine the mass of precursor ions
during MS? with much higher resolution (>> 50,000 for FT-ICR compared to ~ 1000 for
linear ion trap) and mass accuracy (<10 ppm compared to 50-200 ppm), allowing for more
stringent search parameters to be employed during database analysis. This latter advantage
proved valuable during PrISM analysis of the unsequenced NK2018 proteome, as the high
mass accuracy of the FT-ICR instrument allowed database search to be performed utilizing a
precursor ion search tolerance of +/- 0.01 Da compared to the more standard +/- 1.5 Da
employed during search of ion trap data. By immediately eliminating a large proportion of
database peptides from comparison based on precursor ion mass, FT-ICR instruments
greatly reduce the computational cost of database searches. This lowers the computational
cost of searching extremely large databases (e.g. the entire nonredundant protein database),
and thus can aid PKS/NRPS peptide identification in unsequenced organisms. In contrast,
the more efficient peptide sampling provided by conventional ion trap instruments may
prove preferable for proteomic studies aimed at strain optimization in sequenced organisms.

These comparisons also highlight advantages which may be gained by merging aspects of
the two approaches. For example, the increased dynamic range provided by OASIS probes
may prove especially useful in offsetting the reduced sampling efficiency of FT-ICR
instruments. Similarly, size-based fractionation limits PrISM to the analysis of high
molecular weight type | PKS/NRPS proteins. The disadvantages of this approach are evident
when considering the drastic effect a single unanticipated post-lysis proteolytic event can
have on the migration of a type | PKS/NRPS megasynthase on SDS-PAGE, potentially
shifting the molecular weight of a 150 kDa species to 75 Da. OASIS probes are resilient to
such degradation and have the potential to detect PKS/NRPS proteins of diverse
architechtures. However, the development of OASIS active site probes is time and labor
intensive and requires moderate synthetic expertise. Therefore the continued collaboration of
organic chemistry and systems biology will be of utmost importance to the development of
new methods.

Future directions and challenges

De Novo Sequencing of PKS/NRPS Peptides from Unsequenced Organisms

In speculating on the potential of proteomics to facilitate discovery of novel natural product
biosynthetic pathways from unsequenced organisms, it is important to note that neither
OASIS nor PrISM approaches have yet demonstrated true utility in de novo identification of
PKS/NRPS peptides from such entities. This is because both methods utilize database
searching, in which tandem MS spectra are not interpreted but rather matched to a finite
database of predicted tryptic peptides [16]. Database searching biases proteomic discovery
towards PKS/NRPS enzymes homologous to those found in sequenced organisms, as
evidenced by PriSM's discovery of two gene clusters nearly identical to PKS/NRPS found in
B. cereus.

However, despite the limitations imposed by database searching, continuing experimental
and bioinformatics innovations offer a number of potential routes forwards. One is through
the further development of automated de novo sequencing algorithms for analysis of MS/
MS data [33]. While de novo sequencing has a high error rate, incorporation of BLAST
homology searching can lead to the identification of novel peptides [34]. Importantly, such
approaches could be aided by the application of OASIS probes with validated specificities
(whose known reactivity lends credence to homology based identifications) as well as
through the application of high accuracy mass spectrometry (PriSM) [35]. Another potential
approach to identification of novel PKS/NRPS enzymes is through detection and manual de
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novo sequencing of 4’-PPant peptides, as demonstrated during PrISm identification of the
NK2018 FAS ACP active site. This method circumvents homology-based identification
entirely by relying on experimental observation of 4’-PPant ejection to assign PKS/NRPS/
FAS biogenesis. In addition to fragmentation-based approaches, recent work has focused on
development of bioinformatic methods to detecting distinct PPant signatures from MS/MS
spectra through the use of support vector machines [36]. Integrating bioinformatic and
experimental methods for 4’-PPant peptide identification promises to further strengthen
approaches to proteomic identification of PKS/NRPS enzymes from novel systems.

Development of New OASIS Probes

The OASIS technique has shown the ability to be improved for sensitivity by two means: 1)
increase the number of MudPIT runs collected, and 2) increasing the number of orthogonal
domains selected for probe labeling and pull-down. Since an average MudPIT run requires
12 hours of instrument time, option #1 offers limited scalability. Therefore, the most
effective means of improving sensitivity is to develop new OASIS probes for modular
synthases. The prospect exists to develop probes specific for many of the existent domains
within modular synthases (Figure 1), offering significant sensitivity advances with each
additional probe [37,38]. In addition to these canonical PKS/NRPS activities, another
opportunity lies in the development of probes designed to capture specific enzyme activities
predicted to be associated with a given biosynthetic pathways. For example, the biosynthetic
pathways for dinoflagellate polyether polyketides are currently unknown but are predicted to
utilize enzyme catalyzed Favorskii-like chemistry during polyether biosynthesis [39]. Could
specific probes be designed to target these enzymatic steps? Here probe design is limited
only by the synthetic chemist's ingenuity.

Conclusions

The proteomic analysis of natural product biosynthesis is a rapidly evolving field epitomized
by the complimentary OASIS and PrISM methods, which combine novel enrichment tools
developed through years of mechanistic and enzymological characterization with advanced
mass spectroscopic data collection and analysis. These technological improvements will
enable and accelerate new discoveries in the natural products arena, ranging from drug
discovery to pathway engineering.
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Figure 1.

PKS and NRPS modular biosynthetic pathways. a) Deoxyerythronolide B synthase (DEBS),
the type | modular PKS responsible for 6-deoxyerythronolide production. PKS-mediated
condensation of propionyl-CoA and methylmalonyl-CoA monomers followed by reduction
and macrocyclization produces the final natural product. Three proteins, DEBS1-3 produce
the erythromycin aglycone precursor. b) Tyrocidine A synthase, the modular NRPS
responsible for tyrocidine production. NRPS-mediated epimerization and condensation of
ten amino acids, followed by macrocyclization, affords the final natural product. Modules
are indicated with grey bars, and exemplary domains are listed to the right of each synthase.
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Figure 2.

Enrichment of modular synthases for mass spectroscopy. Modular synthases may be
enriched by size (PrISM) or by activity based labeling (OASIS). Conserved active site
chemistries provide a target for tight-binding or irreversible inhibitors that can be used to
isolate these enzymes from complex proteomic mixtures. Thioesterase (TE) domains can be
targeted by fluorophosphonate-based probes, while posttranslational modification of carrier
protein (CP) domains allows their isolation via metabolic delivery of pantetheine analogs.
The high molecular weight of type | modular synthases allows PKS and NRPS enzymes to
be distinguished by size fractionation methods such as gel-electrophoresis.
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Figure 3.

Orthogonal Active Site Identification System (OASIS) for proteomic identification and
study of PKS and NRPS enzymes. Natural product producer proteomes are enriched with
domain-specific probes (RG = protein reactive group), followed by MudPIT MS analysis.
The collection of multiple datasets using orthogonal probes allows specific identification of
modular biosynthetic enzymes, which contain multiple active sites on a single polypeptide.
The application of orthogonal probes can also be used to facilitate study of specific subsets
of natural product biosynthetic enzymes.
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Figure 4.

Proteomic Investgation of Secondary Metabolism (PrISM). a) Pseudo-MS3 method for
detecting CP active site peptides. Peptides undergo neutral or charged loss of the 4’-PPant
modification via pantetheine ejection during tandem MS. The identity of the pantetheine
moiety is confirmed by a further round of disassociation (MS3), which yields a characteristic
fragmentation pattern. b) PrISM proteomic workflow utilized to identify PKS/NRPS
peptides in NK2018. Tryptic digests of gel-fractionated high molecular weight proteins are
systematically interrogated by FT-ICR LC-MS/MS. Spectra are searched against the non-
redundant protein database (derived from the predicted open reading frames of sequenced
organisms). Sequence information is obtained for PKS/NRPS peptides sharing high identity
to peptides found in the database, and used to design custom PCR probes and facilitate
discovery of biosynthetic gene clusters. ¢) Characteristic structure of lipoheptapeptides
discovered by PrISM. “R” denotes position of the fatty acyl chain.
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