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Summary of Recent Advances
Two important classes of natural products are made by non-ribosomal peptide synthetases (NRPSs)
and polyketide synthases (PKSs). With most biosynthetic intermediates covalently tethered during
biogenesis, protein mass spectrometry (MS) has proven invaluable for their interrogation. New mass
spectrometric assay formats (such as selective cofactor ejection and proteomics-style LC-MS) are
showcased here in the context of functional insights into new breeds of NRPS/PKS enzymes,
including the first characterization of an “iterative” PKS, the biosynthesis of the enediyne antitumor
antibiotics, the study of a new strategy for PKS-initiation via a GNAT-like mechanism, and the
analysis of branching strategies in so-called “AT-less” NRPS/PKS hybrid systems. The future of MS
analysis of NRPS and PKS biosynthetic pathways lies in adoption and development of methods that
continue bridging enzymology with proteomics as both fields continue their post-genomic
acceleration.

Introduction
Many important bioactive and commercially valuable natural products are synthesized by non-
ribosomal peptide synthetases (NRPSs) and polyketide synthases (PKSs). NRPS and PKS
natural products represent an extreme amount of functional and structural diversity; this
combined with the 10,000 – 700,000 MW polypeptides involved make precise characterization
of their biosynthesis an arduous process. Protein mass spectrometry presents a growing set of
new tools for the analysis of these biosynthetic systems, and continues to evolve as an
invaluable platform for functional studies of NRPS and PKS characterization. Building on past
reviews [1••,2], we focus here on the most recent developments in MS-based interrogation of
NRPS and PKS systems with novel domains, domain organizations, and/or domain functions.

Non-ribosomal Peptide Synthetases and Polyketide Synthases
Biosynthetic processes carried out by NRPSs and PKSs have been extensively reviewed
elsewhere [3••–5]. Briefly, NRPSs and PKSs are often >>100 kDa, multi-modular enzymes
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that contain a great variety of individual catalytic domains (e.g., the gramicidin S biosynthetic
system shown in Figure 1). Each module is responsible for incorporation of one building block
into the natural product in an assembly line fashion, with NRPs composed of amino acid
monomer units and PKs built from malonyl monomer units. A module can be further broken
down into domains, with each responsible for one biochemical transformation to the growing
natural product. Domains responsible for activation of monomer units for incorporation into
the natural product, transfer of monomer units to carrier proteins (thiolation (T) domains), and
condensation of the growing natural product with a monomer unit control the core biosynthetic
construction of NRPs and PKs. Additionally, tailoring domains can be distributed throughout
NRPSs and PKSs, introducing diversity into NRP and PK structures.

A common feature of NRPSs and PKSs is the post-translational priming of inactive, apo T
domains by a phosphopantetheinyl transferase [6] at a conserved serine residue with
phosphopantetheine (Ppant) derived from coenzyme A (CoA) to generate active, holo enzyme
(see “covalent cofactor” label in Figure 1). Addition of Ppant results in an available sulfhydryl
group for covalent attachment of the biosynthetic intermediates, enabling the growing natural
product to remain tethered to the synthase(s) during biogenesis. This covalent nature of
biosynthesis makes NRPS and PKS biosynthetic processes ideal for analysis by large molecule
mass spectrometry, as biosynthetic events can be measured down to the millidalton as a shift
in mass to the apo T domain [7].

Using Mass Spectrometry for NRPS/PKS Analysis
Many early mass spectrometric methods for NRPS and PKS analysis were recently extensively
reviewed [1,2] and will be discussed only briefly here. Most often, the MS instrumentation of
choice uses electrospray-ionization (ESI) with Fourier-Transform Mass Spectrometry (FTMS)
[8] due to its ability to obtain high-resolution mass spectra of large peptide and protein species,
detect small mass changes, and be coupled to a variety of tandem mass spectrometry (MS2)
methods; however, several studies have seen success with other MS ionization and detection
methods [9–11]. Both Top Down [12,13] and Bottom Up [14] MS strategies are applicable to
NRPS and PKS investigations. Top Down MS analyzes intact proteins directly (no protease)
and therefore has been most often applied to stand-alone T domains (only ~10–15 kDa) [15•,
16••,17–19], although protein constructs 20–126 kDa have been studied directly [20,21]. The
use of FTMS with >50,000 resolution for most recent studies has allowed detection of
biosynthetic transformations involving small mass changes (e.g., from stable isotope labeling
experiments or the mass increase of 1 Da resulting from amine transfer catalyzed by a novel
tailoring domain in mycosubtilin biosynthesis [22]). This contrasts sharply with the resolving
power of ~1,000 provided by ion trap instruments which have been used to track
transformations involving large mass shifts (e.g., from cofactor or monomer unit loading).

Briefly, in a typical Bottom Up FTMS experiment, in vitro NRPS and PKS reactions are
conducted, followed by tryptic or cyanogen bromide digestion (Figure 2, top). The peptides
are subjected to reverse phase liquid chromatography (RPLC), and eluent fractions are
analyzed by “off-line” FTMS one-by-one for peptides of interest based on mass values of intact
peptides (Figure 2, middle left). Peptide identities are confirmed by matching fragment ions
and/or amino acid sequence information generated by MS2, and the Ppant modification
localized to the active site serine residue (Figure 2, bottom). After the peptide is confirmed to
contain the active site, loading, condensation and tailoring reactions involving mass changes
are monitored [22–28•].

During tandem mass spectrometry using so-called “low-energy” ion activation methods
(e.g., collision induced dissociation (CID) [29] or infrared multi-photon dissociation (IRMPD)
[30]), the covalently bound Ppant arm is ejected from the peptide or protein, forming two
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specific marker ions at m/z values of 261.1267 and 359.1036 [31••] for a T domain in the
holo state. These Ppant ejection products are also generated from T domains loaded with a
natural product intermediate, and the ejected ions for covalent intermediates provide a simple
way to identify the protein biosynthetic state. Ejection ions are typically less than 1 kDa and
can be measured with sub-part-per-million (ppm) mass accuracy in high resolution instruments.
Reduction of a >100 kDa protein ion to a <1 kDa Ppant ejection ion detected with low
millidalton mass accuracy in FTMS instruments often results in unambiguous assignment of
empirical formulas for covalent intermediates. Ppant ejection ions are detectable with ~0.2 Da
mass accuracy in ion trap instruments, which is often sufficient for confirmation of an expected
product. Additionally, MS3 of the ejected Ppant ion results in characteristic marker ions for
use in confirming Ppant ejection [32]. The Ppant assay has proven entirely general for any
thioester-bound species, and has greatly sped up the study of diverse systems [16,31,33–37] –
even when used in a fraction-by-fraction search for active-site peptides (Figure 2, middle left).

In an effort to streamline analysis of complicated samples in Bottom Up analysis of NRPS and
PKSs, an on-line RPLC-MS strategy has increasingly been used. Proteolytic digestions of in
vitro reactions are loaded onto an RPLC column connected in-line with a mass spectrometer,
and the LC eluent directed to the MS for fast, “on-line” analysis. Species entering the mass
spectrometer can be subjected to a variety of MS and MS2 methods, including fragmentation
in the ESI source (all ions) or after isolation of a single peptide’s ions for MS2 and the Ppant
ejection assay for active-site peptide identification and characterization – even during analysis
of highly complex mixtures of peptides (Figure 2, middle right). The observation of a Ppant
ejection ion at a specific elution time alerts one to the presence of a peptide containing the T-
domain active site, resulting in a significant reduction in the time required to identify the active-
site containing peptide of interest.

The on-line LC-FTMS platform incorporating the Ppant ejection assay has been used to study
activation and loading of a fatty acid chain in initiation of mycosubtilin biosynthesis [34], in
development of a method for characterization of lipopeptide fatty acid tailoring enzymes
[37•], and in study of the role of epimerization domains in intermodular peptide transfer [38].
Recently, the LC-Ppant assay was used to characterize an iterative PKS involved in aflatoxin
B1 biosynthesis [39•]. In this study, LC-FTMS analysis was used to determine the relative
abundances of seven acylated protein forms in the presence and absence of a product template
(PT) domain, assisting in the biochemical characterization of ring formation in aflatoxin
biosynthesis.

Recent Revelations: MS for Illuminating New Function
Application of FTMS to NRPS and PKS biosynthesis continues to increase as more
biosynthetic systems are discovered and commercially-produced high-resolution MS
instruments become available. These selected examples highlight not only the extreme
mechanistic diversity of NRPSs and PKSs, but also the wide applicability of FTMS to
characterization of covalent enzymology.

Enediyne Biosynthesis
The enediyne antitumor antibiotic C-1027 (1) [40] is a member of a family of compounds
characterized by their potent cytotoxicity and common biosynthetic pathways; eludication of
these biosynthetic steps is crucial to exploiting the therapeutic potential of these compounds.
Using FTMS, the substrate specificity of the amino-acid activating NRPS enzyme SgcC1 for
β-tyrosine was confirmed, in addition to full kinetic characterization and loading efficiency of
the enzyme (red in 1) [41]. The formation of an enzyme-bound intermediate during
incorporation of the β-tyrosine functionality was confirmed by FTMS when the peptidyl carrier
protein (an NRPS thiolation domain) SgcC2 was loaded with the β-tyrosinyl-adenylate formed

Bumpus and Kelleher Page 3

Curr Opin Chem Biol. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



by the aminomutase, SgcC4, and the adenylation domain, SgcC1 [42]. Bottom Up mass
spectrometry was employed to characterize the self-phosphopantetheinylation of SgcE, a
polyketide synthase with a domain architecture different from previously reported PKSs; SgcE
contains a phosphopantetheinylating domain within the multi-domain PKS, as opposed to all
previously reported PKSs which are serviced by a phosphopantetheinylating enzyme acting
in trans [43••]. The biosynthesis of this complex natural product involves an extremely hybrid
set of enzymes, ranging from homologues of enzymes involved in polyunsaturated fatty acid
biosynthesis [43,44] to those involved in chorismate metabolism [45]. Novel enzymology is
undoubtedly at play in this system, and it will be interesting to follow the role of FTMS in
characterization of thiotemplate intermediates involved in iterative extension and tailoring.

Branching in NRPS/PKS Systems
Different biosynthetic systems for β-branch incorporation into natural products have been
characterized by FTMS, including the incorporation of a methyl branch into bacillaene (orange
in 2) [36••] and incorporation of two non-methyl β-branches into myxovirescin [35]. In the
case of bacillaene, malonylation of the T domain AcpK by the trans-acting acyltransferase
PksC was confirmed, followed by observation of the PksF-catalyzed decarboxylation of
malonyl (Mal)-S-AcpK to acetyl (Ac)-S-AcpK; PksF shows homology to canonical
ketosynthase domains in PKS biosynthesis and carries out the expected decarboxylation, yet
lacks the active-site residue required for condensation reactions in natural product elongation.
FTMS confirmed the 3-hydroxy-3-methylglutaryl (HMG)-CoA synthase-like activity of PksG,
catalyzing the transfer of the decarboxylated substrate on AcpK to polyketide intermediates
on the two tandem T domains found in PksL(T2). Acetoacetyl (AcAc)-S-PksL(T2) was
generated and observed as a shift of 84 and 168 Da from holo enzyme, and additional mass
increases of 60 and 120 Da were observed when AcAc-S-PksL(T2) was incubated with PksG
and Ac-S-AcpK, confirming transfer from AcpK to PksL(T2) and formation of HMG-S-PksL
(T2). Characterization of the putative dehydratase PksH and decarboxylase PksI was complete
when a loss of 18 Da per T domain in PksL was observed in the presence of PksH and HMG-
S-PksL(T2) and an additional loss of 44 Da per T domain was observed with the inclusion of
PksI. The elucidation of the entire β-branch incorporation by isoprenoid-like logic exemplifies
the power of FTMS for biochemical characterization, and represents a virtual elimination of
the need for other biochemical methods for a similar study.

Determining Inter- vs. Intra-Chain Flux for Dimeric Assembly Lines
Vibriobactin (3) is a non-ribosomal peptide involved in iron acquisition in Vibrio cholerae
[46], and a portion of the NRPS responsible for vibriobactin biosynthesis, VibF, exists as a
protein dimer, with dimerization facilitated by a catalytically inactive condensation domain
[47,48]. Mass spectrometry, in combination with generation of analytical mass mutant protein
species (to distinguish between dimer partners), rapid quench methods, and kinetic analysis,
was used in biophysical characterization of inter- and intra-chain acylation activities in the
VibF dimer (purple in 3) [49•]. From the calculated abundances of acylated VibF T-domain
active-site peptides detected by FTMS in protein combinations designed to promote inter- and/
or intra-chain acyl transfer, a kinetic model of transfer was developed, revealing that while
transfer of the acyl-intermediate within a single protein chain was more rapid than between
dimer partners, there was no significant domination by either pathway. The method developed
is easily transferred to other biosynthetic systems where similar processes involving transfer
of intermediates in multimeric NRPS and PKS systems, thought to exist as megacomplexes
in vivo [50], are under investigation (Figure 4).
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Biosynthesis of Curacin A
Recently, FTMS was used to elucidate biosynthetic steps involved in biosynthesis of the
antiproliferative and cytotoxic mixed NRP/PK curacin A (4). A novel strategy for polyketide
chain initiation was characterized, a strategy similar to that used by GCN5-related N-
acetyltransferases (GNATs) [51]. Using Top Down and Bottom Up FTMS and the Ppant
ejection assay, the GNAT-like domain of CurA was confirmed to decarboxylate malonyl-CoA
and transfer the resulting acetyl substrate to an adjacent T domain. FTMS also assisted in
characterization of two enoyl-CoA hydratase-like enzymes, CurE and the N-terminal domain
of CurF [52,53••], putatively responsible for preliminary steps in generation of the curacin A
cyclopropyl group (green in 4). The successive transformations catalyzed by the CurE/CurF
enzyme pair were confirmed in vitro using full length CurE, a truncated form of CurF
containing the N-terminal domain, and the stand-alone T domain CurB. HMG-loaded CurB
(HMG-S-CurB) was generated, and incubation of HMG-S-CurB with the putative dehydratase
CurE resulted in an observed loss of 18 Da from the loaded protein species; addition of CurF
resulted in a total loss of 62 Da, confirming the decarboxylative action of CurF. The tandem
activity of these enzymes in generation of a cyclopropyl precursor exemplifies another level
of structural diversity encoded by a single enzyme family, similar to that of the branch
incorporation described previously.

Conclusions: The Future of Mass Spectrometric Analysis of NRPSs and PKSs
As more MS-based analyses of NRPS and PKS systems shift to the streamlined LC-MS
approaches, sample amounts required for analysis are reduced by at least one order-of-
magnitude for small (~1 mm) inner diameter LC columns (from as much as 200 µg in off-line
analysis to 10–50 µg for on-line LC-MS), and could be reduced at least two orders-of-
magnitude for capillary-LC methods. Multiple T-domain active-site peptides are easily
observable in a single LC-MS run, and are localized rapidly with the presence of multiple Ppant
ejection ions. Additionally, the importance of purity of the protein sample is greatly reduced
with the incorporation of the Ppant ejection assay with LC-MS platforms; this trend towards
a more proteomics-like analysis system alleviates the requirement for large amounts of pure
synthase enzyme.

From the few examples surveyed here, it is obvious that application of MS to the analysis of
NRPS and PKS processes continues to expand and improve. The discovery rate of putative
NRPS and PKS gene clusters continues to increase, and MS-based platforms are on trajectory
to easily keep pace with studies of their biosynthetic machinery. As MS methods merge with
those used in proteomics-based platforms [54], sample complexity will no longer be an issue.
With several data acquisition and reduction tools already in place for proteomics, their
application to thiotemplate systems opens the door to move beyond in vitro analysis for
eventual study of endogenous biochemical processes ongoing in native producers of high-value
natural products and their analogues.
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Figure 1.
Non-ribosomal peptide synthesis exemplified by the prototypical biosynthetic system for the
cyclic decapeptide gramicidin S in Bacillus brevis. Gramicidin S biosynthesis is catalyzed by
two NRPSs, GrsA (126 kDa) and GrsB (510 kDa). Amino acid substrates are activated by
adenylation domains (A) in an ATP-dependent fashion and loaded onto holo T domains at each
of five phosphopantetheinyl covalent-binding sites. Sequential incorporation of five amino
acids into a pentapeptide is followed by condensation of two pentapeptides and release/
cyclization of the decapeptide catalyzed by the GrsB thioesterase domain (TE). Tailoring
domain identification: E – epimerization domain that inverts the stereochemistry of
phenylalanine from L to D.
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Figure 2.
General scheme for Bottom Up FTMS analysis of in vitro NRPS/PKS reactions. (Left) “Off-
line” work flow. Peptides generated from digests of in vitro reactions are separated by off-line
RPLC and each fraction analyzed individually by FTMS for active-site peptides, which are
then characterized by MS2 and the Ppant ejection assay. (Right) “On-line” work flow. Peptide
mixtures generated from digests of in vitro reactions are separated on-line by RPLC connected
directly to the mass spectrometer, where MS2 and the Ppant ejection assay are conducted on
the LC time scale. The on-line work flow greatly speeds up analysis time (total data collection
time of ~1 h / experiment) and is more amenable to systems where less sample is available.
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Figure 3.
Structures of selected NRPS and PKS natural products discussed. Structural components of
the natural products characterized by FTMS are colored. Thiolation domains and covalent
intermediates detected are above the appropriate natural product structure.
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Figure 4.
Representation of a possible interaction in a theoretical dimeric NRPS. Some NRPSs and many
PKSs are known to exist as dimers in vitro, meaning that natural product biosynthesis can
proceed by passing intermediates along the same polypeptide chain or between polypeptide
chains in the complex. Here, an amino acid activated by An or An’ can be loaded onto either
Tn or Tn’, with a similar scenario envisioned for the amino acid activated by An+1 and An+1’.
This type of interaction can be monitored by FTMS, using methods similar to those utilized
for the study of vibriobactin biosynthesis [49].
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