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9.11.1 Introduction

The current emergence of drug resistance and higher incidence of diagnosed illnesses, such as cancer, Alzheimer’s
disease, and diabetes, coupled with an increasing world population have resulted in an increased interest in the
study of natural products and their biosynthetic machineries. More than 50% of all therapeutics have origins in
natural products with many more currently in clinical trials. The recognition that many organisms have the
metabolic capacity to produce a large number of natural products is leading to increased availability of sequenced
genomes, which is further resulting in the betterment of the instruments used to study them. There are many tools
to characterize natural products and their biosynthetic machinery including nuclear magnetic resonance (NMR),
high-performance liquid chromatography (HPLC), ultraviolet—visible spectroscopy (UV—vis), infrared (IR),
circular dichroism (CD), and various x-ray diffraction techniques (X-ray). Standing out among these common
methods 1s mass spectrometry (MS). MS has become so essential in the study of these systems that there is not a
scientific journal in the world that would accept the characterization of a new natural product in the absence of
MS data. Nevertheless, unlike NMR where new methods for the characterization of molecules are frequently
developed, the use of creative MS has been rather limited within the general biosynthetic natural product
community. MS is usually done as an afterthought; once one has already obtained activities by other means. This,
however, is changing and MS 1s moving to the forefront of many investigations. The reason for this paradigm shift
is the ever-changing landscape of modern MS tools. This chapter will emphasize how modern MS has been
utilized to uncover the hidden features of natural product biosynthesis.

The past few years have seen a substantial increase in the capacity of commercial MS instruments. These
changes are partially driven by the clinical ‘omics’ community, but are also found to be very useful in other
areas of science. Unlike in the past where promising developments in MS would take a decade or longer to
reach the general public, new developments in MS are being quickly commercialized on user-friendly
instruments. For example, the tandem mass spectrometry (MS/MS or MS”) method of electron transfer
dissociation (ETD) was originally published in 2004 and the first commercial version came out in 2005.”
ETD and its, by reactivity only, related cousin the electron capture dissociation’ represent just two of the many
recent advances in MS. The past 5 years alone have born witness to an explosion of advances in resolution,
sources acquisition speeds, data processing, and ionization sources.” '’ The current rate of development of MS
tools indicates that this chapter too will have aged by the time this review is published. Therefore, this review
will not only serve as a snapshot of widely used MS approaches in the biosynthetic investigations of natural
products, but also aims to provide a glimpse into the short- and long-term future capacities of MS in the field.

The emphasis of this review is placed on two structural classes of natural products: polyketides and
nonribosomal peptdes (NRPs). The MS of these biosynthetic pathways is most advanced and will be covered
in detail. In the following sections we will describe the current methods and applications used to study the
biosynthetic pathways of natural products and provide a glimpse into upcoming techniques. In addition, a brief
introduction to experimental design using high-end MS to study the biosynthesis of other natural metabolites,
such as ribosomally encoded pathways and cofactors, is described.

9.11.1.1 Introduction to NRPS and PKS Biosynthesis

Many important therapeutics, in use in clinics today, are biosynthesized by the nonribosomal peptide
synthetase (NRPS) and polyketde synthase (PKS) paradigm. For example, many of the antibiotics
(penicillin, cephalosporin, vancomycin, erythromycin, etc.), immunosuppressors (cyclosporine, rapamycin),
antiviral agents (luzopeptin A), antitumor agents (bleomycin), and toxins (thaxtomin) are NRPS and PKS
derived.”’** Figure 1 displays a small selection of natural products that are NRPS and PKS derived and
illustrates the diversity of molecular structures generated by these biosynthetic paradigms.

NRPS biosynthesis differs substantially from ribosomally encoded peptides. In the NRPS biosynthetic
strategy, the substrates and intermediates are covalently linked to an active site serine on the thiolation (T')
domain of an NRPS via the phosphopantetheinyl arm.”* This posttranslational event is accomplished by a
phosphopantetheinyl transferase (PPTase), which primes the active site serine with a portion of coenzyme A
(CoA) to generate the holo form of the T domain (Figure 2(b)).”* In traditional NRPS biosynthesis, amino
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Figure 1 Some examples showing the diversity of NRPS- and PKS-derived natural products.



392 Applications of Modern Mass Spectrometry Techniques in Natural Products Chemistry

(@)  Module 1

Module 2 Module 3
[ACIACIA—»[ACIACIA
SH S sH OH j:/\i/\j\:
[ACIACIA<—(ACIACIA
SH sH O_o SH 0y s JOH
H s )
HNT R
R, O © ’
NH HN — O N R
OiH(Rz j
N
R, Y HNT R,
®© PPt 0 0
ase
O\R/OM s =
OH  Coenzyme A B N N SH
OH OH
(c) Module 1 Module 2
(ATKSIATKRIDHIER ——[AlTKlsIAlTKRIDHIER
[ I |
OH & SH OH & OH 0,0

SHO_O OH
SH SH

o o1, 4 |
OH OH
[A[TK|SIA|TKRIDHIER<—(ATKSIAT),KRIDHIER
OH SH OH OH OH SH OH
073 0.S 0.S

Eol Lo 1?0

OH OH
(A[TKlsIAlTKRIDHIER—>(ATKSIAT
OH o\\rs OH '

KRIDHIER
OH OH SH OH OH
HS 0.S 0.S
\/Ifo po l
OH
[AITKlsIAITKRIDHIER TE

OH

<—{AT] ks | AT |T) KRIDHIER
[ | [
OH SH OH OH
OH Z. sH ogs OH n H
q | Con
(AT Y ks [ AT JT kR [ DH [ ER JTE)
| | |
OH & SH

0 OH
OH OH — ~
oﬁ H
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acids are activated by adenosine triphosphate (ATP). Activation is achieved by the formation of an adenylated
carboxylate of an amino acid that is encoded by the first adenylation (A) domain (Figure 2(a)).”” The activated
amino acid then undergoes nucleophilic displacement by the thiol terminus of the phosphopantetheine (PPant)
arm tethered to the first T domain. During the elongation step, the resulting aminoacyl-enzyme is then
condensed with a second acyl-enzyme species on a downstream carrier domain to form a linear peptide, in a
reaction catalyzed by a condensation (C) domain. Further modifications often take place while the amino acid
or the growing peptide is still attached to a carrier domain (e.g.,, oxidation, chlorination, or other types of
modifications).”® Finally, the mature peptide is released from the last carrier domain via cyclization or removed
by a termination domain.”” The most common off-loading domain is a thioesterase (TE),”® although other
termination domains exist. While there are currently 22 known ribosomally encoded amino acids, there are
hundreds of nonribosomally encoded amino acids expanding the array of structures (and therefore pharmaco-
logically active compounds) that can be generated via the NRPS paradigm.”’

Just like NRPS biosynthesis, polyketide biosynthesis often takes place on multidomain megasynthases.”’
PKSs also carry their substrates and intermediates on T domains, also referred to as acyl carrier proteins
(ACPs). The substrates in PKS biosynthesis are not amino acids or free carboxylic acids as it is observed with
NRPS systems, but rather they are CoA-activated carboxylic acids. The most common substrate for poly-
ketide biosynthesis is malonyl-CoA. In order to divert a small subfraction of the cellular pool of malonyl-
CoA, PKSs activate the malonyl by a nucleophilic attack of the active site serine from the acyltransferase
(AT) domain forming a covalent oxo-ester linkage (Figure 2(c)). Subsequently, a transacylation takes place
onto the T domain linking the malonyl to the thiol of the phosphopantetheinyl functionality via a thioester
bond. While the malonyl is still attached to the T domain, it is decarboxylated by the ketosynthase (KS)
domain before a second transacylation takes place to the active site cysteine of the KS domain generating an
acetyl-S-KS intermediate, something that to date is very hard to capture directly by MS. At this point, a
second malonyl group is loaded onto the upstream T' domain, a reaction again catalyzed by an AT domain. As
the KS domain decarboxylates the second malonyl, a Claisen condensation takes place with the acetyl group
on the KS domain forming acetoacetate, the first unit in an elongating polyketide. Like NRPS biosynthetic
pathways, PKS biosynthesis can incorporate a variety of tailoring reactions.”’ Tailoring reactions such as
chlorination, oxidation, and cyclization may be observed.”*** By far the most common tailoring steps in PKS
biosynthesis are ketoreduction, dehydration, and enoyl-reductions. Ketoreduction is catalyzed by the ketor-
eductase (KR) domain and uses the cofactor nicotinamide adenine dinucleotide (phosphate) hydride
(NAD(P)H) to convert the 3-carbonyl to an alcohol. This same alcohol can be dehydrated by a dehydratase
(DH) domain. The DH domain catalyzes the deprotonation of the a-proton and protonates the leaving
hydroxyl group in an o,B-unsaturated thioester. This thioester can then be further reduced to a completely
saturated bond by the enoylreductase (ER). This reaction utilizes the cofactor NAD(P)H as required in the
ketoreduction.

While there are many natural products that are either NRPS or PKS derived, there are multidomain
megasynthases that contain both NRPS and PKS biosynthetic features. Examples of such biosynthetic motifs
are epothilone, jamaicamide, and the endiyne C-1027.""""> At NRPS-PKS interfaces in these systems, the
condensation of malonyl takes place with an amino acid that was activated by an A domain. Alternatively, an
amino acid loaded on a T domain condenses with an elongating polyketide. Since the substrates and
intermediates in NRPS, PKS, or hybrid NRPS/PKS biosynthesis introduce mass changes on T domains,
they are ideal candidates for investigation by MS.

9.11.1.2 New Tools in the Characterization of Multidomain
and Phosphopantetheinylated Proteins

For many vyears, it was very difficult to study multidomain, posttranslationally, or transiently modified
proteins. These studies required several years of efforts by MS experts. But as instrumentation improved it
has enabled additional investigators to carry out this type of research. Many proteins, in particular NRPS
and PKS, are of substantial size. Some of the largest single open reading frames are responsible for the
generation of mega dalton polypeptides. An example of this are the 2.5 MDa NRPSs of the syringomycin
pathway and the megasynthase of the biosynthetic pathway of an 18-mer peptaibol.’®’” In the majority of
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cases, it is not possible to look at intact proteins of this size, so they must be digested before the active
sites can be analyzed in terms of tethered biosynthetic substrates and intermediates. However, when these
proteins are digested, the complexity increases and the active sites have to be found within a haystack of
data. Many modern proteomic programs such as InSpecT, Sequest, OMSSA, Spectumill, Mascott, and
MassLynx fail to find these active site peptides or domains of posttranslationally modified megasynthases
from complete or limited digests.”** There are three main reasons for this: (1) Despite the surge in the
development of proteomic platforms for the analysis of digested proteins, all proteomic programs have a
difficult time identifying ions based on the fragmentation data of parent ion that have charges that are
greater than 4+. Most of these programs, by default, ignore 4+ ions or larger as this would increase the
number of false positives. We estimate that approximately 30% of all the data in a liquid chromatography—
mass spectrometry (LC-MS) of a complete tryptic digest would belong to these higher charges. In
addition, because of the poorer nature of 14 ion fragmentation, these too are often not identified. (2)
While many of these programs can identify nonlabile modifications, they have to be ‘trained’ for labile
modifications should it be possible to find them at all. For example, most of these programs have a specific
scoring function for the analysis of phosphopeptides and none of these programs have a scoring function
for labile modifications such as the phosphopantetheinylation found on fatty acid synthase (FAS), NRPS,
and PKS multidomain proteins. (3) For a given LC-MS/MS or MS” run for a digest, we typically obtain
10000-20 000 MS/MS or MS” spectra, yet on a good run only 20003000 MS/MS or MS® spectra are
annotated. This begs the question what the remaining spectra are and clearly indicate that we are not yet
identifying everything we can from the data. Thus there is an enormous opportunity for the development
of programs that can capture the remaining uncharacterized spectra, including 4+ or greater charge ions or
ions with different labile modifications.

Even though automated programs to facilitate the analysis of these large multidomain proteins involved in
the biosynthesis of natural products do not exist, it has become possible to investigate such systems by MS. After
a short protease digestion, most of the active sites are often 5-20 kDa. It is not yet reasonable to map the active
sites by MS/MS or MS” data as it is done in proteomic investigations."’ However, with the emergence of high-
resolution instruments that have routine mass accuracies within 10 ppm, it became possible to find the active
sites by the intact mass of the peptides alone giving rise to a manageable number of false positive matches. Any
false match is eliminated by MS/MS or MS’. When one performs MS/MSor MS’, many fragment ions are
detected that should match up to expected fragments for the active sites. The false positive active sites matches
are eliminated on the basis that their fragments will not match up to the sequence of the active site, while all of
the true positive candidate fragments match quite well. In 1999, Kelleher and coworkers were the first to
recognize the usefulness of Fourier transform—ion cyclotron resonance—mass spectrometry (FT-ICR-MS)
resolution and mass accuracy for the investigations of multidomain NRPS proteins.*' At that time, FT-ICR—
MS instruments were the only instruments with this degree of mass accuracy and the best of these instruments
were custom built and not readily available to the general public. As instrumentation and the development of
efficient strategies to analyze multidomain NRPS/PKS proteins are advancing, more and more laboratories can
carry out these types of investigations, including laboratories that only have access to low-resolution instru-
ments."”*® In the following sections, we describe the current and new MS approaches to analyze some of these
biosynthetic pathways since a 2006 review on this topic."’

There are several key advances that have been in use since 2006 for the investigations of NRPS and PKS
proteins: (1) The use of larger-sized magnets (e.g, 12 Tesla) enables active site mapping on an LC time-
54 (2) Tt was discovered that the labile posttranslational modification of T domains can be ejected during
thermal activation methods and that this ejection can be used to ‘observe’ substrates and intermediates on the
active site thiol of a phosphopantetheinyl functionality. This assay, called the phosphopantetheinyl ejection
assay (PEA), has found many uses and has been adopted by several other laboratories already.”® (3) The PEA
can also be applied to low-resolution instruments making this assay accessible to many other researchers who
work with phosphopantetheinylated proteins.**** (4) Finally, there are now instances describing other methods
for analyzing the phosphopantetheinylated proteins, such as the use of a phosphatase to remove the phop-
shopantetheinyl functionality so that it may be characterized by MS. All of these new MS capabilities are
highlighted in the next sections.

scale.
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9.11.1.3 A Brief Introduction to FT-ICR-MS

The application of FT-ICR-MS analysis to the characterization of NRPS and PKS proteins is critical as this
type of analysis has accelerated our understanding of these complex systems over the past decade. It is
important to introduce some of the fundamentals of FT-ICR-MS in order to understand the advantage of
this technique in NRPS/PKS research. It should be noted that this is not meant as an authorative review on the
subject but as a simplified introduction to the complexities of F'T-ICR-MS for a reader who has never been
exposed to this type of instrumentation. For a deeper insight, there are several very good FT-ICR-MS reviews
on the subject that should be consulted.”” " FT-ICR-MS is an image current-based detection strategy.”” ®'
This means that ions are detected by a perturbation of a current that is captured as a frequency. To accomplish
this, charged ions are introduced into a detection cell about the size of a soda can. Inside of this soda can-sized
cell, there are excitation plates on which an alternating current is applied to generate a cyclotron motion to the
charged ions. The basis of F'T-ICR—MS is this ion cyclotron motion, which arises from the interaction of an ion
with a unidirectional magnetic field. The ion experiences a force, the Lorentz force, which causes this ion to
travel in a circular orbit perpendicular to this magnetic field. The radius of the orbital motion is defined by the
magnetic field strength. While the charged ion 1s in an orbital motion it passes the detector plates where the ion
perturbs the current. This current can be very accurately measured as a time domain. The resulting time
domain (free induction decay (FID)) can be subjected to Fourier transform to obtain the frequency of the ions
undergoing the orbital motion. This frequency can then be converted to a mass measurement with Equation (1).

foe = 1)

m™m

where /.y is the cyclotron frequency, z the charge of the ion, B the magnetic field strength, and # the ion mass.
The magnetic field of the spectrometer is held constant, provided by an ultrahighly stable superconducting
magnet, and the mass-to-charge ratio of the ion (/z) is determined by measuring its fo,.. Since frequency
measurement is inherently accurate and can be measured more accurately than other physical properties,” the
FT-ICR mass spectrometer offers superb mass resolution and mass accuracy. Equation (1) also shows that by
increasing the magnet field strength, the resolving power and scan speed increase in a linear fashion.”” The
ability to collect a good FID is important for high resolution. Truncating the FID results not only in an
increased scan rate but also in a loss of fine information. This is one of the reasons why FT-ICR-MS
instruments needs very high vacuum, which is 10E™'" Torr inside the analyzer cell. Without high vacuum,
the ions collide with other ions from air or gas and the FID beads out, essentially truncating the FID. The effect
of truncation on the resulting resolution is shown in Figure 3. Many commercial instruments may not use the
wording ‘truncation of FID’ and they may simply refer to resolutions of 100000, 50000, or others. To
accomplish the different resolutions, these commercial manufacturers truncate the FID or expand the time
domain collection. How is this relevant experimentally? The larger the FID, the greater the resolution, but the
longer the scan time is for a single scan event. Thus there is a trade-off when collecting data at high resolution.
For example, if one collects data at the highest resolution a single scan can take place from seconds to minutes
per scan. This would not be optimal to use on an LC timescale. Therefore, one must weigh the importance of
scan rate versus the required resolution carefully when performing LC-MS with an FT-ICR-MS instrument.

9.11.1.4 Interpretation of FT-ICR-MS

Due to the fact that most people investigating natural product biosynthesis do not routinely use F'T-ICR-MS
in their research, the interpretation of a high-resolution mass spectrum of a protein domain is highlighted in this
section. The broadband spectrum of a freestanding thiolation protein Pks4 from the bikaverin biosynthetic
pathway is shown in Figure 4(a) as a mixture of its apo and holo form.”* This protein has a mass of 14 394 Da.
The mass range for FT-ICR-MS analysis of proteins involved in the biosynthesis of natural products must fall
between 200 and 2000 7/z. In order to enable the visualization of these ions within this standard m/z window,
ions of Pks4, or other protein domains that are larger than 2000 Da, need to be multiply charged (z), which is
experimentally accomplished by application of electrospray ionization (ESI). In the case of Pks4, we see that the
same protein has multiple charge states ranging from 15 charges on the left side of the spectrum to charge 11 on
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charge states of apo (#) and holo (*) Pks4. (b) Single charge state (11+) of Pks4 shows isotopic resolution obtained by
FT-ICR-MS analysis.

the right side of the spectrum. The mass is calculated by taking the observed m/z and multiplying this value
with the observed charge. Details on how to calculate the mass of such a protein or protein domain by manual
means are reviewed by Dorrestein and Kelleher."” Pks4 is a relatively small protein and proteins of a size
<20kDa are usually well suited for FT-ICR-MS analysis. Larger proteins pose more challenges to MS
characterization. For instance, if a protein of 100 kDa is analyzed, it is not uncommon to find between 100
and 150 charges on the protein and that the charge profile has >100 different charge states as opposed to the 5
observed for Pks4. Figure 4(b) shows an enlarged picture of a single charge state. When one zooms in on a
charge state observed in Figure 4(a), an 1sotopic profile of the ion becomes visible. This type of characteristic
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isotopic profile exists because larger proteins, or protein domains, have many carbons, nitrogens, and oxygens.
The nartural abundance of isotopes other than the monoisotopic masses (e.g., '°C, '*N, and '°0) is the reason
why an isotopic profile is observed for a protein. The main forms of isotopes that contribute to the isotopic
profile of a protein are the natural ’C and "N that are present at ~1 and 0.36%, respectively. FT-ICR-MS
has the resolving power that enables the visualization of the isotopes of proteins up to 110 kDa in mass.”’ Tt
should be noted however that, in practice, the larger the protein, the more difficult it is to get isotopic resolution
and that the theoretical maximum isotopic resolution of large multidomain proteins with higher field magnets
(>12T) has not yet been achieved experimentally.”’

9.11.1.5 LC-FT-ICR-MS Analysis of NRPS and PKS Proteins

Before 2006, all NRPS and PKS proteins were investigated via direct infusion of a protein or protein
domain that was purified offline by HPLC, or by other C,g, Cg, or C4 forms of peptide/protein purification
such as Ziptips or traps. The best results were obtained using nanospray infusion, such as an Advion
nanospray robot or similar nanospray devices. The advantage of a nanospray over direct microspray
infusion via a syringe, a commonly used infusion method, is twofold. First, nanospray creates finer droplets
than traditional forms of electrospray, making the desolvation of the droplets emitted from the spray needle
or nozzle easier, and many more ions enter into the gas phase improving the detection. Second, with just
5-10pl of a purified sample, one can analyze this sample for over an hour, sometimes up to 3h. With a
syringe infusion approach, the infusion rate is usually 2 pul min~". This is a significant limitation in situations
where one has limited sample or a low concentration sample. A single FT-ICR-MS scan may take 8-120s
depending on the selected settings, and typically, 20-200 scans are required to attain a good spectrum.
Therefore, nanospray becomes a critical component in the analytical platform for the biosynthetic inves-
tigations of NRPS and PKS systems. The reason why so many scans are required is illustrated in Figure 5.
Figure 5 shows that even when the sample ionizes well, a single scan is not sufficient for accurate data. As
shown for Pks4, it takes ~10 scans to generate an accurate isotopic profile for the protein. Many more scans
may be required if the sample’s concentration is low, does not ionize well, or contains competing ions.
Depending on the conditions, acquisition of data may take minutes to hours, and is unlike NMR where
some experiments run overnight. While dependent on many factors, in practice, for every two-fold signal-
to-noise improvement needed in order to collect the data, the data acquisition time needs to be increased
four-fold. However, as the magnet size of an FT—ICR instrument increases, the sensitivity, and therefore
the scan rate, increases compared to when the data are obtained at the same resolution on an instrument
with a smaller magnet.

NRPS/PKS active site mapping on the LC timescale 1s possible by online LC-FT-ICR-MS. While this
approach 1s still difficult to perform with a 7T magnet, the most common magnet size at this time, it
becomes routine with a 12T magnet. The challenges with online active site mapping are the inherent signal
limitation of the electrospray and the long accumulation times of FT-ICR-MS instruments. The first
online LC-FT-ICR-MS analysis of a thiolation active site was described by the Marahiel group in 2006."
In their LC trace, they were able to observe a 1097.995 Da ion that corresponded to the posttranslationally
phosphopantetheinylated form of the T domain of tyrocidine synthase B.** In addition, they were able to
observe the amino acid Phe and dipeptide Phe—Phe loaded onto the active site thiol of the phosphopan-
tetheinyl group. If the digestion had resulted in a 15 kDa protein domain containing the active site, these
data would have been most likely much more difficult to obtain on an LC timescale. Since then, the
Kelleher laboratory has built a 12T FT-ICR-MS instrument enabling routine online LC-FT-ICR-MS
analysis and detection of NRPS and PKS active sites.”>** Hopefully, instruments with such high sensitiv-
ities and with this type of resolving power will become available to others who are tackling these types of
systems for biosynthetic interrogation. Yet, as our understanding of the gas-phase fragmentation behavior of
active site-tethered substrates and intermediates advances, it may not even be necessary to have high-
resolution instruments for these types of experiments. One such advance is the PEA for the characterization
of phopshopantetheinylated proteins.”
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Figure 5 Correlation of FT-ICR-MS scan number and mass signal quality. The more MS scans are acquired (left), the higher
the signal-to-noise ratio in the corresponding mass spectrum (right).

9.11.1.6 The Phosphopantetheinyl Ejection Assay

T domains of many biosynthetic pathways are phosphopantetheinylated. The phosphopantetheinyl posttran-
slational modification of serine is in many ways a novel phosphopeptide. It has been well recognized that the
C—-O connection of the phosphodiester bond in phosphopeptides is preferentially broken when they are
subjected to thermal fragmentation methods (described in Section 9.11.1.7).~% This C-O bond is energetically
the most labile connection in such a peptide. T'wo main mechanisms are proposed for the ejection of a neutral
loss phosphate (98 Da) from a phosphopeptide and are shown in Figure 6.”°° The first mechanism results in the
end products that would be expected for a McLafferty-type rearrangement, the dehydroalanine and the
uncharged phosphate. In this mechanism the phosphate deprotonates the a-proton on the serine, ejecting the
phosphate as a neutral ion. It is not yet known if the rearrangement is a McLafferty-type homolytic
rearrangement or a heterolytic cleavage as drawn in Figure 6. The second mechanism for neutral ion loss
observed in phosphopeptides was proposed by Hunt and coworkers® in 2004. In this mechanism depicted in
Figure 6(b), a five-membered oxazoline is formed, a reaction that is promoted by the formation of protonated
phosphate in the gas phase leading to the cleavage of the C-O connection and release of phosphoric acid as a
neutral ion. The support for the understanding that both neutral loss mechanisms are operational has been
provided by isotope labeling studies, although these studies did show that the oxazoline mechanism was
favored.”® A phosphopantetheinyl serine modification has a related C~O phosphoester connection but it also
has a second C-O connection bearing the active site thiol of the T domain. These C-O linkages on the
phosphodiester are the atom connections that most readily fragment in a fashion similar to phosphopeptide
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Figure 6 The phosphopantetheinyl ejection assay (PEA). (a) McLafferty-type ejection mechanism. (b

1600

) Oxazoline ejection

mechanism. McLafferty-type ejection (c) and oxazoline ejection (d) on phosphopantetheinylated protein yield charge-
reduced protein minus water and phospho-PPant ejection ion. (e) Iminolactone PPant ejection on phosphopantetheinylated
protein yields charge-reduced phospho-apo protein and PPant ion. PEA on CouN5 fragment in broadband FT mass spectrum

(), MS? spectrum (g) shows PPant ion (261.16 m/z) and phospho-PPant ion (359.12 m/z).

neutral losses observed with phosphopeptides. In addition, these C—-O linkages will be preferentially fragmen-
ted over the fragmentation of amide linkages normally expected of peptides. While the phosphoester ejection
from a phosphopeptide results in a neutral loss, the ejection of the phosphodiester from a phosphopantethei-
nylated peptide or protein results in a loss of a charge on the peptide, resulting in the formation of the charge-

reduced apo protein minus water in the case of the McLafferty-type ejection (Figure 6(c)), the oxazoline
ejection (Figure 6(d)), and the thiazoline mechanism, or the charge-reduced apo protein plus phosphate when
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an iminolactone is ejected (Figure 6(e)).” At this time the iminolactone phosphopantetheinyl ejection appears to be
the ion that is the most abundant and therefore the most useful in the investigation of substrates and intermediates
tethered to the active site thiol of the PPant. Figures 6(f) and 6(g) show examples of phosphopantetheinyl ejection of
a peptide obtained via digestion of the T protein CouNS5 from the coumermycin biosynthetic pathway. The intact
ion corresponding to GILNSLNTAILVAH was subjected to collisionally-induced dissociation (CID) and clearly
showed all the different ejected PPant 1ons (observed 261.16 m/z and 359.12 m/z). This figure shows that these ions
are the most prevalent ones generated in this spectrum. While they are the most abundant ions in ~70% of the
phosphopantetheinylated proteins or domains investigated to date, these ejected ions are not always this abundant.
Nonetheless, the PEA is a welcome addition to the arsenal of tools used to interrogate NRPS and PKS proteins.
PEA can also be carried out to monitor time courses as shown in Figure 7. In this reaction, the condensation
of malonyl-§-PigH with pyrrolyl-S-PigG catalyzed by Pig] was directly monitored by the PEA of both of the
two T domains of PigH in a time-dependent manner and shows that changes can be monitored using PEA. This
implies that kinetic information may be obtained from monitoring the ejected ion only. However, caution
should be taken to prevent the overinterpretation of the kinetics from the observed ejected ions. While changes
in a ime-dependent manner can be observed using PEA, there are three concerns that should be considered if
one wants to obtain true kinetics using this method. First, the ejected ions may have different ionization
efficiencies. Altering the ratios of two forms of a phosphopantetheinylated protein and then analyzing this by
PEA may not respond in a linear behavior. Some of the discrepancy of what the ejected ions report is evidenced
in Figure 7, as the intact spectrum on the left of Figure 7 does not correlate with the PEA relative ratios. In
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Figure 7 Monitoring time courses by PEA. The condensation of malonyl-S-PigH with pyrrolyl-S-PigG catalyzed by PigJ is
monitored in a time course by broadband FTMS (left) and PEA (right) on the two active sites of PigH.
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addition to the differences in ionization efficiencies, the substrate is often partially eliminated from the ejected ion
as well. Therefore, the strength of the thioester of the substrate or biosynthetic intermediate will affect the ratios of
the ejected ions observed. Because PEA is usually performed on a single charge state of the protein or peptide, the
ratio of the ejected ion will vary as well, depending on the ionization efficiency of the parent ion. That change in
the ratios between ions of different charge states is directly evident from the Pks4 data in Figure 4(a). Looking at
the apo versus holo ratio of each charge state of Pks4, the ratio of apo (annotated with # in Figure 4(a)) versus the
phosphopantetheinylated form (annotated with * in Figure 4(a)) of the protein changes from 0.95 to 0.8. This
same phenomenon is observed with different substrate-loaded or biosynthetic intermediate-loaded forms of T
domains. While the ratios of different charge states will affect the ejected 1ons, the manner in which the ions are
accelerated by CID also affect the PEA ratios, especially when a small parent ion isolation window is applied.
Therefore, it is recommended that the isolation window width for CID, when multiple species are analyzed, is
greater than the isotopic profile width of any of the ions that one is interested in fragmenting. Otherwise, different
fragmentation energies are applied to the different parent ions and differential ejection can be observed. Despite
these inherent caveats, PEA has been used to provide some kinetic information’>® and follows the generally
accepted accuracy of 10~20% that can be obtained with the investigations of NRPS and PKS protein domains.”

9.11.1.7 How Is the PEA Accomplished?

PEA is accomplished using thermal activation methods. There are a large number of thermal activation
methods that could be used for this. Source fragmentation, blackbody infrared radiation dissociation (BIRD),
sustained off-resonance irradiation—collisionally activated dissociation (SORI-CAD), infrared radiation multi-
photon dissociation (IRMPD), and CID are examples of such thermal MS/MS or MS* methods.”'~’® Currently,
source fragmentation, CID, and IRMPD are the only methods that have been utilized for the PEA, and because
of this, these are the only three that are covered in this section of this chapter. Before we begin to look at how
and when one should use these methods, it is important to describe the common instrumentation configurations
used in NRPS and PKS studies. Since most of PEAs have been performed on FT-ICR-MS instruments, the
two main commercially FT-ICR-MS configurations are described in this section. In the first configuration,
after the sample is introduced, the ions pass through a heated capillary inlet to a quadrupole where ions can be
1solated and then passed on to a linear ion trap (linear I'T). The 1ons can then be detected in the ion trap but at
low resolution. Alternatively, the ions can be passed to the ICR cell and the ions can be detected with high
resolution (Figure 8). Thermo Finnigan hybrid instruments are typically configured in this fashion. In this
instrument configuration, thermal fragmentation of ions can take place by exciting the ions at the source by
increasing the voltage and colliding the ions with air. On the other hand, CID can be accomplished via
excitation of the ions in the ion trap resulting in helium gas collisions. Finally, the instrument can also be
equipped with an optional IRMPD and the ions will be fragmented directly in the cell of the instrument. Other
commercial FT-ICR instruments from Varian (formerly lonSpec) and Bruker often have a different config-
uration. Both of these instruments have a sample inlet, usually with a heated capillary, an optional ion funnel
(not depicted) to capture as many ions as possible, followed by an isolation quadrupole and an accumulation
octupole before passing the ions on to the cell of the ICR instrument. Thermal activation can be accomplished
(1) at the source via collisions with air, (2) in the accumulation octupole via collisions with helium or other inert

Common configuration A Common configuration B

A B CD A B c
\ \ ICRTagReE Sarm Ie\— \ \: ICR magnet
Sample — — P |
_ A =source E
g‘:szu':ri ol E B =quadrupole
c =quadrupole C =accumulation octupole/hexapole/quadrupole
=jon trap

D = photomultipliers, low resolution detector E=ICR cell, high-resolution detector

E =ICR cell, high-resolution detector

Figure 8 The two main FT-ICR-MS configurations that have been utilized in the investigations of NRPS and PKS systems:
LTQ-FT-ICR-MS configuration (left) and accumulation multipole FT-ICR-MS configuration (right).
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gas, and (3) inside the cell using a pulsed laser (IRMPD). Below we describe the types of experiments that can
be performed by each setup.

9.11.1.7.1 The LTQ-FT-ICR-MS configuration for PEA (common configuration A)

A hybrid instrument such as the hybrid linear trap quadrupole—Fourier transform—ion cyclotron resonance—mass
spectrometry (LTQ-FT-ICR-MS) configuration (Figure 8) allows one to perform some very interesting experi-
ments with respect to NRPS and PKS multidomain proteins. First, we can fragment at the source of the instrument,
resulting in phosphopantetheinyl ejection for any ion that enters the instrument. The advantage of this approach is
that we are not just isolating a single charge state for fragmentation but all the charge states from a protein, thereby
increasing the signal intensity of the ejected ion. The disadvantage of this approach is that one is likely to get many
more signals in the low /2 region, requiring additional confirmation of the signals observed. This confirmation can
be accomplished using substrates with stable isotopes or an additional round of fragmentation in a data-dependent
manner as done for proteomics experiments. This is of particular importance when the ejection of the PPant is
performed on low-resolution instruments as described in Section 9.11.1.8. An additional disadvantage of using source
fragmentation for PEA is that the ejected 1on cannot be correlated with the parent 1on. This 1s important when one
wants to map active sites. While source fragmentation is one of the approaches to obtain PPant ejection, the most
common approach is CID. In CID, ions of interest are accelerated and collide with gas ions (helium being the most
commonly used). During this collision, most of the kinetic energy is subsequently converted to thermal energy and if
the phosphopantetheinylated ion undergoing the collisions has enough vibrational energy amassed, which likely
requires multiple collisions it will dissociate into two 1ons. CID can be accomplished in an inert gas-filled quadrupole
or in an ion trap. In the case of a Thermo Finnigan instrument (configuration A), CID is accomplished in the linear
ion-trap portion of the instrument. Once dissociated, the fragment ions can be observed using a photomultiplier or
the ions can be passed on to the ICR cell for high-resolution analysis. Unfortunately, ion traps suffer from a major but
well-documented limitation that is defined as the 1/3rd rule (Figure 9).””"® When the activation ¢, that is, the
energy that is responsible for accelerating all of the ions to be fragmented, is raised, low m/z product ions start to lose
stable trajectories causing them to be ejected from the trap.””’® For example, when an activation g is set to 0.25 and
the parent ion is isolated at 1200 /2, one cannot observe fragment ions below 400 7/z. Some improvements in
terms of the detectability of the low /2 scanning range can be gained by lowering the activation ¢, but this change
necessitates an increase in the time for activation from 30 to 100 ms in order to obtain significant fragmentation. On
the author’s LTQ-FT-ICR-MS instrument, when ¢ 1s set to 0.2, the 1/3rd rule becomes a 1/4th rule, thereby
increasing the size of the 1ons that can be fragmented, and ultmately detected, for the PEA assay. A partial solution
for this limitation of ion traps is a related software-controlled mechanism called pulsed-Q_dissociation (PQD).
Although this is not yet available for commercial LTQ-FT-ICR-MS instruments, it is available for two-dimen-
sional linear trap quadrupoles (LT'Qs), three-dimensional linear quadrupole (LCQs), and hybrid linear trap
quadrupole-orbitraps (L'TQ-ORBIs).”** Most ion traps in existence today are not equipped with a PQD software
upgrade so that its utility is limited at this ime. While it is possible to equip an LTQ-FT-ICR-MS instrument with
IRMPD, it has not yet been applied toward PEA on such instruments.

9.11.1.7.2 The accumulation multipole setup for PEA (common configuration B)

The other common setup for FT-ICR-MS instrumentations is configuration B (Figure 8), which differs from
the ion trap configuration by having an accumulation multipole instead of a linear ion trap. Such an instrument
is also capable of PEA by conducting fragmentation at the source of the instrument. The combination of the
quadrupole-accumulation multipole setup is very useful in PEA. The advantage is that one can select out ions
of interest in the quadrupole and then accumulate ions in the accumulation octupole as shown in Figure 10(b).
The ions can then be excited for CID inside the accumulation multipole or they can be passed on to the cell of
the instrument. Inside the cell of the instrument, the isolated ions can be subjected to PEA using infrared
radiation (IRMPD). While both CID and IRMPD are thermal activation methods and the resulting fragmenta-
tion are quite similar it is not yet investigated if one results in improved PPant ejection over the other. The
advantage of CID or IRMPD on an accumulated ion signal is that the intensity of the ejected ion is much more
intense. The disadvantage is that it can take many seconds, sometimes up to 60, to collect a single scan on an
84T instrument. Therefore this configuration is typically not amenable to the LC timescale.
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Figure 9 |lllustration of the 1/3rd rule. The top panel shows multiple charge states of the phosphopantetheinylated active
site containing peptide from PKS LovB. The 16+ ion at 854.636 m/z and the 15+ ion at 911.636 m/z of the peptide were
subjected to CID. The middle panel shows that PPant ejection (261 m/z) is clearly detected in the MS/MS or MS? spectrum
resulting from CID of the 16+ ion. The bottom panel shows that PPant ejection resulting from fragmentation of the 15+ ion
cannot be detected due to limitations defined by the 1/3rd rule.

9.11.1.8 PEA on Non-ICR Instruments: Low-Resolution Phosphopantetheinyl Ejection

PEA is an important discovery in the characterization of phosphopantetheinylated proteins. It allows one to analyze
nonradioactively labeled substrates thereby making many more substrates accessible to biosynthetic studies of these
types of proteins. In addition, this approach often eliminates the need for preparing synthetic standards for
comparison of hydrolyzed thioester intermediates, which may be challenging and time consuming to accomplish.
Moreover, PEA immediately shows that the substrate or intermediate is connected to the PPant posttranslational
modification and not elsewhere on the protein. This is not possible to detect with radioactivity or any other
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Figure 10 The accumulation multipole setup for PEA. lons of interest are selected by the quadrupole (a), accumulated in the
accumulation octupole (b), isolated by SWIFT (c), and subjected to PEA by IRMPD (d,e) in the analyzer cell.



Applications of Modern Mass Spectrometry Techniques in Natural Products Chemistry 405

conventional assay used to study these types of systems. An additional advantage that PEA has over radioactive
assays 1s that it provides a mass signature and therefore unexpected intermediates can be observed. Even though
PEA 1s such a useful tool in the investigation of substrates and biosynthetic intermediates, it has not been widely used
by other investigators because it requires costly FT-ICR—MS instrumentation and highly skilled researchers to use
them. Because most MS instruments are able to perform source fragmentation, CID, or both, this method should be
readily be applicable to low-resolution instruments. Since properly calibrated low-resolution instruments have mass
accuracies well within 0.5 Da, they can be used to differentiate molecular species within 1 Da for the 1+ ejected
PPant ions, making such an instrument a very useful tool for the characterization of phosphopantetheinylated
proteins. As PEA can be applied to low-resolution instruments, it is an assay that is accessible to most researchers
studying phosphopantetheinylated proteins. The challenge of this assay is that even though the ejected 1on in the low
m/z range 1s often the most abundant one, there are other ions in this region of the spectrum. Due to these other ions
and to noisier low-resolution detectors, which are not based on image current measurement, it can be more difficult
to confirm the candidate ejected ion than anticipated. This confirmation can be carried out using labeling studies or
directly by PPant fragmentation, a new MS’ (additional fragmentation of ions generated by MS/MS or MS?)
method, if an instrument has the ability to perform MS®. When this MS® method was originally reported, detection
of 12 diagnostic ions were reported for the second round of MS/MS or MS” on the ejected ion, but there are many
more fragments with lower abundance, including an important and abundant ejected ion fragment that reports on
the substrates loaded onto the thiol of the phosphopantetheinyl functionality (Figure 11, Dorrestein, unpublished
observations).”" Thus far, the confirmation of the ejected ions has only been accomplished on an ion trap instrument
in two different modes. In the first mode, the phosphopantetheinylated protein is observed by MS, the phospho-
pantetheinylated ions are isolated in the ion trap and subsequently subjected to CID (MS/MS or MS?). Then the
ejected ion is isolated and fragmented again using CID (MS?). This will result in the diagnostic fragment pattern for
the phosphopantetheinylated peptide ejection ions. The second mode relies on the initial use of source fragmenta-
tion followed by CID on the ejected ions in the low /2 region (MS?). In this case, the method can be performed in a
data-dependent manner, as it is done for proteomic experiments, to find the characteristic phosphopantetheinyl
‘MS” signature from any of the ions that enter the instrument. The main disadvantage of the source fragmentation
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Figure 11 The PPant fragmentation method. (a) A phosphopantetheinylated protein is first subjected to the PEA and,
subsequently, the PPant ejected ion is fragmented again to yield diagnostic MS/MS or MS? peaks (b).
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method, as mentioned earlier, is that all the information of the precursor ion is lost, but it should still enable the
analysis of phosphopantetheinylated proteins on nonion trap, low-resolution instruments that have only one stage of
MS capabilities by additional confirmation of the PEA ions.

9.11.1.9 Low-Resolution Capillary LC-MS on lon Traps

To date, F'T-ICR-MS instruments are the main instruments used for PEA but they are not the best instruments
to analyze NRPS/PKS on an LC timescale because, currently, their scan rates are very long. The scan rates of
most low-resolution instruments are shorter and, therefore, much better suited for interfacing with LC. In
proteomics, it has become standard to use small-bore columns (30100 pmol 1™ inner diameter) with nanoflow
(200-500 nl min ") gradients, but this has not yet found much use in the investigations of biosynthetic path-
ways. More recently, with the ability to perform PEA, these LC-MS approaches have emerged as useful tools in
the investigation of phosphopantetheinylated peptides and proteins. The advantage of LC with a 100 pmol 1™
column as opposed to traditional 1, 2.1, or 4.6 mm HPLC columns is that it uses much less material. In the case
of a 4.6 mm column, injection of >100 pg of sample is not uncommon to attain good signals, while in the case of
a 100 pmol 17" diameter column, one typically uses 0.1—1 pg of material. This approach has recently been used
to observe the phosphopantetheinylation of a carrier domain from the hemolytic toxin pathway from
Streptococcus agalactiae and its corresponding phosphopantetheinyl ejection.”’

9.11.1.10 Mass Spectrometry of Intact NRPS and PKS Multidomain Proteins

There have only been a few reports on the MS of intact multidomain NRPS and PKS proteins.”” The NRPS
proteins GrsA and NikP1 have been analyzed by FT-ICR-MS but not with isotopic resolution. In addition, the
6-deoxyerythronolide B synthase (DEBS) PKS didomain has been investigated by MS.*” In most cases, a mass
shift can be observed upon phosphopantetheinylation or substrate loading. The main challenge with intact
NRPS and PKS protein analysis is to obtain sufficient quantities of very pure proteins. A small amount of
contamination by a small peptide or small domain will compete for the signal very efficiently, making it nearly
impossible to observe the larger ion. While the examples of GrsA, NikP1, and DEBS illustrate that it is possible
to interrogate these larger proteins, it should even be possible to analyze entire NRPS and PKS multiprotein
complexes such as the ones observed for bacillaene.*” These NRPS/PKS multiprotein complexes are similar in
size to intact viral particles or intact ribosomes that have been investigated by MS.***’ The MS of intact protein
and multiprotein complexes is an area that remains wide open for exploration.

9.11.1.11 Mass Spectrometry of Phosphopantetheinylated but Non-NRPS and Non-PKS Proteins

In many respects, the phosphopantetheinyl functionality is similar to a phosphoserine and treatments that work
with phosphorylated proteinaceous materials will often work with phosphopantetheinylated materials as well.
For instance, phosphatases are responsible for the removal of phosphates but were recently shown to remove
the phosphopantetheinyl functionality as well.** While this assay has not yet been utilized on the biosynthesis
of natural products, this assay has been applied to the investigation of the phosphopantetheinylated protein
10-formyltetrahydrofolate dehydrogenase, which is involved in the formation of formyltetrahydrofolate.*®
Donato er al. used the phosphatase assay to confirm the presence of the phosphopantetheinylation. The
characterized phosphopantetheinyl modification suggests that there may be many other phosphopantetheiny-
lated proteins that have not been identified. This assumption has recently been confirmed using a phage display
approach.”” In the study by Donato ef 4l a common matrix-assisted laser desorption /ionization—time-of-flight
(MALDI-TOF) instrument was used for analysis. One caution about their interpretation of the spectra should
be noted and it is a direct result that the experiments were performed by a novice and not an MS expert. In their
spectra, these researchers observed a mass of 360.08 Da and in their text they report that the mass of the ion
should be 358.33 Da, which is not correct. We recalculated the mass of the hydrolyzed ion and anticipate that
the mass of this hydrolyzed species should be 359.104 Da in the positive mode while in the negative mode it is
357.089 Da. In addition to the monomer unit, the authors saw a dimer with a mass of 550.60 Da where both
phosphates had been removed. According to our calculations, this dimer should have a mass of 555.252 Da for a
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1+ ion or 553.237 Da for the 1— ion, while they reported a calculated mass of 552 Da for this ion. Their measured
mass error is likely a result of poor calibration or relying on old calibration files, as most people who use MALDI-
TOF instruments in core facilities do. However, it is unclear why their calculated masses were not spot-on. In the
end, while it is important for people to realize the mass errors in this particular report if they wish to repeat the
experiments, this point of caution does not invalidate the overall conclusion provided in this paper. The MS still
supports that 10-formyltetrahydrofolate dehydrogenase is a phosphopantetheinylated protein and therefore is an
addition to the ever-expanding population of phosphopantetheinylated proteins such as the citrate synthase
glycine cleavage system T protein (Gev'T) in the glycine cleavage system of select organisms. Furthermore, this
paper described a new approach to the characterization of phosphopantetheinylated proteins by MS. It remains to
be determined if this approach is widely applicable to other phosphopantetheinylated proteins and if it can be
applied to substrate- and intermediate-loaded PPant arms, for example, of NRPS and PKS systems. The major
concern in this case is the lability of the thioester and the long phosphatase incubation times. A typical half-life of a
thioester is 200400 min~' even under stabilizing acidic conditions.™

9.11.1.12 The Development of Recognition Software for PEA on an LC Timescale

While there are many proteomics programs designed to find peptides or neutral ion losses such as phosphoric acid
from phosphopeptides, there are no programs or algorithms developed that can identfy phosphopantetheinylated
peptides. The main challenges in the annotation of phosphopantetheinylated peptides by such programs is the
observation that the ejected ions are often very abundant and, therefore, limiting to the intensity and number of normal
fragment ions typically encountered with peptides. In the case of phosphopeptides, there were enough examples
available that software could be trained to recognize such peptides.” In the case of phosphopantetheinylated proteins,
there are a limited number of such data training sets with which to train new software. In addition, phosphopantethei-
nylated peptides have two phosphoester linkages while phosphopeptides only have one, making it more likely that this
ion s ejected instead of amide cleavage. Finally, the thiol of the phosphopantetheinyl functionality 1s modified with
substrates and intermediates making it even harder to identify and find phosphopantetheinylated peptides. Such
modifications to phosphopantetheinylated peptides will need to be taken into account when conducting searches for
actve sites. Current efforts are underway to overcome some of these limitations. Once solutions to this problem are
obtained, it will become possible to study the biosynthesis of the therapeutics that are biosynthesized on phospho-
pantetheinylated proteins at their native levels using proteomic approaches.

9.11.2 Applications of Mass Spectrometry on NRPS Systems

NRPs are important bioactive and medicinally applied natural products, including compounds such as
cephalosporins, penicillins, and vancomycin. These natural products are biosynthesized by NRPSs, one of
the two thiotemplate biosynthetic machineries found in fungal and microbial secondary metabolism. As
mentioned before, two factors made NRPS characterization difficult untl the late 1990s: (1) their large size
(up to 700 kDa) and (2) their complex multimodular structure comprising a diversity of catalytic and carrier
domains. Consequently, the characterization of NRPS intermediates and substrates from enzymatic assays was
a laborious task exemplified by the dissection of the gramicidin biosynthetic system by Stein er 4.’ Herein,
multiple steps of radioactive labeling of carrier protein active sites, digests, HPLC separations, and low-
resolution mass spectrometric analysis were required to identify all biosynthetic substrates from milligram
quantities of the corresponding NRPS proteins GS1 and GS2. In 1999, Shaw-Reid ez a.*' applied electrospray
ionization Fourier transform mass spectrometry (ESI-F'TMS) to characterize enterobactin NRPS enzymology,
which simplified and accelerated the identification process of NRPS intermediates significantly. In addition,
they reduced the required protein amount to microgram quantities. Since then, MS has held its initial promise
as a key method to investigate NRP biosynthesis by the improvement of instrumentation of large molecule MS
in combination with advanced molecular biology techniques and the development of innovative MS-based
assays to study NRPS — such as the PEA™ and the substrate screening assay.”’ Many methods and investiga-
tions of NRPS biosynthetic pathways and their tailoring reactions are summarized in the comprehensive 2006
review by Dorrestein and Kelleher.*” This section will highlight the recent applications of the modern MS
approaches applied to NRPS proteins since this 2006 review and the progress that has been made since then.
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In the 2006 review, the basic experimental procedures to detect intermediates on NRPS carrier proteins are
explained and the mechanistic insights for the application of those thiotemplate systems gained by MS are
described. This section connects to this review by summarizing recent MS-based studies of nonribosomal
biosynthetic machineries from 2006 until January 2009 and emphasizes the application of the new MS methods
described in the previous section of this review. As described above and in the review by Dorrestein and
Kelleher, the major advantages of MS as an investigative tool of NRPS systems are: (1) Iz vitro substrate
identification of NRPS domains by mapping of T domain actuve sites. The direct detection of T domain-
tethered substrates and intermediates allows the investigation of substrate specificity of NRPS catalytic
domains and tailoring enzymes. (2) Parallel detection of NRPS T' domains and rapid quench methods allow
the investigation of relative T' domain occupancy by intermediates, the investigation of intermediate flux and
pseudokinetic interrogation of NRPS downstream processing. (3) Substrate screening methods allow verifica-
tion of predicted substrates and characterization of orphan NRPS gene clusters by fast substrate identification
from a complex substrate pool.

Since most current papers that are published on NRPS systems utilize some form of MS, we have divided
the application of MS methods to understand NRPS pathways into five different categories: (1) investigation of
substrate specificity in NRPS systems, (2) characterization of new NRPS enzymology and of deviations from
colinearity, (3) characterization of tailoring reactions, (4) characterization of multistage assembly line action,
and (5) time courses.

In the following sections, it is explained briefly what makes NRPS biochemistry accessible to mass spectro-
metric investigation and a new active site mapping approach for NRPS and PKS systems, the online LC-MS—
PEA assay. Subsequently, each of the above categories of MS applications in NRPS biosynthesis research is
presented based on recent research.

9.11.2.1 MS Accessibility of NRPS Systems

NRPS enzymology has been outlined in several excellent reviews.””* There are three main features of NRPS

that make these biosynthetic systems amenable for MS characterization. The first feature is that all substrates
and intermediates are covalently tethered to carrier domains. The covalent tethering of intermediates allows
their detection by isolation of the carrier protein active sites. Therefore, NRP chain elongation and tailoring
reactions along the biosynthetic pathway can be characterized by detection of corresponding mass changes of
active site-bound intermediates. Second, NRPs are usually biosynthesized along a thiotemplate with multiple
carrier domains. The timing of biosynthetic events on an NRPS assembly line can be dissected by parallel mass
spectrometric detection of those multiple carrier proteins and their covalently bound intermediates. Third,
substrates and intermediates are covalently bound on the carrier proteins as thioesters. The weakness of the
thioester C—O bond enables the cleavage of intermediates from carrier proteins as PPant species and, therefore,
enables the PEA (see Section 9.11.1.6).

9.11.2.2 Active Site Screening and PPant Ejection Assay in NRPS Investigation

One of the most important steps in NRPS characterization by MS is active site mapping, that is, isolation and
confirmation of a carrier protein active site in the mass spectrometer. Currently, there are two experimental
types of techniques to map active sites by MS — offline-LC active site mapping and online-LC active site
mapping. The general offline-LC active site mapping approach and recent techniques to accelerate active site
detection are reviewed by Dorrestein and Kelleher.”” Since 2006, online LC-MS and the PEA have been
applied to speed up active site mapping even more. The LC-MS—PEA active site mapping approach has been
used to map NRPS active sites by the Kelleher group’'”* and the Marahiel group.*”* It is generally pursued as
follows and as shown in Figure 12.

The first step is the priming of the NRPS active site and a subsequent limited tryptic digest of the protein.
The digested sample is loaded on a reverse-phase liquid chromatography (RPLC) C18 column, which is
directly connected to the inlet of an F'T' mass spectrometer. During online LC separation, the eluent is analyzed
by MS and MS” on an LC timescale. In the mass spectrometer the eluent is first analyzed by broadband Fourier
transform mass spectrometry (FTMS). Then, peaks in the resulting broadband FT mass spectrum are
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Figure 12 Active site mapping by online LC-FT-ICR-MS-PEA assay.

fragmented selectively and successively and MS® data for each mass peak are collected for a programmed
number of scans. This MS” analysis of eluting mass peaks is called data-dependent analysis because the eluent
MS? analysis is only carried out on occurring mass signals. The data-dependent fragmentation of eluting peaks
enables the PEA simultaneously. The streamline collection of MS and MS? data during the LC-MS-PEA assay
shortens the time of MS measurement for active site mapping to ~1h per experiment. The data analysis for
mapping the active site within the LC chromatogram first utilizes PPant ejection data to characterize elution
fractions that comprise active site fragments. The occurrence of the ejected PPant species 261.127 m/z and
359.104 m/z indicates that the fragmented peak within an elution fraction was phosphopantetheinylated and,
therefore, might be an eluting active site fragment. The corresponding mass of the putative active site fragment
can be determined as described by Dorrestein and Kelleher*” from the FTMS broadband spectrum and mapped
in the NRPS amino acid sequence by PAWS.”* If an active site fragment could be identified, the MS* peaks of
the identified active site fragment are analyzed with ProSight PTM”” in order to confirm the mapped sequence
by detected b- and y-ions.

Ultimately, the LC-MS—PEA acuve site mapping approach has advantages and disadvantages in compar-
ison to recent oftline-LC active site mapping approaches. Major advantages are the acceleration and
simplification by automatization of active site mapping and the substantial decrease of required protein
quantities. A disadvantage is the limited accumulation time of ions to obtain high-quality MS data and, thus,
the limited number of peaks that can be selected and fragmented during data-dependent MS” analysis. In
addition, the required instrumentation is also more expensive as the collection of the FT-ICR-MS data on an
LC umescale from a complex protein sample demands stronger magnets for faster accumulation time.
Therefore, the LC-MS—-PEA assay for active site mapping is currently ideally accomplished on a 12T
FT-ICR-MS instrument”” but it was already conducted on a 7T FT-ICR-MS instrument.’'
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Offline-LC active site mapping might stll be ideal for active site mapping of complex NRPS systems
because active site fragments can appear as low intensity peaks relative to the other coeluting ions in the FT
broadband mass spectrum and, consequently, then might not trigger data-dependent fragmentation and analysis
on the LC tmescale in the online-LC approach. In offline-LC active site mapping experiments, collected
fractions can be directly infused into the F'T-ICR-MS and data can be collected for an extended period of time
in order to increase the quality of weak peptide signals. Offline-LC approaches have gained more reliability
from the PEA that is an additional step to confirm a primed active site fragment by ejected PPant species.
Current examples of applied offline-LC active site mapping are investigations of NRPS systems of the
prodigiosin biosynthesis,”® the microcystin biosynthesis,”” and the vibrobactin biosynthesis.”

9.11.2.3 Investigation of Substrate Specificity in NRPS Systems

One of the main applications of MS in NRPS research is the investigation of NRPS substrate specificity.
Herein, MS is used for two purposes: substrate identification and determination of substrate tolerance of
different NRPS domains. Both approaches are referred to as substrate specificity assays in this section.
MS-based substrate identification is the zz vitro and iz vive characterization of the native substrates utilized
by a catalytic NRPS domain or tailoring enzyme during biosynthesis of an NRP natural product. MS-based
determination of substrate tolerance is the 7z vitro characterization of alternative substrates that a catalytic
NRPS domain or tailoring enzyme uses besides its native substrates.

Prior to MS-based substrate specificity assays, certain NRPS substrate specificities can be predicted by
bioinformatics. Adenylation domain substrates can be predicted based on their ‘10 letter code’”'* by substrate
prediction tools such as the NRPS predictor.'”" Methyltransferases can be predicted in their substrates and
methylation sites by bioinformatic analysis too.'’” In addition, substrates of catalytic NRPS domains and
tailoring enzymes can be predicted by the structure of the known NRP natural product. Either way, predicted
substrates of NRPS domains need to be experimentally verified. A traditional technique to determine substrate
specificity of an A domain is the adeonsine triphosphate—pyrophosphate (ATP—-PP;) exchange assay. The
ATP—-PP; exchange assay characterizes substrates indirectly by observing the radioactive pyrophosphate
incorporation into ATP from a reverse reaction with pyrophosphate and the acyl-adenylate of the substrate.'”’
Because the PP; exchange measures the back exchange of pyrophosphate into ATP, the determined substrate
can deviate from the true substrate as it may be only the kinetically most competent substrate of the reverse
adenylation reaction. In contrast to this assay, MS has become a more reliable tool to identify NRPS substrates
because it determines the true substrate specificity by detection of the complete adenylation reaction product,
that is, the substrate tethered on a T domain.

Before selected publications are presented, a general guideline of MS-based substrate specificity assays for
specific NRPS domains is given. This guideline emphasizes three experimental aspects of an MS-based NRPS
substrate specificity assay. First, which MS instrumentation should be applied? Second, which substrates have to
be considered for a catalytic NRPS domain or tailoring enzyme? Third, which substrate pool can be utilized to
identify a native or alternative substrate?

The applied MS instrumentation for a substrate specificity assay depends on the size of the carrier domain
construct whose active site is monitored. If multidomain constructs or T' domain constructs >20kDa are
investigated, active site mapping is required and, therefore, ESI-F'TMS instruments have to be applied because
of their established active site mapping capabilities described above. If the monitored T domain constructs are
freestanding and <20kDa, no active site mapping is required and low-resolution MS instruments can be
utilized for characterization of loaded substrates too.

Each type of catalytic NRPS domain and tailoring enzyme has characteristic substrates. Herein, a differ-
entiation can be made between biosynthetic substrates and carrier protein substrates. A biosynthetic substrate is
a building block or intermediate of the NRP natural product. For instance, an amino acid can be the
biosynthetic substrate of an A domain or an NRP intermediate can be the biosynthetic substrate of a tailoring
enzyme. A carrier protein substrate is the T domain recognized by a catalyuc NRPS domain or tailoring
enzyme for substrate loading or turnover of tethered biosynthetic substrates. In the following, biosynthetic
substrates and carrier protein substrates of A domains, C domains, tailoring enzymes, and aminoacyl trans-
ferases (Figure 13) are summarized.
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enzyme, for example, O-methyltransferase. (d) Aminoacyl transferase.

%% or fatty acids,”' biosynthetic substrates, and

one T domain for tethering their substrates on the thiotemplate. C domains have an upstream nucleophile and a

. . .ye . . 97 .
Adenylation domains utilize free amino acids, ' aryl acids,

downstream electrophile as biosynthetic substrates, and two T domain substrates: one upstream and one
downstream T domain.”*'”” Transferases, such as the aminoacyl transferase CmaE in the crotonine biosyn-
thetic pathway,'*® are similar to C domains in that they use two T domain substrates but they have only one
biosynthetic substrate tethered to the downstream T domain. Tailoring enzymes can have two forms of

52,55

biosynthetic substrates: T' domain-bound substrates or non-T domain-bound substrates. Non-T domain-

bound substrates can be free carbon acids,**'"” CoA-activated species, or the analogue of the natural product
lacking the assayed chemical modification.

MS-based substrate specificity assays that are applied to NRPS domains are mainly aimed to characterize
native and alternative biosynthetic substrates. Table 1 presents biosynthetic substrate pools for substrate
screening of catalytic NRPS domains and tailoring enzymes. Biosynthetic substrate pools are specified for
the two purposes of assaying NRPS substrate specificity as mentioned above: (a) substrate identification and (b)
determination of substrate tolerance. The biosynthetic substrate pools for each specific domain and for each

experimental purpose are explained as follows.



Table 1 Biosynthetic substrate specificity assays for different NRPS domains and tailoring enzymes: Substrate pools for two experimental purposes

Domain

Purpose of substrate
specificity assay

Biosynthetic substrate pool

References

Adenylation domain

Condensation domain/
TGH domain

Tailoring enzyme

Transferase

Substrate identification

Substrate tolerance

Substrate identification

Substrate tolerance

Substrate identification

Substrate tolerance

Substrate identification
Substrate tolerance

(1) Multiple biosynthetic substrates, e.g., algal lysate
(2) Predicted native biosynthetic substrate

(1) Multiple biosynthetic substrates excluding native substrate
(2) Single biosynthetic substrate except native substrate

Predicted native nucleophile and electrophile tethered to upstream and
downstream T domain, respectively

Nonnative nucleophile and electrophile tethered to upstream and
downstream T domain, respectively

(1) Predicted native substrate tethered to T domain

(2) Predicted native substrate

(3) NRP natural product analogue lacking predicted chemical modification

(1) Nonnative substrate tethered to T domain

(2) Nonnative substrate

(3) NRP natural product derivatives

Predicted native substrate tethered to downstream T domain
Nonnative substrate tethered to downstream T domain

91 — in vitro screening
97 —in vivo screening
104, 107, 108 - in vitro screening
97 - in vivo screening

107 —in vitro screening
97 —in vivo screening

105

93

52, 55, 105
52, 105, 109
52,105

52, 55

109

106
106
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Adenylation domains are the only domain type that can be studied by substrate screening with multiple
biosynthetic substrates in one assay. All other NRPS domains are screened for biosynthetic substrates in a
‘one-assay-one-substrate’ approach. If the investigated biosynthetic substrate is T domain bound, it has to be
tethered to a T domain substrate by a promiscuous PPTase, for example, Sfp, before the enzymatic reaction. If
it is non-T domain bound, it is incubated with the enzyme without prior loading on a carrier protein.
Biosynthetic substrate identification of A domains can be done either with a multiple substrate pool, for
example, algal lysate, or with the predicted native biosynthetic substrate only. As noted above, substrate
specificity assays are usually conducted 7 vitro, but recently, iz vivo substrate specificity assays for an A
domain were done with McyG adenylation—thiolation (A-T') didomain by coexpression with PPTase Svp in
Escherichia coli and the application of varying growth media.”” Biosynthetic substrate tolerance of A domains can
be investigated 7z vitro by incubation with a multiple substrate pool lacking the native substrate or single
substrates except the native substrate.

Biosynthetic substrate identification of C domains is pursued by tethering the predicted native nucleophile
and electrophile to the corresponding native upstream and downstream T' domains, respectively, and detection
of the condensation product on the upstream active site after the enzymatic reaction. Biosynthetic substrate
tolerance of C domains is characterized by the same approach as for substrate identification, except that
nucleophiles and electrophiles different than from the biosynthetic pathway are screened. Electrophile
biosynthetic substrate tolerance is screened with alternative electrophiles on the downstream T domain in
the presence of the native nucleophile on the upstream T' domain. Nucleophile biosynthetic substrate tolerance
is screened with alternative nucleophiles on the upstream T domain in presence of the native electrophile on
the downstream T domain.

Aminoacyl transferases can be characterized in their native biosynthetic substrate by tethering the predicted
biosynthetic substrate on the downstream T' domain and MS detection of substrate transfer to the upstream T
domain upon incubation with the transferase. Biosynthetic substrate tolerance of transferases is tested by
loading biosynthetic substrates differing from the native substrate on the downstream T domain and by the
same approach as for substrate identification.

MS-based substrate identification assays of tailoring enzymes depend on whether the biosynthetic substrate
is T domain bound or not. If the biosynthetic substrate is T' domain bound, the predicted native substrate is
loaded on the T domain and the mass change upon the tailoring reaction is detected by ESI-FTMS. If the
biosynthetic substrate is non-T domain bound, conversion of the predicted native substrate by tailoring
reaction can be detected by low-resolution MS. Biosynthetic substrate tolerance assays for tailoring enzymes
are conducted in a ‘one-assay-one-substrate’ approach like substrate identification assays but with alternative
biosynthetic substrates.

MS-based assays that are aimed to characterize the specificity of catalytic NRPS domains and tailoring
enzymes for carrier protein substrates can be done on high-resolution mass spectrometers or, for small substrate
T domains (<20kDa),'” on low-resolution mass spectrometers. For investigation of T domain substrate
tolerance, the native T domain substrates of a catalytic NRPS domain or tailoring enzyme are exchanged by
different T domains, for example, from different NRPS systems. In addition, the tolerance of T domain order can
be tested for C domains and aminoacyl transferases by reverse-ordered tethering of native biosynthetic substrates
to the native T domains and MS detection of the reaction product on the assayed upstream active site.””

Most of the latest publications on NRPS substrate specificity are focused on A domain specificity because their
substrate screening is straightforward in terms of biosynthetic substrate form (free amino acids/fatty acids/aryl
acids) and T domain substrates (one T domain). Four studies focus on substrate specificity of NRPS loading
modules of microcystin biosynthesis,”” mycosubtilin biosynthesis,”" daptomycin biosynthesis,'” and leinamycin
biosynthesis.'”™® The A domains of microcystin, mycosubtilin, and daptomycin biosynthesis initiation showed fatty
acid specificity. The initial domain from leinamycin biosynthesis has p-amino acid specificity. Another paper
presents the elucidation of aryl acid-specific AsbC adenylation enzyme from petrobactin biosynthesis.'**

The first example in which MS was utilized to determine the specificity of an A domain from an NRPS gene
cluster was published in a joint effort by the Moore and Kelleher laboratories. Hicks er 4.’ investigated the
substrate specificity of the loading module McyG of microcystin synthetase. Microcystin is a cyclic
NRPS-PKS hybrid toxin derived from various cyanobacteria genera. The initiation module McyG comprises
an A-T didomain (Figure 14(b)), which was predicted based on the ‘10 letter code’ to activate and load
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phenylacetate as a starter unit for subsequent polyketide extension and formation of the aromatic S-amino acid
(25,38,85,9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyl-4,6-decadienoic acid (Adda) within the micro-
cystin structure (Figure 14(a)). FT-ICR-MS was utilized to determine the substrate specificity of this domain.
Two McyG AT constructs were used for substrate identification — holo AT}, ., and holo AT}, ., The holo
AT, 4w construct was generated by heterologous coexpression of McyG AT with Svp PPTase and allowed
in vivo substrate screening and, subsequently, the first detection of iz vivo McyG intermediates (Figure 14(c)).
In vivo and in vitro phosphopantetheinylation of McyG A-T was confirmed by MALDI-TOF MS, which
allowed detection of intact McyG AT (>78 kDa). Nonetheless, no holo McyG AT}, ., and low holo AT, .1,
could be detected. Furthermore a posttranslational modification with a higher mass was detected on both
McyG species and was proposed as a copurified substrate bound to the McyG AT active site. This putative
substrate was characterized by electrospray ionization—Fourier transform—ion cyclotron resonance—mass spec-
trometry (ESI-FT-ICR-MS) on the mapped T active site to have a mass that corresponded to
hydrocinnamate. Subsequent hydrolysis and small-molecule MS by gas chromatography/electron impact—
mass spectrometry (GC/EI-MS) confirmed this hypothesis. This is a surprising finding because it is not clear
how hydrocinnamate could be used in the microcystin pathway. Because iz vivo feeding studies could not
confirm the expected phenylacetate substrate, specificity of McyG AT, Hicks ez 4l. also tested alternative
substrates of McyG by ATP-PP; exchange assay. Surprisingly, the AT didomain accepted a wide range of
phenylpropanoids including hydrocinnamate and was in agreement with these original findings by MS. To
follow up on these observations, the McyG AT substrate specificity was further investigated by MS methods.
In vitro substrate screening was done by hydrolysis of hydrocinnamate to free the thiol of the phosphopan-
tetheinyl arm of the purified AT by a type II thioesterase. Once the free thiol was obtained, the sample was
buffer exchanged so that the released dihydrocinnamate is removed from the reaction mixture to allow
subsequent mass spectrometric activity screens with other phenylpropanoids (Figure 14(c)). This confirmed
the substrate tolerance of McyG loading module by loading of five phenylpropanoids with different efficiencies
(Figure 14(d)). In addition, i vive substrate screening of holo McyG AT, .., was carried out. This was done
by E. coli growth in complex medium leading to the observed preference of hydrocinnamate loading. However,
supplementation of complex growth medium with excess cinnamate led to preference of cinnamate loading on
McyG AT and growth in defined media led to alternative substrate loading of 3-phenyllactate and
3-phenylalanine (Figure 14(d)). In summary, this study proved substrate tolerance of McyG for phenylpro-
panoids but not the predicted phenylacetate. This study, as well as an additional recent study that identified
that the substrate phenylalanine of GrsA copurifed with a heterologously expressed A domain, indicate that this
may not be an uncommon phenomenon in the investigations of NRPS proteins 7 vitro. In such a case, MS will
be critical to understand what is loaded onto T domains. The characterization of iz vive intermediates by MS as
introduced by Hicks ez 4/. is the first example that demonstrates the 7z vivo reconstitution of NRPS systems in
complement to MS-based iz vitro reconstitution approaches. Therefore, it is the first example that connects
in vivo substrate loading, albeit the protein is overproduced.

In a paper by Hansen er 4/’" both biochemical assays and FT-ICR-MS were utilized for characteriza-
tion of the substrate specificity for another NRPS initiation module: the loading module of mycosubtilin
biosynthesis. Mycosubtilin, a potent antifungal natural product of the iturin class of cyclic lipopeptides, is a
(B-amino fatty acid-containing octapeptide (Figure 15(a)). The initial protein of mycosubtilin biosynthesis
is MycA, which 1s predicted to comprise an acyl ligase (AL) and a T domain as a loading module
(Figure 15(b)). This didomain is called MycAl0 and is a loading module with fatty acid specificity.
Although being an AL, MycA10 is considered in this NRPS section because of its similar chemistry to
NRPS A domains and its upstream position to an NRPS assembly line. Hansen ez 4/ showed by in vitro
assays with radiolabeled decanoic acid that the AL activates its substrate by adenylation. Substrate
tolerance of the AL for fatty acids with a 10-16 carbon-comprising chain was detected by a radiolabeled
chase experiment. The loading of a fatty acid on MycA was further characterized by the online LC-MS-
PEA assay. AL-T; didomain was incubated with ATP and decanoic acid for 1.25h and subsequently
limited digested by trypsin. The digestion mixture was separated by reverse-phase high-performance liquid
chromatography (RP-HPLC) and T domain-tethered decanoic acid was detected by LC-MS and data-
dependent MS/MS or MS® of intact peptides for T domain active site mapping and by PEA
(Figure 15(c)). This was accomplished using a 4.6 mm diameter C18 column on a 7 tesla FT-ICR-MS
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instrument. This study characterized the loading module of mycosubtilin biosynthesis, MycAl10, as an A
domain by biochemical assays and confirmed a predicted fatty acid substrate specificity by ESI-FT-ICR-MS.

Another example of a substrate identification of an A domain is a study by Wittmann ez .'"’ about the
lipidation of daptomycin. Daptomycin is a clinically important semisynthetic derivative of the A21978
branched cyclic lipopeptide isolated from Strepromyces roseosporus. It comprises a 13 amino acid peptide core
coupled to a decanoic acid moiety (Figure 16(a)). Wittmann ez /. characterized the putative adenylating
enzyme DptE as a fatty acid adenosine monophosphate (AMP) ligase that activates the natural substrate
decanoic acid by adenylation and, subsequently, tethers it to the freestanding T domain DptF (Figure 16(a)).
Thiolation activity of DptF was assayed by Bodipy labeling''’ and ESI-FTMS detection of holo DptF.
Lipidation activity of DptE was characterized by detection of decanoic acid adenylation and loading on
DptF (Figure 16(b)). Substrate tolerance of the adenylation enzyme DptE for alternative biosynthetic
substrates and T domain substrates was investigated by ATP—PP; exchange assay. Herein, Wittmann ez 4/.
showed that DptE can load various fatty acid substrates on DptF but not on other T domains.

Tang er al.'® characterized the substrate specificity of the NRPS initiation module of leinamycin biosynth-
esis by ATP—PP; exchange assay and offline-HPLC electrospray ionization mass spectrometry (ESI-MS).
Leinamycin is a hybrid NRP—polyketide natural product isolated from Strepromyces atroolivacens S-140. It
comprises a D-alanine and shows potent antitumor activity. The NRPS initiation domain of leinamycin
biosynthesis consists of a freestanding A domain, LnmQ, and a freestanding T domain, LomP
(Figure 17(a)), which enabled detection of apo-, holo-, and substrate-loaded T' domain by low-resolution
ESI-MS. The MS-based substrate screening assays were conducted by testing one substrate per assay.
p-Alanine and glycine loading on LnmP was detected by ESI-MS and ATP-PP; exchange (Figure 17(b)).
Hereby, p-alanine was identified as the native A domain substrate because it resulted in a higher ATP-PP;
exchange activity by LnmQ, whereas glycine was characterized as an alternative substrate of the investigated A
domain. LnmQ_is the first known A domain with p-amino acid stereospecificity.

Finally, the characterization of adenylation enzyme AsbC within the petrobactin biosynthetic pathway by
Pfleger er al'™* is an example of an adenylation enzyme with aryl acid specificity. Although petrobactin is an
NRPS-independent siderophore from Bacillus anthracis (Figure 18(a)), it is covered in this NRPS section too,
because of the NRPS homologue enzymology of adenylation enzyme AbsC and freestanding T domain AsbD
(Figure 18(b)). The native substrate and substrate tolerance were determined by single substrate screens and
LC—ion trap MS. Therefore, the detection of AsbC specificity for aryl acid 3,4-dihydroxybenzoic acid
(3,4-DHBA) 1s another example for substrate identification by low-resolution MS in combination with the
ATP—-PP; exchange assay. AsbC substrate tolerance for multiple substituted benzoic acid derivatives could be
detected by the same approach (Figure 18(c)).

Substrate specificity of a transglutaminase homologue (TGH) domain, which is a new type of NRPS C
domain was characterized by MS application within two studies from the Walsh group.”*'"” First, Fortin e 4l.
identified the substrates of TGH domain AdmF from the andrimid biosynthetic pathway by electrospray
ionization—quadrupole—time-of-flight—mass spectrometry (ESI-Q=TOF MS). Then, Magarvey ez 4l. investi-
gated AdmF substrate tolerance by ESI-F'TMS. Andrimid is a hybrid NRP—polyketide antibiotic isolated from
various bacteria that shows nanomolar inhibition of the bacterial acetyl-CoA carboxylase. The six-module
hybrid NRPS—PKS assembly line is of interest because of six interfaces between NRPS and PKS enzymology
and a new type of amide bond forming C domain. At the first NRPS—PKS interface, an octatrienoyl group
tethered on the T domain AdmA and (S)-3-Phe tethered on the T domain Adml are condensed by TGH
AdmF to give the intermediate octatrienoyl-3-Phe-S-Adml (Figure 19(a)).

Fortin er al'” determined the native AdmF substrates by condensation product formation on the upstream
T domain of AdmF, which is Adml. The predicted electrophile was confirmed as an octatrienoyl moiety
tethered to the downstream T domain AdmA. The predicted nucleophile was confirmed as a §-phenylalanine
bound to the upstream T domain Adml. The AdmF reaction products octatrienoyl-3-Phe-S-Adml and holo
AdmA were detected by ESI-Q=TOF MS (Figure 19(a)).

In the study by Magarvey ez 4L’ substrate tolerance of multiple components of the NRPS—PKS system for
andrimid biosynthesis was studied by the application of biochemical radiolabel assays and MS assays. Magarvey
et al. characterized the stereoselective formation of (§)-3-Phe from L-Phe by aminomutase AdmH by incubation
with radiolabeled substrates and HPLC analysis. The (S)-3-Phe specificity of the downstream, freestanding A



. : H -
Decan o AME g \/\/\/\/}(N\.)J\N/ﬁ(N\.)J\N nooNOR ﬂ{go
3 :OH i H
L 2o O

SH Decanoyl-S-DptF NH OH oi o0l O
(b) Obs.+155.0 Da o )—OH
Calc.+155.2 Da

"

BN Decanoic acid Daptomycin
ATP, Mg2*
SH 30 min, 37 °C SW
holo DptF Decanoyl-S-DptF
Obs.+155.0 Da
Calc.+155.2Da

Figure 16 Lipidation of daptomycin. (a) Role of DptE and DptF in daptomycin lipidation. DptE adenylates decanoic acid and tethers it on T domain DptF for insertion into
daptomycin. (b) DptE substrate identification assay (observed and calculated mass shifts from holo DptF characterized by ESI-FTMS).



Applications of Modern Mass Spectrometry Techniques in Natural Products Chemistry 419

(@)

LnmQ LnmP
® &
E HS |
Loading module Leinamycin
Substrate Substrate
(b) screening screening
LnmP| ————— |LnmP LnmP| —————— > [LnmP
D-alanine Glycine
ATP, Mg?* 3 ATP, Mg?* ;
3H 2-5min, 30°C 3 3H 2-5min, 30°C 3
(0] O
e
NH, NH,
D-Alanine- Glycine-
S-LnmP S-LnmP
Obs.+71Da Obs.+57 Da
Calc.+71Da Calc.+57 Da

Figure 17 The loading module of leinamycin biosynthesis. (a) Loading module components (LnmQ and LnmP) of leinamycin
synthetase and leinamycin structure. (b) Substrate screening assays of LnmQ. p-Alanine and glycine loading was detected
by ESI-MS (observed and calculated mass shifts of holo LnmP).

domain AdmJ, which adenylates and loads (S)-3-Phe only on the T domain Adml, was identified by ATP-PP;
exchange assay. Thus, AdmH and Adm] are considered as specificity gatekeepers within the early stages of
andrimid biosynthesis. In addition, the substrate tolerance of TGH AdmF was characterized in terms of
nucleophile specificity, electrophile specificity, and T domain specificity. [t was shown that AdmF was specific
for the T domains AdmA and AdmlI in any order (Figure 19(b)). AdmF was characterized by MS to accept a
wide array of acyl chain donors (Figure 19(d)) and nucleophile amines (Figure 19(c)) for amide bond
formation, which shows its relaxed substrate specificity. All AdmF reaction products were identified by
broadband FTMS of T domain-tethered intermediates and PEA through the online LC-MS-PEA assay.
Therefore, AdmF was characterized as a promiscuous enzyme.

The substrate identification and determination of substrate tolerance of tailoring enzymes by MS is
exemplified by two recent studies from the Marahiel group about calcium-dependent antibiotic (CDA)
biosynthesis.**’* CDA is another nonribosomal lipopeptide, like daptomycin and mycosubtilin, with bioactivity
against multidrug-resistant pathogens. CDA comprises an 11 amino acid chain cyclized to a 10-membered ring
and it contains two characteristic functionalities — a unique 2,3-epoxyhexanoyl moiety and a 3-hydroxyaspar-
agine residue (Figure 20(a)).

In the first study, Kopp ez 4l’* investigated epoxidation enzymes within CDA biosynthesis to form the 2,3-
epoxyhexanoyl moiety. Two putative oxygenases, HxcO and HemO, were cloned, expressed, and character-
ized in terms of substrate specificity by ESI-FTMS. HxcO was predicted as an acyl-CoA dehydrogenase that
catalyzes C2—C3 bond dehydrogenation of an alkanoic acid substrate and subsequent epoxidation of the C2—-C3
double bond. HemO was predicted as a flavin-dependent monooxygenase that epoxidizes an alk-2-enoic acid
substrate. First, the substrate forms of the putative epoxidation enzymes were determined. Three forms of the
HxcO-predicted native substrate hexanoic acid were tested for epoxidation by HxcO: hexanoyl-CoA, hex-
anoyl-CDA analogue, and T' domain-bound hexanoic acid. The free substrate and natural product analogue
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were not epoxidized but the T domain tethered substrate was. For HcmO, hexenoyl-CoA and T' domain-bound
hex-2-enoic acid were assayed as HemO substrates and also only T domain-bound substrate epoxidation was
detected. Epoxidation of the hexanoyl-S-T by HxcO and epoxidation of hex-2-enoyl-S-T by HemO was
characterized by online HPLC-ESI-FTMS and PEA (Figure 20(b)). In addition, substrate tolerance of HxcO
and HemO was investigated by testing epoxidation of various T domain-bound alkanoic and alkenoic acids,
respectively. Herein, one alternative substrate was screened per assay and epoxidation of the substrates was
characterized as before. Kopp er al. showed that HxcO could epoxidize various T' domain-bound fatty acid
substrates with different chain lengths whereas HcmO showed only epoxidation of one alternative substrate
(crotonyl-S-T'), which is similar to the HcmO natural substrate (Figure 20(c)). Overall, this study is a very
good reference of MS-based substrate specificity assays for tailoring enzymes.

The second study on CDA tailoring enzymes is the substrate identification of the nonheme
Fe’" /a-ketoglutarate-dependent oxygenase AsnO, which was predicted to catalyze CA3-hydroxylation of
Asn9 side chain to yield the CDA functionality S-hydroxyasparagine. Strieker er 4.*® showed in this study
by MS that AsnO is not hydroxylating a CDA analogue lacking the corresponding hydroxyl group or a T
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domain-bound L-/D-asparagine because no +16 Da mass shifts upon hydroxylation were detected after AsnO
reactions with these putative biosynthetic substrates. Therefore, the most likely substrate was a free amino acid,
that is, L- or D-asparagine. X-ray could identify the free amino acid L-asparagine as the native AsnO substrate.

Further recent MS applications to investigate substrate specificity were the characterization of aminoacyl-
transferase CmaF in coronamic acid biosynthesis pathway'"® (Figure 21(a)). Purified CmaE transferred various
chemically differing aminoacyl groups between various T domains, which were detected by MALDI-TOF
MS, and therefore CmaE promiscuity was identified (Figure 21(b)).

The studies by Fortin ez al,'® Strieter ez al,'"® Pfleger,'”* and Tang'®® showed that it is not always necessary
to apply high-resolution MS for substrate identification on NRPS systems and for determination of their
substrate tolerance.

108

9.11.2.4 Dissection of New NRPS Enzymology and of Deviations from NRPS Colinearity

Several recent studies applied MS for mechanistic insights into new NRPS enzymology and tailoring reactions.
As mentioned earlier, a new type of thiotemplate C domain, the TGH AdmF, was predicted within the
andrimid biosynthesis. Before the described study by Magarvey er al”’ characterizing the AdmF promiscuity,
Fortin er al'” dissected amide bond formation catalyzed by AdmF applying HPLC and ESI-Q-TOF MS for
detection of condensation product octatrienoyl-3-Phe tethered on Adml T domain. In contrast to regular
NRPS C domains, the TGH C domain performs covalent catalysis by an acyl-enzyme intermediate on an
active site cysteine (C90) within a catalytic triad Cys—His—Asp (Figure 22). This mechanism of a new type of
thiotemplate C domain was dissected by radiolabeling of the acyl-AdmF intermediate and its inactivation by
site-directed mutagenesis (C90A).

In another mechanistic study of NRPS catalytic domains, Stein ez a/* differentiated epimerization (E)
domains of NRPS assembly lines into aminoacyl E domains and peptidyl E domains by monitoring
intermodular transfer. The characterized differences in intermodular transfer activity by the two types of
E domains from the tyrocidine biosynthesis (one from an initiation module and one from an elongation
module) were done by formation of the two dimodule constructs TycB, ;-AT-CATE/COM.y with the
initiation E domain of tyrocidine biosynthesis at its C-terminus and TycB, ;-AT-CAT/E..y with an
elongation E domain of tyrocidine biosynthesis at its C-terminus. For both the constructs, Phe—Phe
dipeptide formation rate was characterized by ESI-FTMS quantification of TyrB,; T; domain-loaded
intermediates. T'yrB, ; T; domain active site was mapped by preliminary fluorophore labeling, HPLC
separation, and online LC—ESI-FTMS analysis of labeled fractions. For investigation of intermodular
transfer of aminoacyl or dipeptidyl groups by E domains, a reporter construct TyrB;-CAT/TEy¢ was
formed. TyrB;-CAT could be recognized by both E domains and it monitored aminoacyl transfer by
dipeptide formation (Figure 23(a,1)) and peptidyl transfer by tripeptide formation (Figure 23(a,2)). Both
products were detected and quantified as offloaded molecules by HPLC-ESI-TOF MS after incubation of
each of the E domain constructs with the reporter construct. The E domain of the initial module showed
more activity of aminoacyl transfer to the downstream T domain and is called aminoacyl E domain. This
type of E domain causes misinitiation within an NRPS assembly line by unselective formation of a D-
amino acid and its subsequent intermodular transfer. The E domain of the TycB elongation module
showed only selective pD-Phe formation in Phe—Phe dipeptidyl intermediate and subsequent transfer of L-
Phe—p-Phe to the reporter construct. This type of E domain is called peptidyl E domain, which is a
gatekeeper for intermediate downstream processing in nonribosomal biosynthetic machineries
(Figure 23(b)). This approach by Stein e /. demonstrates how mechanistic insights can be gained through
formation of well-chosen NRPS constructs and mass spectrometric analysis.

The recent studies of Hansen er a”' and Wittmann ez al'"’ revealed a new mechanism for lipidation of
lipopeptide biosynthesis such as mycosubtilin or daptomycin biosynthesis by application of ESI-FTMS. Both
papers describe that fatty acid incorporation is catalyzed by an A domain with fatty acid specificity in the
loading module of the mycosubtilin NRPS (Figure 15) or by a preassembly line A and T domain in
daptomyecin biosynthesis (Figure 16).

In addition, Tang er al'"® characterized a new mechanism for p-amino acid incorporation into NRP chains
by NRPS, which was previously thought to happen only by epimerization of T domain-tethered L-amino acid
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substrates via “Cp domains or E domains. The initiation module of leinamycin biosynthesis comprises an A
domain that has p-alanine specificity (Figure 17) and, therefore, it constitutes a new direct mechanism of
D-amino acid incorporation.

Wenzel er al''" applied MS to investigate a deviation from NRPS colinearity in the myxochromide S
biosynthetic pathway — the first reported NRPS module skipping process. Myxochromides are lipopeptides
isolated from several myxobacteria. Myxochromides A are structurally similar lipohexapeptides produced by
Myxococcus xanthus and myxochromides S are structurally similar lipopentapeptides produced by Stigmatella
aurantiaca. Both the myxochromide types are biosynthesized by hybrid PKS/NRPS that are identical in module
and domain arrangement. Because myxochromides S contain only a five amino acid chain despite a six module
NRPS (Figure 24(a)), Wenzel e al. investigated the absence of an L-proline in myxochromides S that is
integrated by module 4 of the correlating MchC, NRPS into myxochromides A. Adenylation activity was
detected for both A4 domains from MchCs NRPS and MchCg NRPS by ATP-PP; exchange assay with a
slightly lower activity of A4 from MchC,. The T domain activity was investigated by coexpression of each T4
with PPTase MtaA in E. co/i and ESI-FTMS and MALDI-TOF MS analysis of the GST-tagged T domain
constructs. Only phosphopantetheinylation of T4 from MchC, was detected by the corresponding +340 Da
shift of the apo T domain peak. Although the GST-T domain constructs were ~35 kDa in size, no active site
mapping was necessary, which shows that very pure NRPS constructs larger than 20 kDa can be characterized
by ESI-F'TMS or MALDI-TOF MS. The lacking MchCgs T4 domain activity is due to a point mutation in the
carrier domain active site that results in the complete deactivation of the module 4 in myxochromides S
biosynthetic assembly line. Therefore, Wenzel ez al. proposed a module skipping mechanism based on the
characterized ‘loss-of-function’ point mutation in the T4 domain, which is the first skipping process described
in a multimodular NRPS (Figure 24(b)).

9.11.2.5 Characterization of Tailoring Reactions

Recently, two new tailoring reactions were analyzed using MS.”'"” Other NRP tailoring mechanisms that
have been characterized by utilization of MS and protein crystallography have been reviewed elsewhere.*”'"?

Gatto er al'"’ characterized the mechanism of L-pipecolic acid formation by cyclodeaminase RapL from
L-lysine within rapamycin biosynthesis, which is a hybrid NRP—polyketide antibiotic (Figure 25(a)). RapL was
characterized by biochemical assays to require cofactor nicotinamide adenine dinucleotide (NAD™) and an
oxidative cyclodeamination reaction mechanism corresponding to ornithine cyclodeamination was proposed
based on ESI-F'TMS analysis of RapL reaction products (Figure 25(b))

Another cyclization mechanism was investigated by Kelly ez a.”> Cyclopropane ring formation by CmaC
catalysis from a ~y-chloro-L-allo-1le intermediate within coronamic acid assembly line was characterized.
Coronamic acid 1s a fragment of coronatine, a hybrid NRP—polyketide phytotoxin (Figure 21(a)). In this
study, mechanistic insights were gained by ESI-Q-FT-ICR-MS detection of T domain CmaD tethered
intermediates of CmaC reaction. Isotopically labeled substrates at specific positions combined with the high
mass accuracy of ESI-FT-ICR-MS allowed the dissection of CmaC-catalyzed propane ring formation by
detection of 7-chloride loss (Figure 26(a)) and a-hydrogen exchange (Figure 26(b)). Therefore, a new
mechanism of cyclopropane formation was proposed in which CmaC-Zn**-mediated carbanion formation is
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followed by nucleophilic substitution of a y-Cl-leaving group (Figure 26(c)). Alternative mechanisms such as
azetidine formation were experimentally denied. Before CmaC-catalyzed cyclization, y-chloro-L-allo-1le is
transferred from CmaA T domain to CmaD T domain by predicted aminoacyl transferase CmaE. In a
subsequent study, Strieter er a/'" investigated this shuttling step within the coronamic acid biosynthesis by
application of MALDI-TOF MS. As described above, CmaE shuttling promiscuity was characterized by MS. In
addition, the reversibility of CmakE transfer within the coronamic acid biosynthesis was also detected by
MALDI-TOF MS. 1-Valine, tethered on upstream CmaD T domain, was detected after several minutes
incubation with Cmak on downstream holo CmaA T domain. This suggested reversible aminoacyl transfer by
CmakE.

A novel epoxidation tailoring reaction is described by the work of Kopp er a/’* about the formation of the
2,3-epoxyhexanoyl moiety in CDA. Online LC-ESI-FT-ICR-MS and the PEA characterized that both the
putative oxygenases HxcO and HemO of the CDA gene cluster are involved in the fatty acid epoxidation. It is
shown that HxcO catalyzes the C2—C3 dehydrogenation of hexanoyl-S-T and subsequent hexenoyl-S-T
epoxidation to yield 2,3-epoxyhexanoyl-S-T as the main product. Hexenoyl-S-T was detected as an HxcO
reaction side product. HemO utilizes only hexenoyl-S-T to give the 2,3-epoxyhexanoyl-S-T. Therefore,
Kopp et al. concluded that HxcO 1is the main fatty acid epoxidation catalyst within CDA biosynthesis and
HemO epoxidizes the hexenoyl side product of the HxcO reaction to the epoxyhexanoyl moiety
(Figure 20(b)). Interestingly, it was shown by a novel amide ligation assay with an amine enantiomer and
subsequent chiral HPLC analysis that the HxcO and HemO epoxides have opposite stereochemistry. This is an
example for a limitation of MS for characterization of biosynthetic pathways.

9.11.2.6 Characterization of Multistage Assembly Line Action

The characterization of multistage assembly line action by high-resolution MS was developed in particular on
yersiniabactin assembly line components. Five of its active sites were detected in parallel to monitor inter-
mediate downstream processing on a biosynthetic thiotemplate.*”'"?

In a recent study by Garneau-Tsodikova er al,’® the early stages of prodigiosin biosynthesis were
characterized by ESI-FTMS detection of intermediates on two active sites. Although the biosynthetic steps
could only be characterized in a single turnover fashion, it is an example for dissection of multistage
assembly line action by MS. Prodigiosin of the prodiginine class of natural products comprises three
pyrrole rings and is derived by Servatia marcescens. Each of its three pyrrole rings is proposed to be formed
by a different mechanism. In the first stages of prodigiosine biosynthesis, dipyrrole formation is proposed as
depicted in Figure 27(a). Adenylation domain Pigl adenylates and loads L-proline onto freestanding PigG
carrier protein. L-Prolyl-S-PigG is double dehydrogenated by flavoprotein desaturase PigA yielding
pyrrolyl-S-PigG intermediate. The pyrrolyl group is transferred to the Pig] active site, a ketosynthase
with a chain length factor (CLF) partner domain. The ketosynthase catalyzes decarboxylation of a malonyl
moiety to a carbanion tethered on the T active site (we changed the original notation from this paper as
ACP; to T, to reflect the notation used in this review) of the tridomain PigH and subsequent formation of
pyrrolyl-B-ketoacyl-S-PigH. PigH comprises a putative PLP-containing seryltransferase (SerT), which
catalyzes the formation of the second pyrrole ring by serine insertion. Garneau-Tsodikova er 4l could
confirm most of these biosynthetic steps by iz vitro reconstitution assays and ESI-FTMS detection of
corresponding intermediates on PigG T domain and PigH T,. On FTMS-mapped PigG active site,
tethered L-proline and L-pyrrolyl intermediates could be detected after Pigl adenylation or PigA double
dehydrogenation, respectively. In addition, simultaneous substrate loading of both PigH active sites (T and
T,) could be confirmed (Figure 27(b)). On FTMS-mapped PigH T, active site, malonyl and pyrrolyl-3-
ketoacyl intermediates were detected upon Pigl malonyl loading or Pig] Claisen condensation, respec-
tively. Serine insertion by SerT and bipyrrole formation have not been detected by ESI-FTMS yet. The
study shows the dissection of predicted NRPS—PKS assembly line action only by ESI-FTMS and
manifests its potential as a stand-alone investigative tool of biosynthetic thiotemplates. Once again, an
NRPS-PKS interface is investigated.
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9.11.2.7 Time Courses

The investigation of time courses of NRPS assembly line processing by MS was realized by semiquantitative
approaches until 2006, as highlighted by Dorrestein and Kelleher.*” The problem of obtaining true-kinetic time
courses for intermediate flux on thiotemplates is the limited complexity of peptide mixtures,which can be
analyzed by ESI-FTMS and different ionization behavior of the same active site species loaded with different
intermediates causing deviations from true intermediate quantities. So far kinetic time course experiments on
NRPS systems have been considered as pseudokinetic. An example is a study by Hicks ez 4”® in which
interchain and intrachain acylation in dimeric VibF of vibrobactin NRP biosynthesis was detected and
semiquantitative rates for both processes in presteady state were calculated. By detection of time-dependent
holo T domain decrease during L-threonine loading by VibF A domain, the relative occupancy of T domains
with L-threonyl intermediate was indirectly measured because of unsuccessful L-threonyl-S-T domain detec-
tion by ESI-FTMS. Interchain and intrachain acylation in the homodimeric VibF was investigated by
formation a of a heterodimeric construct with an inactive A domain on one chain and two T domains with
differing masses (Figure 28(b)). Acylation rates were determined by numeric modeling of time-dependent
occupancy curves of the interchain or intrachain T domains. The intrachain acylation rate was significantly
faster than the interchain rate and an equal flux of intermediates was detected for both alternative pathways
(Figure 28(c)). This was the first approach to gain pseudokinetic data of competitive pathways in a dimeric
NRPS system.
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This section highlighted recent applications of modern MS to dissect biosynthesis on NRPS systems and
NRPS-PKS interfaces by iz vitro reconstitution. MS is increasingly applied for iz vitro characterization of
gatekeeping and promiscuity of NRPS components and a first iz vivo NRP intermediate was detected by MS. In
addition, MS is a valuable method to dissect single reaction mechanisms, for example, of tailoring reactions or
to dissect multistage NRPS assembly line action. The investigation of NRPS time courses has been accom-
plished to date only in a pseudokinetic fashion. As mentioned above, several laboratories gained excess to
FTMS instrumentation since its first application to an NRPS system in 1999 by Kelleher and coworkers.*' This
trend is shown here by the presented NRPS studies. Future diversification and a wider application of FTMS
methods in an NRPS context can be expected. Additionally, several of the presented studies applied low-
resolution MS, in particular MALDI-TOF MS. These studies do not include NRPS active site mapping, which
is only possible with high-resolution MS.

9.11.2.8 Orphan Gene Cluster Characterization by Mass Spectrometry

As outlined recently,”” the ability of ESI-FTMS to characterize NRPS substrates, intermediates, and tailoring
reactions could be applied for elucidation of natural product chemistry from orphan NRPS gene clusters.
Orphan gene clusters are gene clusters with unknown natural products. Various strategies have been developed
to identify their secondary metabolites. The majority of these so-called genome mining approaches, which are
reviewed elsewhere,''" are aimed to isolate the unknown natural product. In contrast to these discovery
strategies, the 7z vitro reconstitution approach is aimed to dissect the structure of the unknown natural product
by characterization of the recombinant orphan biosynthetic enzymes. Herein, MS would complement recent
in vitro reconstitution tools and could provide the main information in the structure elucidation process by
reliable identification of substrates and chemical modifications. MS-based iz vitro reconstitution of an orphan
NRPS gene cluster could be pursued as follows and depicted as in Figure 29.

First, the functions of all orphan gene products are predicted by BLAST or other protein analysis tools.
NRPS and tailoring enzymes are differentiated. In addition, the substrates of the A domains can be predicted
from their ‘10 letter codes””'” by bioinformatic tools such as NRPS Predictor'’" although this is not a
prerequisite for the 7 vitro reconstitution approach but a routine in NRPS characterization.

Second, all A domains are expressed heterologously and screened for their native substrates by MS-based
substrate screening.”’ The substrate screening assay depends on the A domain construct: If an AT didomain or
larger construct is screened, active site mapping or PEA-based ‘top down’ analyses are required to identify the
substrates. If the A domain loads onto a freestanding T' domain, substrates can be characterized directly by the
T domain mass shift without prior active site mapping. The T domain substrate should be the pathway-specific
T domain corresponding to the A domain, biosynthetic substrates can be screened in a defined way, for
example, a specific amino acid mixture, or in a undefined way, for example, algal lysate. Substrate identification
from an A domain of an orphan gene cluster has been achieved on two A-T didomains, PksN and PksJ, from the
phsX pathway from Bacillus subtilis by Dorrestein er al”' Problems in this step can be a difficult and laborious
protein expression and A domain inactivity upon heterologous expression.

Third, based on the identified A domain substrates, NRP intermediates and a complete NRP scaffold are
synthesized by solid-phase peptide synthesis.''” These small peptides will serve as substrates to elucidate
tailoring enzymes.

Fourth, the tailoring enzymes are characterized in their substrates, their chemical modifications on the
NRP-scaffold, and their reaction mechanisms. The appropriate substrate of each tailoring enzyme has to be
identified. The substrate can be a T" domain-tethered substrate or intermediate, CoA-activated acid, or an
analogue of the complete natural product. Subsequently, the chemical modification is dissected by i vitro
tailoring reaction of the corresponding substrate or intermediate and FTMS detection of its mass shift.
Additionally, chemical modification can be localized within the NRP by FT-MS*-based structure elucidation.
Herein, the tailoring reaction substrate and product are fragmented in the mass spectrometer separately and the
NRP fragment with the chemical modification is identified by the corresponding mass shift.

Based on this MS dissection of the native substrates and chemical modifications, a related or even identical
structure of the unknown natural product can be synthesized and tested in terms of bioactivity and physiolo-
gical target. The result from the iz vitro reconstitution should be confirmed by another genome mining
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approach aimed to discover the natural product, for example, genomeisotopic approach based on the identified
substrates. The disadvantage of the MS-based 77 vitro reconstitution of orphan gene clusters is on the one hand
the laborious task of heterologous protein expression and on the other hand the requirement of high-resolution
MS, which is recommended because of its high mass accuracy and MS" features. The advantage of the approach
is that any NRPS gene cluster — silent or expressed — can be identified in its natural product chemistry.
Advances in bioinformatic prediction tools, gene synthesis, and heterologous protein expression should lay a
more rigid foundation for the role of MS as a major genome mining tool.

9.11.3 Applications of Mass Spectrometry on PKS Systems

Polyketides represent a source of numerous pharmacologically and commercially useful compounds.''® The
appeal of polyketides is that they are a structurally diverse class of compounds, yet these complex molecules
can be synthesized from much smaller, simpler acyl-CoAs. Polyketides are synthesized by large multidomain
megasynthase PKSs.”>"'” These megaenzymes efficiently carry out the addition of the acyl-CoAs to form
elongated intermediates that undergo a variety of different enzymatic tailoring steps. PKSs are classified as type
I, type 11, or type III. Type I PKSs are a single protein consisting of a linear arrangement of the various catalytic
and carrier domains. T'ype II PKSs consist of the various domains that exist as individual proteins that interact
with each other. Type III PKSs function without the use of a T" domain. In addition, polyketides can be
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classified as either being modular or iterative. Modular PKSs have multiple domains that function in an
assembly-line fashion in which the substrate is bound to a carrier protein of the first domain, undergoes
modifications, and then is transferred to a carrier protein within the next domain. The growing intermediate is
passed from one catalytic domain to the next and undergoes elongation and additional modifications at each
domain unul a full-length intermediate is released. Iterative PKSs possess only a single module consisting of a
few catalytic and carrier domains that are reused over and over during the elongation of the intermediate. The
intermediate undergoes cycles of addition and modification. Type I PKSs and type II PKSs have been the
subject of recent investigations and the fact that they possess the phosphopantetheinyl functionality on their T
domains make them suitable targets for studies involving MS. Using high-resolution F'TMS, the intermediates
of PKS biosynthetic pathways can be detected while still covalently bound to active site of the T domain via
PPant. Confirmation of the exact mass of PPant-bound intermediates can be confirmed by subsequent PEA.

9.11.3.1 Bacillaene Biosynthesis: Bacillus subtilis HMG-CoA/Trans-Enoylreductase
and «-/3-Ketoreductase

9.11.3.1.1 Orphan gene cluster pksX

The pksX gene cluster of the Bacillus subtilus encodes a hybrid PKS—NRPS that produces a previously unknown
secondary metabolite. This orphan gene cluster was found to share many similarities with gene clusters
involved in the biosynthesis of curacin, jamacamide, pederin, as well as others. Of particular interest were
several biosynthetic tailoring enzymes expressed such as a trans-acting AT (PksC). Also of interest were several
freestanding proteins, such as a T domain (AcpK), a ketosynthase (PksF), a 3-hydroxy-3-methylglutaryl
(HMG)-CoA synthase (PksG), two enoyl-CoA hydratases (PksH and Pksl), and a larger protein containing
multiple T domains (PksL, Figure 30(a)). In addition to various biochemical techniques, high-resolution MS
was applied to designate functional roles to these various proteins encoded by the pksX gene cluster. The genes
for PksC, AcpK, Pksk, PksG, PksH, Pksl, and the region of the gene encoding the pair of tandem T domains
PksL were heterologously expressed in E. ¢co/i and then purified. The AcpK protein and the tandem T domains
(PksL-T,) were phosphopantetheinylated i vivo by coexpressed Sfp.”’

Substrate loading onto AcpK and subsequent alterations to the PPant-tethered intermediate that were
hypothesized to be carried out by the array of proteins encoded by pksX were determined by FTMS. PksC,
when incubated with holo AcpK and malonyl-CoA, resulted in a +86Da shift of the AcpK protein,
corresponding to an 8.6 m/z shift of the 104+ of AcpK ion. This mass difference was consistent with the
formation of malonyl-S-AcpK. This observation, coupled with detection of a +86 Da mass shift of PksC itself
when incubated with malonyl-CoA, confirmed the malonyl-AT function of PksC. The function of PksF was
determined by incubating the protein with malonyl-S-AcpK. The resulting 44 Da loss in mass, representing
decarboxylation of malonyl-S-AcpK to acetoacetyl-S-AcpK, was detected with FTMS and helped verify the
function of PksF as that of a ketosynthase. To probe the possible function of PksG as that of an HMG-CoA
synthase (HCS), acetoacetyl-S-PksL-T2 was incubated with acetyl-S-AcpK and PksG. The addition of PksG
facilitated the formation HMG-S-PksL-T,, at one or both tandem T domain active sites, observed as a
+60 Da mass shift by FTMS. IRMPD resulted in a PPant ejection ion with a mass of 503.152 Da, 60.022 Da
larger than the mass of acetoacetyl (Acac)-loaded PPant (Figure 30(b)). The functional characterization of
PksH and PksI activity was again facilitated by high-resolution MS and confirmed by PPant ejection analysis.
HMG-5-PksL-T; was incubated first with PksH alone, then PkslI alone. On its own, PksH did not yield any
change in the PPant-tethered intermediate. Incubation of HMG-S8-PksL-T, with Pksl, on the other hand,
resulted in a loss of 18 Da representing dehydration of the intermediate. Incubation of HMG-S-PksL-T'; with
both PksH and PksI resulted in a mass shift of 62 Da. This corresponds with the dehydration (—18 Da) and
subsequent decarboxylation (—44 Da) of the HMG intermediate. These findings were further validated by
observation of mass shifts in the PPant ejection ions generated by IRMPD of the various PksL-T,-bound
intermediates (Figure 30(c)). These studies highlighted the utility of FTMS and the PEA as means to
elucidate the functions of the various products of an orphan PKS gene cluster such as pksX by in vitro
reconstitution.
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9.11.3.1.2 Trans-enoylreductase and o- and [3-ketone reduction

More recently, the ultimate biosynthetic product of the pksX gene cluster was identified and its structure was
elucidated."'® This product was identified as dihydrobacillaene, which is later converted to bacillacne
(Figure 31(a)) by PksS.""” Dihydrobacillaene is produced by numerous enzymes and tailoring domains
discussed previously, as well as an additional four megasynthase complexes. The first of these megasynthases,
PksJ, contains two NRPS modules followed by two PKS modules. Recent investigation into the dihydroba-
cillaene biosynthetic pathway involved the determination of the origin of the a-hydroxyacyl N-cap.”® While
the first two modules of Pks] seemed capable of accepting a-hydroxyisocaproate (-HIC) directly, before
being transferred to the third Pks] module, researchers found that Pks] preferentially loads a-ketoisocaproate
(a-KIC) first, then transfers the intermediate to the third module. Module 3 of PksJ possesses a pair of tandem
T domains, which receive the a-KIC-containing intermediate. The presence of a KR domain and the tandem T
domains within the third Pks] module led to the hypothesis that the o-KIC-containing intermediate is reduced
to a-HIC within the third module by the single KR domain acting on both the a-keto and 3-keto groups of the
a-KIC intermediate (Figure 31(b)).

To test the functions of the KR domain, investigators heterologously overexpressed the region of PksJ
containing the KR domain and the tandem T domains, PksJ(KR-T;-T}). To assess the typical function of the
PksJ-KR, as a (-ketoreductase, apo PksJ(KR-T5-T,) was incubated with Acac-CoA and Sfp in order to
generate Acac-S-PksJ(KR-T;-T}). Reduction was carried out using either nicotinamide adenine dinucleotide
hydride (NADH) or nicotinamide adenine dinucleotide phosphate hydride (NADPH), followed by ArgC
digestion. The T domain active site fragments incubated with NAD(P)H were compared to controls. A small
shift in mass of the active site was detected in samples treated with NADH/NADPH, and the mass shift of
+2.0 166 Da was verified by carrying out source-induced dissociation for PPant ejection (Figure 31(c)). This
mass shift is consistent with (-ketoreduction of Acac-S-PksJ(KR-T5-T4) to G-hydroxybutyrl-S-PksJ(T5Ty),
thus confirming the function of the Pks] module 3-KR as a (-ketoreductase. While a 3-ketoreduction
represents the rule for KR function, c-ketoreduction represents the exception. In order to test the ability of
Pks] module 3-KR to reduce the distant a-ketone of a-KIC, researchers utilized a-ketoisocaproyl-y-
aminobutyrate (a-KIC-GABA) as a model substrate. Reduction of a-KIC-GABA-S-Pks](KR-T;3-T}) occurred
in an NAD(P)H-dependent manner and was detected by protease digestion followed by FTMS and PPant
ejection analysis (Figure 31(c).

As noted previously, there were several trans-acting elements of the dihydrobacillaene biosynthetic path-
way. The exact function of one such element from the pksX gene cluster, PksE, was analyzed by FTMS.* PksE
was proposed to act as enoyl reductase (ER), reducing the C14’-C15" bond during dihydrobacillaene
biosynthesis by Pks]. To test this activity, 2-butenoyl-S-Pks(T3T,) was generated, incubated with
NAD(P)H, digested, and analyzed by LC-FTMS. An NAD(P)H-dependent reduction of the alkene bond
was detected by a +2 Da shift of the active-site-containing peptide of 2-butenoyl-S-Pks(T;T4) and could be
confirmed by PPant ejection. The pksX gene cluster possesses many atypical features. Initially, FTMS proved
to be useful in determining the function of several major components of the dihydrobacillaecne biosynthetic
pathway. More recent research has highlighted the usefulness of FTMS and the PEA as a means of exploring
noncanonical features of complex NRPS/PKS systems, in particular the function of ketoreductases and
enoylreductases that impart small (2 Da) changes in the intermediate. The PEA is a reliable method for
verifying these slight changes.

9.11.3.2 Curacin A Biosynthesis: ECH1 and ECH2

The application of high-resolution MS has allowed characterization of enzymes involved in the biosynthesis of
curacin A, a mixed polyketide-NRP produced by Lynghya majuscule, which possesses cytotoxic properties.'*’
Researchers were intrigued by the unusual structure of this molecule (Figure 32(a)) and during their
investigations of the enzymes involved in curacin A biosynthesis, an HCS-like gene cassette was identified,
similar to that of the pksX gene cluster in B. subrilis, as well as others. The HCS-like cassette, involved in curacin
A biosynthesis, encodes five separate enzymes that include a T domain, a ketosynthase, an HCS, and two
separate enoyl-CoA synthases.'”' This set of enzymes was hypothesized to be responsible for the formation of



440 Applications of Modern Mass Spectrometry Techniques in Natural Products Chemistry

(a) o
NN Non
NH
o}
o1 NN OH
NN
H
OH
a-Hydroxy
(b)
DH
alB-KR ER
NADH/ NADH/

o o o
S S S
O O o} O OH OH o OH

B-KR a-KR
a-KIC a-HIC

><t( \/\[( ><j( V\H/ Sj\/\/nfu

345.147 Da 458.231Da

| U
S as I cas A RaG a1

347.1536Da 460.247Da

Figure 31 Bacillaene biosynthesis. (a) Structure of dihydrobacillaene and bacillaene. PksJ oxidizes the C14'-C15’ bond
after dihydrobacillaene has been synthesized. Also, note the a-hydroxyacyl N-cap. This particular N-capping has been
reported very rarely. (b) a- and 5-Ketoreduction of a-KIC to a-HIC. The KR domain of the first PKS module in PksJ is capable
of reducing both the a-KIC amide and the /3-ketone in an NAD(P)H-dependent fashion. The order in which these two
reductions occur is unknown. Ultimately, keto-reduction is followed by dehydration and enoyl reduction. (c) Theoretical
structure of PPant ejection ions used to analyze PksJ ketoreduction. Right: PPant ejection ion resulting from IRMPD of Acac-
S-PksJ(T3-T,4) incubated with Pksd. Mass shift of +2.017 Da corresponds with reduction of the 5-ketone. Left: PPant ejection
ion resulting from IRMPD of a-KIC-GABA-S-PksJ(Ts-T,4) incubated with PksJ. Shift of +2.015 Da is observed in PPant
ejection ions.
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Figure 32 Curacin biosynthesis. (a) Curacin A structure. (b) T domain bound intermediates involved in cyclopropyl

ring formation. 3-Hydroxy-3-methylglutaryl (HMG)-S-T undergoes dehydration catalyzed by ECH1 to produce
3-methylglutaconyl-S-T. ECH2 catalyzes the subsequent decarboxylation to yield 3-methylcrotonyl-S-T. (c) Proposed
mechanism of decarboxylation of 3-methylglutaconyl-S-T by ECH2. The His240 residue of ECH2 acts to position the
substrate and prime its decarboxylation. Lys86 donates a proton to the enolate anion. Point mutations of these two residues
substantially diminished the production of 3-methylcrotonyl-S-T, as detected by FT-ICR-MS.

the cyclopropanyl ring of curacin A. In particular, the functions of the two enoyl-CoA synthases ECH1 (CurE)
and ECH2 (CurF) were determined using high-resolution MS.

As members of the functionally diverse crotonase superfamily, ECHI1 and ECH2 were expected to have
different roles in the formation of the cyclopropanyl ring precursor of curacin A.'*” To probe the function of
ECHI1 and ECH2, the T domain (CurB) was first incubated with (§)-HMG-CoA, in order to covalently attach
HMG to the PPant arm of the T domain active site. Next, the individual activities of each enzyme were
determined by incubating ECH1, ECH2, or both enzymes with HMG-S-T. ESI-FTMS was used to analyze
the products of these reactions by detecting the mass differences observed in the various reactions compared to
HMG-S-T alone. The 124 ion was used to detect these mass differences. The most abundant mass of HMG-S§-
T was determined to be 11325.8 Da. Incubation with ECH?2 alone did not result in any new products. However,
incubation of HMG-S-T with ECHI resulted in the detection of a new product with a mass of 11307.8 Da, and
incubation of HMG-S-T with ECH1 and ECH2 yielded two products with masses of 11 307.8 and 11 264.8 Da.
These differences observed by FTMS corresponded to losses of 18 and 62 Da. This provided evidence that
ECHLI functions to dehydrate HMG-S-T (=18 Da) to form 3-methylglutaconyl-S-T. The 3-methylglutaconyl-
S§-T wundergoes subsequent decarboxylation, catalyzed by ECH2, to form 3-methylcrotonyl-S-T
(Figure 32(b)). After identifying the exact functions of ECHI and ECH2, researchers determined the crystal
structure of the N-terminal domain ECH2 (CurF)."*’ Structural alignments of CurF ECH2 with other
members of the crotonase superfamily revealed several key features of the enzyme active site. Crystallization
of ECH2 complexed with product analogues was not successful, so computational modeling was used to
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identify three polar side chains within the active site chamber that possessed potential catalytic function: T'yr82,
Lys86, and His240. The previously established ECH1/ECH2 enzymatic assay was carried out using ECH2
mutants containing Y82F, K86A, K86Q, H240A, and H240Q. The wild-type and mutant ECH2 enzymes were
incubated with ECH1 and (S)-HMG-S-T (CurA-S-T(II)), then the different incubated reaction mixtures were
run on a C4 column and eluted with acetonitrile. The samples were analyzed by ESI-FTMS after being
redissolved in an electrospray solution (55% acetonitrile:45% water, with 0.05% formic acid and 0.05% TFA).
FTMS was used to detect the presence of 124 charged (8)-HMG-S-T, 3-methylglutaconyl-S-T, and
3-methylcrotonyl-S-T as a means of confirming the effect of the site-directed mutagenesis of the various
residues. Using this ECH1/ECH2 assay and FTMS,; it was determined that substitution of Tyr82 resulted in
only minimal reduction in the production of 3-methylcrotonyl-S-ACP from HMG-S-T, while substitutions of
Lys86 and His240 resulted in drastic decreases in product formation. The identification of essential active site
residues allowed researchers to propose a mechanism of action for ECH2 (Curk’, Figure 32(c)). The work
carried out with the curacin A biosynthetic pathway highlights the importance of FT-ICR-MS in both the
determination of intermediates in NRPS/PKS pathways as well as evaluation of PKS domain functions.

9.11.3.3 Enediyne Biosynthesis: SgcE

MS has proven to be essential in investigations of the biosynthetic pathways of C-1027, an enediyne antitumor
antibiotic. C-1027 1s an extremely cytotoxic compound, isolated from Strepromyces globisporus, consisting of a
binding protein (CagA) and a reactive nine-membered enediyne core containing a pair of conjugated acetylenic
groups (Figure 33(a)). The enediyne core 1s the key to the cytotoxicity of C-1027 because when it is released
from the protein complex it can form a transient biradical species that can induce single-strand and double-
strand breaks in DNA molecules.'** Characterization of the biosynthetic gene cluster revealed the presence of a
type literative PKS (SgcE) that catalyzes the formation of the nine-membered enediyene core from acyl-CoAs.
A unique feature of this particular PKS is the presence of an integrated C-terminal PPTase that covalently
attaches 4'-phosphopantetheine to the active site serine of the T domain. Typically, PPTases are freestanding
components in PKS biosynthetic pathways. /z vive experiments involving the inactivation of proposed SgcE
active sites were carried out, resulting in loss of C-1027 production by SgcE. In order to confirm the function of
both the T domain and the PPTase domain, high-resolution MS was employed.”* SgcE was digested briefly
with trypsin, HPLC purified, and the fragments were analyzed by FTMS. A 3+ charge peptide fragment
containing the T domain active site was determined to contain a mass shift of 340.1 Da, corresponding to the
addition of PPant. By using CID to fragment this ion, the PPant modification was localized to the serine residue
at position 974. The same 3+ T domain active site peptide was subjected to IRMPD and the characteristic
PPant ejection ion was observed, along with the dehydroalanine form and the phosphoserine form of the
peptide. The PEA was used to verify the role of the various active sites in the phosphopantetheinylation of
the T domain of SgcE. Mutational inactivation of the active site of the T domain and the inactivation either of
the two key residues of the PPTase domain resulted in loss of phosphopantetheinylation of the T domain,
which was confirmed by the absence of the 34+ T domain active site peptide fragment with the 340.1 Da mass
shift. This provided clear evidence that the C-terminal domain does in fact serve the role of a PPTase.

The information gathered during the analysis of the domain functions of SgcE can be used in a hypothesis-
driven approach for mapping higher charge states of the active site peptides and to identify substrate- and
intermediate-loaded forms of the T domain active site. During the investigations into the function of the
PPTase domain of SgcE, the tryptic peptide containing the phosphpantetheinylated active site of the T domain
was identified and found to have a mass of 4134.0 Da. Recent work was carried out in the Dorrestein laboratory
to detect substrate loading onto the SgcE T' domain active site. Armed with the knowledge that the active site
containing peptide has a mass of 4134 Da and a 3+ charge, calculations were carried out to predetermine the
expected 7/z values at which malonyl, acetoacyl, and acetyl loaded forms of the active site peptide would be
found. Preliminary substrate loading assays were performed using SgcE. After a 1 h incubation with malonyl-
CoA, SgcE was digested for 10 min using trypsin, and then analyzed by capillary—LC-FTMS. MS data were
collected using FTMS at a resolution of 50k, and the top 10 most abundant peptides in each scan were
fragmented by CID in a data-dependent fashion. This method was ideal because the mass spectra could quickly
be searched for the hypothetical substrate-loaded peptides and MS/MS or MS” data were already collected to



Applications of Modern Mass Spectrometry Techniques in Natural Products Chemistry 443

(a) io OCH;
; o) N: £
C-1027 N
0~ "o

Nine-membered endiyne core o
Cl -
NH»
4178.32Da 4222.33 Da
4+ m/z
(b)
4220.32Da
4+
I|ll|l|||l|ll|!|l |||I|||||||| IIII|‘III L |ll||l|l|ll|ll
1044 1045 1046 1047 1055 1056 1057 1058 1054 1055 1056 1057 1058
m/z m/z m/z
Acetyl loaded +42 Da Malonyl loaded +86 Da Acac loaded +84 Da
(c) 303.1654 345.1275
347.2188
T |‘l ll T I| ,Ill| l' [II.IIII || L L T T T
280 300 320 345 350
m/z m/z
Acetyl loaded PPant Acac and Malonyl loaded
ejection ion PPant ejection ions

Figure 33 SgcE analysis. (a) The structure of the nine-membered endiyne core (left) produced by SgcE and the complete structure
of the C-1027 molecule (right). (b) Active site containing tryptic peptide signals with detected mass shifts corresponding to the loaded
substrate/intermediate: acetyl (left), malonyl (middle), and acetoacetyl (left). (c) Phosphopantetheinyl ejection ions. Ejection ion confirms
the mass of the bound intermediate. The malonyl intermediate undergoes decarboxylation resulting in the formation of acetyl-(S)-T.
Malonyl and acectoacetyl-ACP active site fragments coelute during LC-MS. The result is that the m/z of the two species are close
enough that they are both fragmented and their resulting ejection ions can be detected in the same MS/MS or MS? spectrum.
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confirm the mass of the loaded substrate by identifying the PPant ejection ion. Using this method, the 4+
phosphopantetheinylated T domain active site peptides were detected having mass shifts of +42 Da (acetyl),
+86 Da (malonyl), and +84 Da (acetoacetyl, Figure 33(b)). The active site-containing peptide loaded with
malonyl has only a 2 Da difference in mass from the active site peptide loaded with acetoacetate, and they
partially coelute. While FTMS is capable of resolving the signals of the malonyl and acetoacyl loaded peptides,
the PPant ejection ions were clearly detected by MS/MS or MS” as shown in Figure 33(c).

Given that LC-FTMS followed by data-dependent fragmentation is capable of detecting the loaded PPant
ejection ions, this method can be quite useful for detecting PPant ejection signatures in other PKS systems as
well. However, in systems in which phophopantetheinylated active site containing peptides are unknown, or
during proteome-level screening, subsequent data analysis of LC-MS data in search of PPant ejection ions can
be extremely challenging due to the overwhelming amount of MS/MS or MS” data and the difficulty that the
preexisting MS/MS or MS’ analysis programs have with multiple charged precursor peptides. Currently,
collaborative work is being carried between the Dorrestein laboratory and the Bafna research group in the
computer science department of UCSD to develop a program capable of rapidly scanning LC-FT-MS/MS or
MS? data for the presence of PPant ejection ions (loaded or not), the corresponding dehydroalanine (—18 Da,
z—1) form and the phosphoserine (+80, z—1) form of the active site peptide in the MS/MS or MS” data. This
software has already successfully identified PPant ejection signatures in data collected from a number of PKS
and NRPS systems. As development of this software progresses, searching LC-FTMS data for PPant ejection
will be dramatically increased, and this possesses the potential for de zovo detection of PPant ejection in highly
complex samples that are being analyzed by LC-MS in proteomics screening experiments.

9.11.3.4 Deconstructive Analysis of PksA

Recent efforts have been made to better understand eukaryotic iterative polyketide synthases (IPKSs) and how
these biosynthetic pathways ensure the formation of specific products. As opposed to much larger modular
PKSs that carry out the biosynthesis and tailoring of their products in an assembly-line fashion, iterative PKSs
contain many fewer catalytic domains and the same domains are used multiple times prior to yielding the final
product. It has been unclear what exactly determines the number of catalytic cycles the growing intermediate of
an IPKS undergoes before it is released. To clarify the ‘global division of labor’ between the domains of an
IPKS, researchers studied PksA by dissecting out the individual domains and reassembling them 7z vitro.*® By
expressing the various domains of the PksA as smaller units and recombining them in different combinations,
the hope was to paint a better picture of the function of each domain in the biosynthesis of aflatoxin B;. Various
mono-, di-, and tridomains were expressed. The various domains of PksA were then mixed back with the PksA
starter-CoA:acyl carrier protein acyltransferase (SAT)-KS-malonyl-CoA:acyl carrier protein acyltransferase
(MAT) domain, and the different products of the reactions between the substrate, SAT-KS-MAT, and the
other domains were analyzed. In theory, the full complement of the 6 PksA domains (Figure 34(a)) would be
required in order to efficiently produce norsolorinic acid, an isolable precursor of aflatoxin By, from a starter
hexanoyl-CoA and seven malonyl-CoAs.

The products formed by the various combinations of the deconstructed PksA domains, incubated with
substrate, were monitored by HPLC. It was found that the combination of SAT-KS-MAT with the putative
product template (PT) domain and the T domain yielded significant quantities of a product, which was not
norsolorinic acid. Addition of the thioesterase/Claisen-like cyclase (TE/CLC) to the mixture resulted in
substantial formation of norsolorinic acid. These findings revealed that product formation was not occurring to
an appreciable extent in the absence of the PT domain. Therefore, it was hypothesized that the PT domain acts
as a cyclase/aromatase and catalyzes the formation of the first two rings of a putative intermediate. This
putative intermediate can then undergo spontaneously C—O ring closure in the absence of the TE/CLC
domain to form the shunt product napthopyrone, or it can undergo C—C ring closure in the presence of the
TE/CLC domain to from the norsolorinic acid anthrone precursor (Figure 34(b)).

In order to verify the proposed structures of the phosphopantetheinyl-bound intermediates, an LC-FTMS
assay was employed to detect PPant ejection ions containing bound intermediate. Reactions with SAT-KS-
MAT and either the T domain or a PT-T didomain were carried out with both hexanoyl-CoA and malonyl-
CoA. The reactions were carried out for varying times, followed by limited trypsin digestion (15 min). The



@ [ SAT I Ks l MAT I PT I Tg ][ TE/CLC ]

SH
Norsolorinic acid
(b) fo) r
MSM ACP OH O OH O
S 909
o 0 HO OH
7x
HOMCOA B | ©
+PT
OH O (0]
OH OH O OH O OH O
-TE/CLC SavACP +TE/CLC
(o] O - —_—
900 i 200
HO HO OH
HO
Naphthopyrone Norsolorinic acid anthrone
(c)
(0] (0] H (0] H H
HO H H (0] (0] HO H H (0] (0] HO H H (0] (0]
Yo Sl Sl X8 S e Yethl
o © o o o o 0 O o o o o 0
o OH OH
Theoretical: 653.274 Theoretical: 635.2 633 Theoretical: 617.2 527
Observed: 653.275 Observed: 635.2 634 Observed: 617.2 529

Figure 34 PksA deconstruction. (a) Enzymatic domain architecture of PksA. (b) PksA utilizes a starter hexanoyl-CoA and seven malonyl-CoAs to produce the covalently linked
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digested reactions were run separately on a C4 column over a 1 h water/acetonitrile gradient and injected
directly into an FTMS. The phosphopantetheinylated active site peptides possessing various intermediates
were observed and the structures were confirmed by MS/MS or MS” and PPant ejection. The fully extended
intermediate generated by a single starter hexanoyl unit and seven malonyl units was detected bound to the T
domain active site. In addition to this PPant-bound intermediate, the intermediate was detected as a single
dehydrated compound with a signal aromatic ring or it was detected as a double dehydrated compound with
two closed rings. The MS/MS or MS® PPant ejection ions reveal mass shifts with less than 1.5 ppm mass
accuracy. These ejection 1ons were subjected to an additional round of fragmentation and the resulting ions
were mapped to the structure of the intermediate (Figure 34(c)). The T domain was observed to accept both
hexanoyl-CoA and malonyl-CoA, but PksA preferenually loads hexanoyl-CoA as the starter unit. The MS/MS
or MS? PPant ejection ions reveal mass shifts with less than 1.5 ppm mass accuracy. The high mass accuracy of
the FTMS allowed for the accurate determination of the mass of PPant-bound intermediates, even for
relatively large intermediates such as the full extended octa-ketide intermediate of norsolorinic acid.

9.11.4 Prospective Applications of Current Natural Product MS Methods
on NRPS and PKS Systems

Although more high-resolution mass spectrometrists are entering the field, there are currently just a handful of
investigators that are developing novel approaches to investigate biosynthetic pathways of secondary metabo-
lites. McLafferty has certainly been one of the early driving forces in the 1990s in this area but since that time
others, including Kelleher, Hakansson, and Leary, began to use high-resolution MS creatively to investigate
biosynthetic pathways. Some of these creative approaches are highlighted in this section.

9.11.4.1 Isotopically Depleted Proteins and Peptides

There are several factors that add to the complexity of a mass spectrum and that thus make identification of a
specific protein difficult. For instance, it is not uncommon that a protein forms phosphate, sodium, or potassium
adducts and that it exists in multiple oxidized forms. In addition, other protein or peptides may be ionized at the
same time. These various forms of a specific protein and contaminants entering the MS instrument can make a
single mass spectrum very complex. This complexity may make it tremendously difficult to identify the ions of
interest with a high degree of certainty. For example, the biosynthesis of lacticin 481 by the protein LctM from
the ribosomally encoded peptide LtcA requires multiple phosphorylations and dehydrations followed by
thioether bridging (Figure 35(a)). It was not possible to discern the details of the mechanism observed for
lacticin 481 biosynthesis when LtcA contained normal abundance isotopic levels because it was prone to
oxidation during this process. Therefore LtcA was grown in isotopically '*C- and '’N-depleted material and
the maturation of LtcA by LtcM was analyzed by FT-ICR-MS. Figure 35(b) shows the time course of the
conversion of LtcA to lactcidin 481. Very little buildup of biosynthetic intermediates is observed, which
characterizes LtcM as a processive enzyme. The abovementioned example shows how useful ’C- and
""N-depleted materials can be if the spectrum is too complex to reliably interpret the data. The depleted
protein strategy is also useful when the protein is of reasonable size and yet one is interested in observing small
mass changes such as dehydrogenation, deamidation, or transfer of an isotopically labeled substrate to the
recipient protein. One such scenario has been found in the thiazole phosphate biosynthetic pathway in
prokaryotes.

One of the pathways to thiazole phosphate, the active portion of thiamin utilizes a ubiquitin-like protein
called ThiS, an E1-type protein called ThiF, a flavin-dependent oxidase ThiO, the thiazole synthase ThiG, a
sulfur source, ATP, 1-deoxy-D-xylulose-5-phosphate, and glycine.'”” This pathway is initiated by the adenyla-
tion of ThiS by ThiF (Figure 36). Once the acyl-adenylate is formed, a sulfur, presumably from a cysteine
desulferase-mediated reaction, displaces the adenylate to form a C-terminal ThiS-thiocarboxylate.
Subsequently, it reacts with deoxy-D-xylulose-phosphate (DXP) that is transiently but covalently tethered to
the thiazole synthase ThiG 4. The sulfur from ThiS is transferred to the C3 carbon of DXP 5. During this
process, one of the hydroxyl groups from DXP is transferred to the C-terminal end of ThiS forming a stable



Applications of Modern Mass Spectrometry Techniques in Natural Products Chemistry 447

(0]
H
Xn/ N&Lﬁ LanM

SsH

R=H, Ser R=H, Lan
R=CHg, Thr R =Me, MeLan

®) 5 & %Q\o /q;z\o \& LctA8+

Control M“ L R*.
5min L i MM M*..
40 min ll Ill . L , : L, i

9540 9560 9580 9600 9620 9640  966.0m/z

Figure 35 Conversion of LctA to the mature form of lacticidin 481 catalyzed by LtcM. (a) Thioether bridge formation in
lantibiotic biosynthesis leading to dehydration (—18 Da). (b) MS time course of isotopically depleted LctA conversion to
lacticidin 481 by LtcM shows that little dehydration intermediates are observed.

thioenolate intermediate on ThiG 6. Once ThiO oxidizes glycine 15 and transfers the corresponding oxidized
glycine 16, it cyclizes and forms a stable carboxy-thiazolephosphate species 11 that is decarboxylated when it is
coupled to the pyrimidine portion of thiamin.'*® This pathway is arguably one of the most complex biosyn-
thetic pathways, involving several protein substrate interactions described in the literature to date.

"C- and ""N-depleted ThiS was necessary to visualize oxygen transfer shown as steps 5-8 in Figure 36.
Oxygen transfer from DXP to the C-terminal end of ThiS was monitored by the incorporation of '*O from
'¥0-labeled DXP. Since "*O-DXP was generated enzymatically, it was only partially '*O-labeled. Therefore
the incorporation was limited. When nondepleted material was used and the conversion of ThiS-
thiocarboxylate to ThiS was monitored, a small shift was observed in the spectral profile but it could not be
conclusively demonstrated that '*O had indeed been incorporated. There were three reasons for this: (1) there
was only partial incorporation, (2) there was still some ThiS-carboxylate sample left in the ThiS-
thiocarboxylate sample at the onset of the reaction, and (3) there was no good way to deconvolute the
contribution of an 'O to the overall spectral profile. However when "*C- and ""N-depleted ThiS was
generated, the shift of 2 Da was readily visualized. (Figure 37). A protein that is depleted shows a rather
different isotopic envelope compared to the one described for Pks4 in Figure 4. In the depleted protein the
main species observed is the monoisotopic ion. The second most abundant ion is due to the contribution of '"*O
from naturally abundant oxygen isotopes. The +2 isotope dramatically increases in intensity when
ThiS-thiocarboxylate is incubated with '*O-DXP. Subsequent MS/MS or MS’ demonstrated that this incor-
poration was at the C-terminal end of ThiS. This provides a good example of the utility of '’C- and "°N-
depleted protein strategy.
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Figure 36 A thiazole phosphate biosynthetic pathway that has been studied by application of isotopically depleted proteins
and mass spectrometry. The blue boxes represent ThiS.

9.11.4.2 Trapping Reactive Intermediates

In addition to the unusual transfer of a hydroxyl group from a substrate (DXP) to the C-terminal end on a
protein, there are several reactive intermediates on the thiazole synthase pathway.'*” In order to visualize these
intermediates they had to be trapped before they could be visualized by MS. Imine 2 or its Amadori rearrange-
ment product 4 in Figure 35 were trapped with NaBH,. NaBH, reduction resulted in an irreversible linkage to
the thiazole synthase ThiG. Similar type of sugar substrate—imine linkage has also been observed for other
biosynthetic pathways such as the ones found in pyridoxal phosphate biosynthesis.**"** Trapping intermedi-
ates like this will no doubt be important in the investigations of NRPS and PKS biosynthetic pathways as well.

9.11.4.3 High-Resolution Mass Spectrometry of Noncovalent Interactions

Another promising MS approach is the investigation of noncovalent complexes. A beautiful example of this was
provided by Leary in a study of 5'-adenylylsulfate (APS) reductase, a 4F—4S iron—sulfur cluster-containing
protein."’" APS reductase catalyzes the reduction of APS to sulfite. Leary and coworkers were able to observe
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Figure 37 FT-ICR-MS signal of isotopically depleted ThiS (top) and the effect of '®0 incorporation (bottom) in ThiS.

the intact iron—sulfur cluster and even to show the interaction of the protein with APS, AMP, and thioredoxin, a
cofactor in this biosynthetic process. This result of visualizing the intact APS reductase with its noncovalent
substrates is remarkable because it was always believed that iron—sulfur clusters are unstable. Undoubtingly, the
application of this approach to NRPS and PKS systems would reveal new insights into their biosynthetic
pathways.

9.11.5 Up-and-Coming Advances in Mass Spectrometry Tools for the
Investigation of Natural Products and Their Biosynthetic Pathways

In the last few years, mass spectrometers have undergone a revolution. Just 5 years ago, FT-ICR-MS was the
only type of MS that was able to obtain sufficient mass accuracy and resolution that enabled the investigations
of NRPS and PKS systems in any detail. Since then new methods have evolved, instruments have improved,
and additional mass spectrometers have become available that have a mass accuracy within 10 ppm. An example
is the ORBI-trap, which is the only other FT analyzer and which measures an image current too. This
instrument should be capable of doing any of the experiments described in this chapter. An ORBI-trap can
achieve resolutions >100000. In addition to the ORBI-trap, the most recent Q=TOF's have a resolution of
60000 and a mass accuracy of sub-parts per million. This mass accuracy rivals the mass accuracy that can be
achieved by modern FT-ICR-MS instrumentation. As high-resolution instruments are becoming common-
place, we anticipate that many other investigators will begin using the approaches described in this chapter
as well.

In addition to higher mass accuracy instruments, there are also new MS tools that are going to be very
exciting in the investigations of NRPS and PKS systems or biosynthetic pathways in general. One such tool is
1ion mobility. Ion mobility will enable us to look at large complexes and the changes that take place on such
complexes. It is also likely that the PEA can be taken to another level as it may be possible to separate the
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ejected 1on from the rest of the peptides in the gas phase. All these exciting developments in MS will ensure that
the investigations of these important natural products will be possible with higher accuracy, with smaller
samples, and at a faster throughput. Maybe, someday in the next few decades, we may be able to perform these
biosynthetic studies at single cell levels.
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Abbreviations

3,4-DHBA 3,4-dihydroxybenzoic acid
A (domain) adenylation

Acac acetoacetyl

ACP acyl carrier protein

AL acyl ligase

AMP adenosine monophosphate
APS 5'-adenylylsulfate

A-T (didomain)
AT

ATP adenosine triphosphate

ATP-PPi adeonsine triphosphate—pyrophosphate exchange

BIRD blackbody infrared radiative dissociation

C (domain) condensation (domain)

CD circular dichroism

CDA calcium-dependent antibiotic

CID collisionally-induced dissociation

CLC Claisen-like cyclase

CLF chain length factor

CoA coenzyme A

DH (domain) dehydratase (domain)

DXP deoxy-p-xylulose-phosphate

E (domain) epimerization (domain)

ER (domain) enoyl reductase (domain)

ESI electrospray ionization

ESI-FT-ICR-MS electrospray ionization—-Fourier transform-ion cyclotron resonance-mass
spectrometry

ESI-FTMS electrospray ionization—Fourier transform mass spectrometry

ESI-MS electrospray ionization—-mass spectrometry

ESI-Q-TOF MS electrospray ionization—quadrupole-time-of-flight-mass spectrometry

ETD electron transfer dissociation

FAS fatty acid synthase

FID free induction decay

FT-ICR-MS Fourier transform—-ion cyclotron resonance-mass spectrometry

adenylation-thiolation (didomain)
acyltransferase (domain)
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FTMS/FT-MS
GC/EI-MS
HCS

HIC

HMG

HPLC

IPKS

IR

IRMPD

KIC

KR (domain)
KS (domain)
LC

LC-MS
LC-MS-PEA
LCQ

Linear IT
LTQ
LTQ-FT-ICR-MS

LTQ-ORBI
MALDI
MALDI-TOF
MAT (domain)
MDa

MS

MS/MS (or MS?)
ms®

NAD(P)H
NAD™

NADH
NADPH

NMR

NRP

NRPS
NRPS/PKS
PEA

PKS

PPant
PPTase

PQD

Q-TOF
RP-HPLC
RPLC

SAT (domain)
SerT
SORI-CAD

T (domain)
TE (domain)
TE/CLC (domain)
TGH

Fourier transform-mass spectrometry

gas chromatography/electron impact-mass spectrometry
HMG-CoA synthase

hydroxyl isocaproate

3-hydroxy-3-methylglutaryl

high-performance liquid chromatography

iterative polyketide synthase

infrared

infrared multiphoton dissociation

ketoisocaproate

ketoreductase (domain)

ketosynthase (domain)

liquid chromatography

liquid chromatography-mass spectrometry

liquid chromatography—-mass spectrometry—phosphopantetheinyl ejection assay
three-dimensional linear quadrupole

linear ion trap

two-dimensional linear trap quadrupole

hybrid linear trap quadrupole—Fourier transform-ion cyclotron resonance-mass
spectrometry

hybrid linear trap quadrupole—orbitrap

matrix-assisted laser desorption/ionization
matrix-assisted laser desorption/ionization-time-of-flight
malonyl-CoA:acyl carrier protein acyltransferase
megadalton

mass spectrometry

tandem mass spectrometry

additional fragmentation of ions generated by MS/MS or MS?
nicotinamide adenine dinucleotide (phosphate) hydride
nicotinamide adenine dinucleotide

nicotinamide adenine dinucleotide hydride

nicotinamide adenine dinucleotide phosphate hydride
nuclear magnetic resonance

nonribosomal peptide

nonribosomal peptide synthetase

hybrid nonribosomal peptide synthetase/polyketide synthase
phosphopantetheinyl ejection assay

polyketide synthase

phosphopantetheine

phosphopantetheinyl transferase

pulsed-Q dissociation

quadrupole-time-of-flight

reverse-phase high-performance liquid chromatography
reverse-phase liquid chromatography

starter-CoA:acyl carrier protein acyltransferase
seryltransferase

sustained off-resonance irradiation—collisionally activated dissociation
thiolation (domain)

thioesterase

thioesterase/Claisen-like cyclase

transglutaminase homologue
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UV-vis ultraviolet-visible spectroscopy

X-ray X-ray diffraction techniques

Nomenclature

Asn asparagine

Cys cysteine

Da dalton

His histidine

kDa kilo dalton

Lys lysine

m/z mass/charge

nlmin~* nanoliters per minute

Phe phenylalanine

ppm parts per million

-S- bonding sulfur of thioester

T (unit) tesla

Tyr tyrosine

Z (unit) charge

L] microgram

plmin~? microliter per minute

umol ! micromolar
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