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 Polyketides and nonribosomal peptides constitute two classes of natural 

products which are well known for their application as antibiotic, antiparasitic, 

antifungal, and anticancer agents. One of the most remarkable discoveries yielded by 

studies into the biosynthesis of these compounds has been the finding that these 

seemingly disparate chemical structures are produced by a similar biosynthetic logic, 

in which multimodular enzymes activate, condense, and tailor a series of monomer 

units to produce the final natural product. The finding that the sequence and identity of 

active sites occuring in polyketide synthase (PKS) and nonribosomal peptide 

synthetase (NRPS) enzymes dictates the structure and biological activity of the natural 

product has lead to studies towards reengineering these synthases for the production of 

novel small molecules, an approach known as combinatorial biosynthesis. However, 

the many difficulties encountered in such studies emphasize the need for a greater 

knowledge of these biosynthetic systems at the protein level before the full potential of 



 xxx

such approaches can be achieved. The goal of the work in this thesis was to develop 

and apply chemical probes capable of facilitating structural and proteomic studies of 

PKS and NRPS enzymes, two aspects of these systems which have proven 

problematic to traditional methods of analysis. For this purpose, a series of 

fluorescence, affinity, and crosslinking probes were synthesized and evaluated for 

their ability to label enzyme activities commonly utilized by PKS and NRPS enzymes. 

These studies lead to the development of a chemoenzymatic crosslinking approach 

capable of directly reporting on the protein-protein interactions of the acyl carrier 

protein-dehydratase pair found in PKS systems, as well as methods for the specific 

labeling of PKS and NRPS carrier protein, ketosynthase, thioesterase, and dehydratase 

domains with fluorescence and affinity reagents in complex proteomic mixtures. 

Finally, these chemical proteomic probes were integrated with a high-content, mass 

spectrometry based protein identification platform for the global proteomic analysis of 

PKS and NRPS biosynthesis in the model bacterium Bacillus subtilis. Through their 

continued application such methods have the potential to provide unique insights into 

PKS and NRPS biosynthetic pathways, facilitating the discovery and production of 

new therapeutic agents. 
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Introduction 
 

The natural product biosynthetic pathways responsible for the production of 

fatty acids, polyketides, and nonribosomal peptides represent a fascinating intersection 

of primary and secondary metabolism. In organisms ranging from microbes to man, 

these enzymes are used to produce small molecules which span the spectrum of 

biological activity from vital primary metabolites, to therapeutic antibiotic agents, to 

harmful bacterial virulence factors. 

Due to the significant role many of these compounds play in promoting human 

health and combating disease, the catalysts responsible for their biosynthesis, known 

as fatty acid synthase (FAS), polyketide synthase (PKS), and nonribosomal peptide 

synthetase (NRPS) enzymes, have been the subject of intense biochemical, genetic, 

and structural characterization in the past 30 years.1,2 One of the most remarkable 

discoveries of these studies has been the observation that the seemingly disparate 

chemical structures of fatty acids, polyketides, and nonribsomal peptides are all 

produced by a similar process. While the individual details of each pathway can be 

highly nuanced, lying at the center of each is a modular biosynthetic logic, which 

utilizes covalent acyl-enzyme intermediates, iterative cycles of condensation, and 

tailoring of monomer units to produce the structural and functional diversity 

associated with these classes of small molecules.2,3 A thorough description of this 

process is provided in Chapter 2.4 Because PKS and NRPS product formation 

proceeds from a linear series of biosynthetic steps, each of which is performed by a 

discrete enzymatic domain, each of which is encoded at the genetic level, analysis of 
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PKS and NRPS gene clusters can often allow for prediction of the structure of their 

cognate small molecule product.5  The modular nature of these molecular assembly 

lines has also lead to efforts towards the reengineering of these synthases for the 

production of PKS and NRPS enzymes capable of producing novel small molecules, 

an approach known as combinatorial biosynthesis.6 However, despite some notable 

exceptions, such strategies have been largely unsuccessful, with genetically 

engineered PKS and NRPS systems often showing reduced or negligible catalytic 

activity compared to natural systems.7 

Despite these initial setbacks, the huge potential of combinatorial biosynthetic 

methods has lead researchers to continue to seek a more complete understanding of the 

enzymatic chemistry of these systems for the ultimate goal of their efficient 

reengineering. In more recent years, a number of chemical biological approaches have 

been developed for the analysis of FAS, PKS, and NRPS enzymes, allowing the study 

of previously impenetrable aspects of their enzymology. A comprehensive review of 

such approaches and their historical development is introduced in Chapter 2.4 The goal 

of the work in this thesis was to develop and apply chemical probes capable of 

facilitating structural and proteomic studies of PKS and NRPS enzymes, two facets of 

these systems which have proven problematic to traditional methods of analysis. 

Initially our strategy for both of these goals centered around manipulating a unique 

posttranslational modification found in FAS, PKS and NRPS carrier protein (CP) 

domains, the 4’-phosphopantetheine  (4’-PPant) prosthetic group.8 This 

posttranslational modification is introduced by the action of a 4’-phospho-

pantetheinyltransferase (PPTase) enzyme, which transfers the 4’-PPant group from 
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coenzyme A to a conserved serine residue of the PKS or NRPS CP domain. The 

terminal thiol of this 4’-PPant group then serves to tether intermediates during FAS, 

PKS, and NRPS biosynthetic cycles through a covalent thioester linkage. Notably, 

many of the PPTase enzymes which introduce the 4’-PPant modification have a 

relaxed substrate specificity which allows them to utilize CoA analogues to modify CP 

domains.9,10 While in theory this could be used to selectively introduce fluorescence 

and/or affinity handles into PKS and NRPS enzymes for their visualization and 

purification from complex proteomic mixtures through applicaton of a permissive 

PPTase and CoA analogue, in practice this approach is effectively blocked by the 

endogenous 4’-PPant modification which is introduced into these enzymes during 

normal cell growth prior to proteomic isolation.10 

This lead us to explore methods for the introduction of CoA analogues 

incorporating fluorescence or affinity handles into the intracellular CoA pool of 

growing natural product producing organisms. Chapter 3 presents a detailed study of 

this approach, in which a panel of fluorescent and bioorthogonal CoA precursors 

(denoted as “pantetheine analogues”) were evaluated for their ability to cross the cell 

membrane of living E. coli cells and be transformed into CoA analogues by the 

organism’s endogenous CoA biosynthetic pathway.11 Through careful synthetic 

elaboration of the pantetheine scaffold, we identified key structural elements necessary 

for formation of CoA analogues in vivo, and demonstrated these CoA analogues could 

be used to label and detect CP domains through the PPTase reaction in a model E. coli 

overexpression system. Chapter 4 explores the biological activitiy of CoA precursors 

from a different perspective, examining their varied properties as antibacterial agents. 
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Here synthesis and evaluation of a number of CoA precursor analogues allowed us to 

build a secondary structure-activity relationship providing an explanation for the 

differential toxicity of these analogues.12 In chapter 5 we return to the application of 

biodetectable CoA precursors as in vivo labeling reagents for proteomic analysis of 

CP domains, demonstrating their utility in the detection and enrichment of FAS 

enzymes from a variety of naturally occurring bacterial organisms.13 Here metabolic 

labeling of CP domains by an azido-CoA precursor was detected after cell lysis by 

Cu(I)-catalyzed [3+2] cycloaddition reaction with a conjugate reporter alkyne and 

SDS-PAGE. Notably this approach together with MALDI-TOF/TOF mass spectral 

analysis allowed identification and cloning of a bacterial CP domain from the 

unsequenced organism Brevibacillus brevis, a validation of the ability of this 

technique to enable “proteome mining” approaches to modular biosynthetic enzyme 

discovery. 

Because the utility of metabolic labeling approaches for detection of FAS, 

PKS, and NRPS CP domains is dependent on the permissive nature of an organism’s 

endogenous CoA and PPTase biosynthetic pathways, chapter 6 explores the utility of 

electrophilic probes targeting alternate enzyme activities commonly found in modular 

biosynthetic systems for the proteomic detection of PKS and NRPS enzymes.14 These 

studies demonstrated that probes of the ketosynthase (KS) and thioesterase (TE) 

domains could be used for the functional assessment of PKS and NRPS activity in 

vitro, and could complement the use of CP probes to allow for the gel-based 

identification of the NRPS enzyme SrfAC in an unfractionated proteome isolated from 

the well-characterized gram positive bacterium Bacillus subtilis. 
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Chapter 7 then makes use of the in vitro applications of CP and TE active site 

probes to complement traditional biochemical studies in the study of MLSA2, a PKS 

TE domain involved in the biosynthesis of the Mycobacterium ulcerans virulence 

factor mycolactone.15 Chapter 8 contains another in vitro application of these active 

site probes, this time using chemoenzymatic modification of a FAS CP domain with a 

4’-PPant arm containing the canonical suicide substrate 3-decynoyl-N-acetyl 

cystamine to covalently crosslink ACP and dehydratase (DH) domains from the E. coli 

fatty acid biosynthetic pathway.16 By covalently immobilizing the normally transient 

protein-protin interactions of the ACP-DH enzyme pair, this method may have 

appliations in the structural study of FAS and PKS biosynthetic enzymes.17 

Finally, chapter 9 contains a comparative analysis of the utility of applying CP 

and TE active site probes for whole proteome enrichment in combination with the 

mass spectrometry platform known as multidimensional protein identification 

technology (MudPIT) for the global proteomic analysis of PKS and NRPS 

biosynthesis.18,19 Working again in the model natural product producer B. subtilis, we 

demonstrate the ability of CP and TE active site probes to identify and quantitate PKS 

and NRPS enzymes at the protein level in two strains of this organisms, and also 

analzye their enrichment properties on the peptide level as a preliminary assessment of 

their utility in the proteomic discovery of PKS and NRPS enzymes. Taken as a whole, 

these studies provide detailed insights into the relative utility and limitations of these 

methods and set the stage for the routine application of synthetic active site probes in 

the structural characterization and proteomic analysis of PKS and NRPS enzymes.20 
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Fatty acid synthase (FAS), polyketide synthase (PKS), and nonribosomal peptide synthetase (NRPS) modular

biosynthetic enzymes are responsible for the production of a multitude of structurally diverse and biologically important

small molecule natural products. Traditional biochemical and genetic studies of these enzymes have contributed

substantially to the understanding of their underlying biosynthetic mechanisms. More recently these investigations have

been aided by the skillful application of a combination of chemical and biological techniques to aid in overcoming the

unique challenges associated with the enzymology of these large multifunctional enzymes. This critical review provides a

historical context and details studies (through July 2008) which aim to identify and characterize these enzymes using

synthetically and/or chemoenzymatically generated small molecule probes.

1. Introduction

The natural product biosynthetic pathways responsible for the

production of fatty acids, polyketides, and nonribosomal

peptides represent a fascinating intersection of primary and

secondary metabolism.1–3 In organisms ranging from

microbes to humans these enzymes are used to produce small

molecules which span the spectrum of biological activity from

the vital, to the therapeutic, to the harmful (Fig. 1).

Remarkably, the unique structures characteristic of these

metabolites are all biosynthesized in a similar manner.

While the individual details of each pathway can be highly

nuanced, lying at the center of each is a modular bio-

synthetic logic, which utilizes covalent acyl–enzyme inter-

mediates, iterative cycles of condensation, and tailoring of

monomer units to produce the structural and functional

diversity associated with these classes of small molecules

(for a more detailed description of modular biosynthesis see

Section 2).
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The past 30 years have seen extraordinary breakthroughs in

the biochemical, genetic, and structural understanding of these

enzymes (Fig. 2).4–6 These advances have had many benefits,

from the validation of new antimicrobial and antiobesity drug

targets, to the discovery of new anticancer agents, to the

improvement of batch fermentation processes for industrial

antibiotic production.7,8 The uncovering of the modular

nature of these enzymes has also led to hopes that genetic

shuffling of the enzymatic domains responsible for PKS and

NRPS biosynthesis might allow for the expression of new

proteins capable of producing ‘‘unnatural’’ natural products,

an approach dubbed combinatorial biosynthesis.9 However,

despite some notable exceptions, such strategies have been

largely unsuccessful, with genetically engineered PKS and

NRPS systems often showing reduced or negligible catalytic

activity compared with natural systems.10

In spite of these initial setbacks, the huge potential of

combinatorial biosynthetic methods has led researchers to

Fig. 1 Structures, producers, and biological activities of some notable fatty acid, polyketide, and nonribosomal peptide natural products.

Fig. 2 Timeline of some notable events in the study of carrier-protein-mediated FAS, PKS, and NRPS biosynthetic enzymes.

2 | Chem. Soc. Rev., 2009, 38, 1–34 This journal is �c The Royal Society of Chemistry 2009

11



continue to seek a more complete understanding of the

enzymatic chemistry of these systems for the ultimate goal of

their efficient reengineering. Most recently, chemical biological

approaches have moved to the forefront of methods for the

evaluation of FAS, PKS, and NRPS systems, allowing scien-

tists to study these enzymes in new and creative ways. A

recently defined (though by no means young) field, chemical

biology refers to the application of chemistry to the study of

molecular events in biological systems.11 Chemical biology

shares the common goals of traditional biology and bio-

chemistry of seeking to better understand living systems. The

element that distinguishes chemical biology from these dis-

ciplines is a focus on the design, synthesis, and application of

small molecule probes which report on a particular functional

aspect of that biological system. It also differs from these fields

in that its scope can range broadly from a whole organism, to

a whole proteome, to a single enzyme, to a single nucleotide

sequence.

Chemical methods played a vital role in the study of natural

product biosynthesis long before the term ‘‘chemical biology’’

was coined. It was the availability of isotopically labeled

acetate which first allowed confirmation of the acetate-derived

nature of polyketides by Birch et al., while Stoops and Wakil

used a thiol-reactive crosslinking electrophile to probe the

domain organization of the analogous fatty acid

synthases.12,13 Similarly, Lynen and then Bloch et al. demon-

strated the value of N-acetyl-cystamine (NAC) thioesters as

probes of the individual steps of saturated and unsaturated fatty

acid biosynthesis, techniques which have since been success-

fully adopted by modern researchers to study PKS- and

NRPS-mediated processes.14,15 Any and all of these studies

might now be termed chemical biology (Fig. 2).

It is from this perspective that we review efforts in the field

which have utilized cutting-edge chemical biological

approaches towards four main goals: as (i) probes of mecha-

nism, (ii) selectivity, (iii) structure in FAS, PKS, and NRPS

enzyme systems, and (iv) for the identification of new PKS and

NRPS systems. We have placed a particular emphasis on

methods which use carrier-protein posttranslational modifica-

tion as a tool for gaining a more complete understanding of

these systems. To facilitate this discussion we will provide a

brief introduction to the canonical PKS–NRPS–FAS modular

biosynthetic paradigm, followed by a historical review of

how studies of the carrier protein and its posttranslational

modification led to the development of what is now a key tool

for the study of these modular biosynthetic enzymes. Finally,

after detailing some representative studies in these areas of

research, we will conclude with a short perspective on future

prospects for this exciting field.

2. Modular biosynthesis

The modular biosynthetic logic utilized by FAS, PKS, and

NRPS biosynthetic enzymes is only briefly introduced here for

the purpose of facilitating later discussion; for a more detailed

description of the underlying biosynthetic mechanisms of these

systems the reader is directed to several recent reviews.1–3

FAS, PKS, and NRPS enzymes produce their characteristic

small molecule metabolites by the loading and condensation of

small monomer units. In FAS and PKS systems these mono-

mer units are acyl-CoAs, and structural diversity of PKS

compared with FAS natural products results mainly from

varying degrees of acyl chain reduction.16 The discrete

enzymes responsible for each of the individual loading, con-

densation, reducing, and chain-termination steps are referred

to as domains. When these catalytic domains are housed on a

single massive polypeptide (often 4200 kDa in size) the PKS

or FAS is termed a type I system, as in the human FAS or

6-deoxyerythronolide (DEBS) PKS systems. These domains

can also each be housed on their own discrete polypeptide and

function together in trans to produce their corresponding

natural product in what are termed type II systems, such as

those used in the bacterial FAS or actinorhodin polyketide

synthase (Fig. 3b).17

The loading of acyl monomer units is accomplished in

polyketide and fatty acid biosynthesis by the action of acyl-

transferase (AT) domains. These domains use a nucleophilic

serine to selectively attack the thioester of an appropriate acyl-

CoA monomer (usually malonyl or methylmalonyl CoA) to

form a covalent acyl-O-enzyme intermediate. This inter-

mediate is then transferred to the terminal thiol of a 40-phospho-
pantetheine prosthetic group of an acyl carrier protein (ACP)

domain.z These ACPs are the site of covalent attachment of

activated monomers and growing acyl chains throughout the

cycles of condensation and reduction during PKS and FAS

biosynthesis (Fig. 3c). Condensation is mediated by the keto-

synthase (KS) domain, which utilizes a nucleophilic thiol to

translocate the growing acyl chain to its active site, before

catalyzing decarboxylation of a downstream malonyl-S-ACP

which then captures the KS-bound acyl-enzyme through a

Claisen condensation. The resulting elongated ketide chain

can then be reduced by ketoreductase (KR), dehydratase

(DH), and enoylreductase (ER) domains. In the case of FAS

all of these activities work in concert to produce the fully

reduced saturated hydrocarbon, while in PKS enzymes some

of these reductive activities may be inactive or missing to

produce olefin, alcohol, or ketone containing natural products

(Fig. 3b and 3c). Finally a thioesterase (TE) domain mediates

release of the finished fatty acid or polyketide chain from the

ACP domain. Like the AT, thioesterase domains utilize a

catalytic serine to form an acyl-O-enzyme intermediate which

is then either captured by water to afford the hydrolyzed acyl

chain (as in FAS) or an intramolecular nucleophile (such as a

downstream hydroxyl group) to produce the macrocyclic

structures often observed in PKS natural products (Fig. 3c).

NRPS enzymes introduce functional group diversity in their

products by utilizing a much larger monomer pool, including

all 20 naturally occurring amino acids as well as a number of

unnatural amino and aryl acid substrates.3 These monomer

units are activated by the action of ATP-dependent adenyl-

ation (A) domains, which activate these acids as aminoacyl–

AMP mixed anhydrides that are in turn captured by the

pantetheine thiol of peptidyl or aryl carrier protein (PCP or

ArCP) domains. As in PKS and FAS enzymes, the carrier

z Carrier protein (CP) domains have been alternately denoted in many
studies as thiolation (T) domains. In the present manuscript we use the
original term as designated by Vagelos and Wakil.
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Fig. 3 Domain organization for FAS, PKS, and NRPS enzymes. (a) Domain abbreviations used in this manuscript. (b) Mammalian and bacterial

FAS. Both produce the primary metabolite palmitic acid (1), but while mammalian FAS houses each necessary enzymatic activity on a single

multienzyme, in bacteria they function in trans. (c) Type I PKS responsible for 6-deoxyerythronolide (2) production. Monomer units are color

coded to indicate module of origin. Jagged ACP–KS junctions indicate intermodular communication. (d) Type I NRPS responsible for tyrocidine

(3) production.
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protein (CP) is the point of attachment for these activated

aminoacyl monomers and the growing peptidyl chain through-

out biosynthesis; however, NRPS multienzymes differ in that

PCPS are the only site of covalent attachment to the enzyme

during elongation, as neither the activation nor condensation

reactions utilize acyl–enzyme intermediates. After PCP

loading, dedicated epimerization (E) domains may act on the

aminoacyl-S-PCP or peptidyl-S-PCP to introduce D-amino

acids into the final nonribosomal peptide product. The con-

densation reaction itself is performed by the appropriately

named condensation (C) domain, which mediates amide

bond formation by catalyzing attack of the a-amino group

of the downstream aminoacyl-S-PCP on the thioester of the

upstream PCP-bound peptide. During cycles of elongation the

growing carrier-protein tethered peptidyl chain may also be

modified by the action of methylation (M) or reductase (R)

domains to introduce additional functionality to the final

product. Finally, chain termination is catalyzed by a TE

domain in a mechanism similar to that used by PKS enzymes,

resulting in release of the straight chain or macrocyclic

peptides associated with nonribosomal peptides (Fig. 3d).

3. Carrier-protein-mediated biosynthesis and

posttranslational modification

The biosynthetic cycles of polyketide, nonribosomal peptide,

and fatty acid biosynthesis are highly dependent on the ability

of CP domains to interact with a host of different enzymatic

partners in order to efficiently process biosynthetic inter-

mediates. These biosynthetic intermediates are covalently

tethered to the CP through a thioester bond formed with the

terminal thiol of the 40-phosphopantetheine prosthetic group.
Many of the modern chemical biological approaches detailed

in this manuscript utilize manipulation of this prosthetic group

to probe FAS, PKS, and NRPS enzymatic machinery in

interesting ways. Recalling that there was virtually no know-

ledge of these classes of enzymes 50 years ago, we must admire

the vision of the scientists involved in the initial studies and

mechanistic elucidation of carrier-protein-mediated bio-

synthesis, on whose shoulders the current field stands. In the

following section we focus on the unique posttranslational

modification utilized by carrier proteins, detailing the history

of how it was discovered and the mechanisms by which it is

introduced and regulated in modular biosynthetic enzymes, to

better set the stage for a discussion of its most recent applica-

tions in studying FAS, PKS, and NRPS enzymes. For a more

comprehensive look at the historical development of our

understanding of fatty acid, polyketide, and nonribosomal

peptide biosynthesis, the reader is directed to several superb

reviews.1,18–20

3.1 Discovery of the carrier protein substrate binding site

In 1961, while attempting to study the enzymes responsible for

fatty acid biosynthesis in cell-free yeast extract, Lynen dis-

covered that no low molecular weight intermediates of the

biosynthetic process could be detected within the extract.14

This puzzling observation, followed by a series of elegant

experiments which utilized model NAC substrates and

thiol-specific affinity agents, led Lynen to propose that the

intermediate fatty acyl chains were covalently bound to the

FAS through a thioester bond. The site of attachment of these

intermediates was tracked to two separate sites on the poly-

peptide, denoted as the ‘‘central’’ and ‘‘peripheral’’ thiols of

the FAS.21

The large multienzymatic nature of the type I yeast FAS

precluded further characterization of this system. However, at

the same time several groups—most notably those of Vagelos

and Bloch—were making headway in the same field by

examining crude Escherichia coli enzyme fractions capable of

catalyzing fatty acid biosynthesis.22,23 Study of the E. coli FAS

had many advantages, key among them the freely dissociable

type II nature of the system, which allowed the study of each

discrete enzymatic activity as a different protein. In the course

of fractionating and studying the reaction sequence catalyzed

by these enzymes, the groups of Vagelos and Wakil each

independently discovered a highly acidic, heat-stable protein

which was primarily responsible for the binding of acyl-

intermediates through a thioester linkage (Fig. 2). Given the

name acyl carrier protein (ACP), this protein was found to

function not catalytically but rather as a cofactor, acting as an

acyl-group acceptor and donor during the iterative cycles of

loading, condensation, and reduction involved in fatty acid

biosynthesis.24,25

The identity of the ACP thiol involved in the formation

of these acyl–thioester linkages was a topic of intense

research—after first being misidentified as cysteine, a number

of chemical and enzymatic degradation studies followed by

amino acid determination were performed on ACP.26 The

results definitively demonstrated the substrate tethering group

to be the terminal thiol of 40-phosphopantetheine, bound to

ACP through a phosphodiester linkage to a serine residue.27

This finding was replicated during studies of the type I

mammalian FAS.28 The finding that ACP utilized an identical

prosthetic group to that of coenzyme A (CoA) was curious, as

previous studies had shown CoA-thioester compounds were

poor substrates for ACP-partner proteins. However, the

identity of the prosthetic group raised a provocative bio-

chemical hypothesis as to its origin and incorporation into

ACP, one Vagelos would investigate shortly.

Around the same time as this revolution in understanding the

enzymology underlying fatty acid biosynthesis was coming

about, there was increasing evidence that PKS natural products

might share a similar province. In 1955, Birch et al. demon-

strated that the fungal natural product 6-methylsalicylic acid

arose from head to tail condensation of acetate units through

radiolabeling experiments.12 However studies of the actual

enzymes responsible for polyketide biosynthesis lagged far

behind the corresponding studies of fatty acid biosynthesis,

mostly due to a lack of reliable techniques for the expression

and recovery of these enzymes from crude cell lysate. Never-

theless, Lynen and colleagues isolated the 6-methylsalicylic acid

synthase (6-MSAS) from Penicillum patulum and used affinity

labeling and small-molecule product analysis to postulate a

biosynthetic mechanism similar to that used in fatty acid

biosynthesis, including the covalent linkage of substrates and

intermediates.29,30 Further characterization of PKS reaction

mechanisms would remain elusive until the advent of modern

genetics and molecular biology in the 1980s.31
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Surprisingly, the discovery of covalent channeling of inter-

mediates in fatty acid biosynthesis also had an impact on the

biosynthetic hypotheses for a family of cyclic peptides

seemingly structurally unrelated to the acetate-based poly-

ketides and fatty acids.20 Christened ‘‘nonribosomal peptides’’

due to the insensitivity of their production to known inhibitors

of ribosomal protein synthesis,32 very little was understood

about the biosynthetic origins of these compounds before

1968, when a series of seminal studies were performed in the

laboratory of Lipmann at the Rockefeller University. Using

activity-based fractionation, Lipmann and co-workers isolated

crude preparations of the enzymes responsible for the produc-

tion of the cyclic peptide antibiotic gramicidin S.33 By

administration of radiolabeled amino acids and chemical

cleavage studies it was quickly discovered that these enzymes

utilized covalent aminoacyl–thioester intermediates as inter-

mediates in the formation of nonribosomal peptides.34,35 As

this finding came only a few years after the discovery of ACP

and its use of the 40-phosphopantetheine prosthetic group to

form high-energy thioester intermediates, it was logical to

explore whether NRPS enzymes utilized a similar mechanism.

Indeed Laland et al., who had made findings analogous to

those of Lipmann et al. concerning the enzyme-bound nature

of gramicidin biosynthetic intermediates, would observe

pantothenic acid from gramicidin S synthetase preparations

in 1970.36,37 Lipmann et al. would confirm this finding only

months later, this time using a cell-free extract capable of

tyrocidine biosynthesis.38,39 These findings led to the proposal

of a thiotemplate model of nonribosomal peptide biosynthesis,

in which activated aminoacyl–adenylates were transthioesterified

to a single 40-phosphopantetheine modified carrier protein and

underwent multiple cycles of loading, transthioesterification,

and condensation to produce the final product.40 This initial

understanding would provide the foundation for our current

understanding of NRPS biosynthesis (the so-called ‘‘multiple

carrier’’ model).41 However, the exact mechanism of 40-phospho-
pantetheine incorporation into NRPS producing enzymes would

remain a mystery for the next 30 years (Fig. 2).

3.2 The PPTase reaction: discovery of primary and secondary

PPTases

As mentioned in brief, the discovery of the use of 40-phospho-
pantetheine by ACP as the acyl-group carrier in E. coli fatty

acid biosynthesis immediately suggested the role of CoA as a

biosynthetic precursor to ACP. This was established by

Alberts and Vagelos, who demonstrated that mutant strains

of E. coli which incorporated radiolabeled CoA precursors

into their intracellular CoA pool similarly transferred this

radiolabel to the ACP prosthetic group.42 This method of

metabolic radiolabeling quickly became a powerful tool for

establishing 40-phosphopantetheine content in type I FAS and

NRPS enzymes as well.39,43

Vagelos further characterized the process by which non-40-
phosphopantetheine containing apo-ACP (so called because of

its inability to serve as an acyl-group carrier) was converted to

holo-ACP by purifying a crude preparation of the enzyme

responsible for this transfer.44 This phosphopantetheinyl-

transferase (PPTase) from E. coli was found to catalyze

transfer of the 40-phosphopantetheine arm to apo-ACP in a

CoA and Mg21-dependent manner (Fig. 4). Studies showed

that dephospho-CoA and oxidized CoA were not substrates

for the crude E. coli PPTase, and activity was lost upon

boiling.

After this initial study, interest in PPTases waned through

the 1980s, even as there was a growing awareness of the

role played by holo-carrier proteins in PKS and NRPS bio-

synthesis. It was easy to take 40-phosphopantetheinylation for

granted at this time since the limited number of systems

studied (type I and II FAS, gramicidin and tyrocidine,

6-MSAS) were obtained as crude cell-free extracts purified

directly from the producer organisms, whose endogenous

PPTases ensured their efficient posttranslational modification.

This all changed as the use of gene cloning technology became

routine and molecular biology began to overtake classical

biochemical fractionation approaches to PKS and NRPS

study. Researchers quickly found that recombinantly

expressed PKS and NRPS enzymes were often, or in the case

of NRPS enzymes always, produced as apo-carrier protein

containing synthases.45 This greatly hindered the study of the

reaction mechanisms of these enzymes, and made finding a

way to produce holo-synthase imperative to the field. This task

was undertaken by the laboratory of Walsh at Harvard. Using

an isolation strategy based on the known strong interaction

between the E. coli FAS PPTase and apo-ACP, they purified

the PPTase enzyme to homogeneity and subjected it to

N-terminal sequencing. This allowed identification, cloning,

and overexpression of the gene responsible for its production,

acps (holo-acyl carrier protein synthase), encoding the first

characterized PPTase.46 The enzyme was found to efficiently

phosphopantetheinylate E. coli FAS ACP (as previously

shown) as well as a number of apo-ACPs from reduced

polyketide biosynthetic pathways when incubated with CoA

in vitro.47,48 This PPTase was not found to be active toward

Fig. 4 Carrier protein posttranslational modification by coenzyme

A (4). Carrier protein is pictured as a helical bundle, with cartoon

representation in parentheses. A PPtase mediates transfer of the

40-phosphopantetheine prosthetic group to a conserved serine

residue of the carrier protein (pictured in red), converting it from

apo to holo-form. The terminal thiol can then be used to tether

intermediates throughout FAS, PKS, and NRPS biosynthesis

(see Fig. 3).
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NRPS carrier proteins, explaining their poor posttranslational

modification during heterologous expression.49

Armed with knowledge of the E. coli PPTase sequence,

researchers involved in the NRPS field began to search for

homologues of AcpS which might be responsible for produc-

tion of holo-PCP in these systems. This was accomplished

through a collaborative effort when researchers from the

groups of Walsh, Khosla, and Marahiel identified a series of

proteins in the NRPS producers E. coli, Bacillus subtilis, and

Bacillus brevis which showed marginal homology to AcpS.50

Previous studies had shown these genes, from the enter-

obactin, gramicidin, and surfactin biosynthetic pathways, were

necessary for nonribosomal peptide production in these

organisms, although their function was unknown. Recombinant

expression and purification demonstrated unambiguously

their ability to transfer 40-phosphopantetheine to apo-PCPs

in vitro.50 Soon after this it was shown that coexpression of the

gramicidin S NRPS module, GrsA, with its corresponding

PPTase allowed production of active holo-GrsA in large

amounts.51 Additional research on the PPTase from the

surfactin synthetase gene cluster, Sfp, would universalize this

strategy for production of recombinant holo-carrier proteins,

by demonstrating this enzyme was capable of modifying

carrier protein domains from FAS as well as NRPS enzymes

in vitro.52 Heterologous coexpression of Sfp with FAS, NRPS,

and PKS carrier proteins results in efficient production of

holo-carrier proteins, a strategy which is now commonly used

for enzymological studies of carrier protein utilizing systems.

3.3 Carrier proteins and PPTases: the current state of the art

Carrier proteins are now known to be active in the tethering of

intermediates during biosynthesis of the aforementioned fatty

acids, polyketides, and nonribosomal peptides, as well as a

number of other secondary metabolites involved in processes

such as intercellular signaling and bacterial cell wall bio-

synthesis.53 A survey of carrier proteins identified to date

shows they are characterized by their small size (B75 residues)

and high number of negatively charged surface residues. NMR

solution structures as well as a limited number of crystallo-

graphic studies have shown that carrier proteins adopt a

helical bundle fold which composes three major alpha helices

as well as a fourth minor helix (Fig. 5).54–57 The serine which

acts as the site of 40-phosphopantetheinylation is found in a

loop near the beginning of helix II, most often within a

conserved DSX motif (X being lysine or arginine). This

three-dimensional motif in combination with electrostatic

interactions mediates protein–protein interactions between

carrier proteins and the multiple enzymatic partners they must

interact with during fatty acid, polyketide, and nonribosomal

peptide biosynthesis.53,58

Although all carrier proteins share these general charac-

teristics, significant differences are evident between bio-

synthetic systems. Fatty acid ACPs are extremely abundant

relative to PKS and NRPS CPs and are estimated to constitute

B0.25% of total cellular protein in E. coli (the prototypical

bacterial system).59 Structurally it has been shown that type II

fatty acid and polyketide carrier proteins, which interact with

their enzymatic partners in trans, usually carry a strongly

negative charge, particularly in the long loop between helix I

and II, helping to mediate interaction with partner proteins via

electrostatic interactions. NMR studies and more recently

obtained crystal structures of type II ACPs with bound fatty

acyl substrates suggest that these carrier proteins also share a

common mode of protecting these intermediates through

sequestration within a hydrophobic core (Fig. 5a and b).60

In contrast, NMR analyses of type I PKS and NRPS carrier

proteins reveal a more neutral charge on their protein surface,

supporting a reduced necessity for guidance to their enzymatic

reaction partners by large electrostatic interactions due to their

in cis positioning in multimodular synthases.56,61,62 In the

crystal structures of type I FAS, PKS, and NRPS enzymes

published to date, regions corresponding to the carrier protein

have been resolved only in the fungal FAS.63–67 This study

revealed a structural basis for a similar substrate sequestration

mechanism as is used by type II FAS carrier proteins,

and postulated the ACP transitions between substrate

sequestration and substrate processing by movement of the

40-phosphopantetheine arm via a switchblade-like mechanism

(Fig. 5c and d).68

Since their initial discovery, a large number of PPTases

involved in fatty acid, polyketide, and nonribosomal peptide

biosynthesis have been identified from a variety of

organisms.69–71 Currently PPTases are classified into three main

classes: type I PPTases resemble E. coli AcpS and exhibit a

Fig. 5 Crystal structures of fatty acid ACPs from bacterial and

fungal systems. (a) Crystal structure of E. coli ACP with decanoate

bound through thioester linkage to the 40-phosphopantetheine pros-

thetic group (PDB:2FAE). The canonical three major helices are

observed, with helix II and the conserved Ser 36 colored gold and

green respectively. (b) View of ‘‘a’’ rotated 901 toward reader. The

bound decanoate moiety is sequestered in a hydrophobic core.

(c) Fungal ACP, excised from the crystal structure of the stalled yeast

FAS (PDB:2UV8). (d) The pantoic acid portion of the 40-phospho-
pantetheine group is observed extended for interaction with the KS

domain, in contrast to ‘‘b’’, leading the authors to propose a switch-

blade mechanism of prosthetic group action in fatty acid biosynthesis.
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strong preference towards modification of carrier proteins from

primary metabolic pathways such as fatty acid biosynthesis,

possessing little reactivity with PKS and NRPS carrier

proteins.46 Type II PPTases are exemplified by the B. subtilis

PPTase Sfp, and are often referred to as secondary PPTases due

to their in vivo role in the modification of CPs involved in

polyketide and nonribosomal peptide biosynthesis. In addition

to modifying PKS and NRPS carrier proteins, these PPTases

possess a relaxed substrate specificity which permits post-

translational modification of FAS carrier proteins, both when

applied in vitro as well as during heterologous coexpression

in vivo.72 A subclass of type II PPTase is represented by PcpS

found in Pseudomonas aeruginosa. This organism does not

harbor genes for a type I PPTase and instead utilizes PcpS for

the modification of all carrier-protein-dependent biosynthetic

pathways.73 Finally type III PPTases are found integrated

within the multimodular fungal and yeast FAS. These enzymes

have not been the subject of extensive characterization as they

have been found to lose their activity when excised from the

FAS complex.74

By far the most well-known and useful PPTase from a

biotechnology standpoint is the aforementioned Sfp.50,52

Due to its relaxed specificity in terms of carrier-protein

identity, Sfp is now commonly coexpressed with recombinant

PKS and NRPS enzymes, co-opting the endogenous CoA of

an overexpression host such as E. coli for the production of

active 40-phosphopantetheinylated enzyme. More recently

researchers have focused on utilizing another characteristic of

Sfp, namely its remarkable permissivity for the identity of the

CoA analogue whose 40-phosphopantetheine arm is trans-

ferred to the carrier protein. Hinted at in initial studies of

Sfp which showed that acyl, aromatic, and non-thioester

containing CoA analogues were efficiently transferred to

apo-carrier proteins,48 it has now been shown that Sfp is

capable of transferring virtually any CoA analogue to any

apo-carrier protein in vitro. Some notable examples of diverse

CoA analogues transferred to carrier proteins using Sfp are

pictured in Fig. 6.75–78 The structural basis for this substrate

promiscuity is revealed by the crystal structure of Sfp in

complex with CoA.79 While the phosphate groups of CoA

make specific contacts with Sfp and the Mg21 cofactor,

explaining the absolute requirement for 30-phosphorylation
of the ribose sugar, no defined interactions were observed for

the terminal thiol-containing portion of the CoA molecule,

which extends out of the CoA binding pocket into the solvent

(Fig. 7). To date there has not been a CoA analogue reported

in the literature which Sfp is incapable of accommodating, and

it is interesting to speculate on the potential limits of this

amazingly permissive enzyme. What is known is that Sfp

represents one of the trump cards in the toolbox assembled

to study fatty acid, polyketide, and nonribosomal peptide

biosynthesis, one chemical biologists have been extremely

creative in playing.

Fig. 6 Crystal structure of Sfp, the promiscuous PPTase from the B. subtilis surfactin biosynthetic pathway (PDB:1QR0). (a) Structure of Sfp

with CoA substrate and Mg21 cofactor bound in active site. (b) Close-up of CoA bound to Sfp. The terminal b-alanine and cystamine portions of

CoA extend into the solvent and make no clear interactions with the enzyme, helping explain the permissivity of Sfp for CoA analogues modified at

the thiol-terminus.

Fig. 7 Notable examples of CoA analogues transferred to carrier

proteins using Sfp.
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4. Probes of PKS and NRPS mechanism

Prior to the molecular biology revolution, the researcher’s

options for probing the different activities of multidomain

FAS, PKS, and NRPS enzymes were few. To test the activity

of an acyl carrier-protein-loaded substrate involved either

chemical acylation of the carrier protein (which runs a high

risk of off-site reactivity and enzyme inactivation) or use of

small-molecule carrier-protein surrogates such as NAC,

pantetheine, or CoA thioesters.80–82 Even though such methods

continue to play an important role in the mechanistic analysis

of modular biosynthetic enzymes, there has been an awareness

of the shortcomings of such strategies since the beginning. It

has been noted elsewhere that one of the fathers of the FAS

field, Feodor Lynen, had a very dim view as to the ability of

NAC thioesters to serve as replacements for more complex

structures in both the oxidative and reductive fatty acid

biosynthetic pathways. Their surprising success led him to

say, ‘‘Be naı̈ve and try the experiment even if its chances of

success are very small.’’83

In the field of PKS and NRPS biosynthesis, the newfound

availability of recombinant proteins and the ability to load

essentially any apo-carrier protein with a mechanistically

relevant coenzyme A analogue using Sfp has perhaps increased

the researchers chances of success, although the discovery of

more complex and detailed biosynthetic pathways reminds us

that we remain as naı̈ve as ever in some respects. Nevertheless,

the power of carrier-protein modification studies in probing

several different mechanistic aspects of PKS and NRPS bio-

synthesis should not be understated. The promiscuous PPTase

Sfp is now almost universally applied for a variety of purposes,

from the relatively simple posttranslational modification of

recombinant carrier proteins to their holo-form, to the loading

of putative biosynthetic intermediates onto their cognate carrier

protein, to the examination of the substrate selectivity of PKS

and NRPS enzymes for their potential use in combinatorial

biosynthesis.84–86 Here we focus on a few representative exam-

ples which utilize carrier protein 40-phosphopantetheinylation
to probe the mechanisms used by PKS and NRPS condensation

and thioesterase domains, as well as examining its more recent

use in studies which screen the loading specificity of PKS

and NRPS modules using high power mass spectrometry

techniques.

4.1 Probes of NRPS condensation mechanism

The ability to load carrier proteins with analogues modified at

the thiol-terminus of CoA was first applied to probe the

substrate specificity of the condensation domain of the NRPS

responsible for tyrocidine biosynthesis in the gram-positive

bacterium Bacillus brevis.38,87 TycA (A/PCP/E) and TycB1

(C/A/PCP) are known to catalyze loading, epimerization, and

condensation of L-Phe and L-Pro by a canonical NRPS

reaction mechanism to form the carrier protein bound dipeptide

D-Phe-L-Pro-S-TycB1, an intermediate which undergoes

further cycles of elongation and cyclization to form tyrocidine.

Taking advantage of the fact that the donor and acceptor

PCPs for this condensation reaction are housed on different

peptides, and the ability of the gramicidin initiation module

GrsA to substitute for TycA in vitro,88 Belshaw and co-workers

used Sfp in combination with aminoacyl-CoA analogues to

bypass the adenylation domain specificity of these enzymes

and load apo-GrsA and apo-TycB1 with a number of different

aminoacyl 40-phosphopantetheine arms (Fig. 8). The ability of

the TycB1 C-domain was then tested for its ability to catalyze

their condensation. They found that when the donor site,

GrsA, was loaded with five different aminoacyl CoAs, TycB1

loaded with the natural substrate L-Pro capably processed

them all to TycB1-bound dipeptides. Further analysis of this

reaction by chiral HPLC showed in the case of L-Phe-S-CoA

and L-Ala-S-CoA loading of GrsA, epimerization of the

carrier-protein-loaded amino acid preceded condensation,

resulting in formation of the DPhe-L-Pro dipeptide over the

L-Phe-L-Pro product in a 9 : 1 ratio. In sharp contrast to

the broad range of GrsA donor site substrates accepted by the

TycB1 C-domain, when TycA was loaded with the natural

condensation substrate DPhe and the amino acid loaded at the

TycB1 acceptor site was varied from the natural L-Pro,

Fig. 8 Aminoacyl CoAs as probes of NRPS condensation mechanism.

(a) L-Phe and L-Pro, the natural substrates for GrsA and TycB1, are

loaded by A domains, epimerized, and condensed to form a PCP-L-

Pro-DPhe dipeptide. (b) GrsA is loaded with a variety of amino-

acyl-CoA analogues using Sfp, several of which condense with

L-Pro-S-TycB1, implying selectivity is low for the aminoacyl-S-PCP

donor. (c) TycB1 is loaded with a variety of aminoacyl CoA analogues

using Sfp, few of which are condensed, implying a high selectivity for

the aminoacyl-S-PCP acceptor in NRPS biosynthesis.
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condensation was observed only with L-Ala (out of five amino

acids tested). The stringent substrate specificity and C-domain

binding of downstream, single amino acid loaded acceptor

domains of an NRPS has been rationalized in terms of the

larger context of nonribosomal peptide biosynthesis, during

which C-domains must accommodate upstream carrier pro-

teins loaded with aminoacyl polymers of varied size and steric

hindrance. By providing evidence that in initiation modules,

epimerization precedes condensation, and that the condensa-

tion domains confer fidelity to the growing natural product by

being highly selective for the correctly loaded aminoacyl-

S-PCP acceptor, this study provided some of the first insights

into the timing and coordination of nonribosomal peptide

biosynthesis.87 Traditional studies have since confirmed both

of these findings are broadly applicable to the canonical

enzymes of the NRPS class as a whole, a testament to the

information-rich nature of carrier-protein-based analyses.89,90

To extend this methodology, and gain insight into the

timing of epimerization and condensation in further down-

stream NRPS elongation modules, the groups of Walsh and

Marahiel later used Sfp to load an internal modulae from the

tyrocidine NRPS, TycB3 (A/PCP/E) with tetrapeptidyl CoA

analogues.91 The downstream TycC1 (C/A/PCP) module was

then auto-aminoacylated with its natural substrate L-Asn and

tested for its ability to accept TycB3 loaded tetrapeptides in

the condensation reaction in a single turnover fashion. It was

found that L-Asp-S-TycC1 promoted condensation when

TycB3 was loaded with tetrapeptides containing either the

epimerized DPhe adjacent to the C-terminal thioester position,

or the analogous L-Phe containing tetrapeptide substrate.

However, only the DPhe containing pentapeptide was

recovered in both cases, suggesting that the epimerization

reaction at the peptidyl-S-TycB3 stage proceeded before

TycC1-mediated condensation (Fig. 9). This was consistent

with the proposed timing of the epimerization reaction in

internal elongation modules, which evidence had suggested

to occur at the peptidyl-S-PCP stage in internal elongation

modules of NRPS.89,90 To fully characterize this process a

TycB3 mutant was produced with an active site mutation,

rendering the epimerization domain inactive, and loaded with

the DPhe and L-Phe tetrapeptides. In this case TycC1 produced

the pentapeptide only from the TycB3 loaded DPhe tetra-

peptide, providing definitive evidence that epimerization at

the peptidyl-S-PCP stage precedes condensation in NRPS

elongation modules (Fig. 9).91 According to the nomenclature

developed for NRPS C-domains, the TycC1 condensation

domain is a DCL catalyst, referring to its stereochemical

preference for condensation of an epimerized upstream

peptidyl-S-PCP donor with a downstream L-aminoacyl-S-PCP

acceptor.

More recently, a novel NRPS condensation domain was

characterized from the gene cluster responsible for production

of the cyclic lipopeptide arthrofactin in Pseudomonas sp.

MIS38.92 In addition to the expected condensation activity,

C-domains from the arthrofactin synthetase were found to

also catalyze epimerization, consistent with the lack of

E-domains and racemases observed in the gene cluster.

Sfp-mediated posttranslational modification was again essential

in characterizing these enzymes, allowing for the production of

a lipopeptidyl-S-PCP which was shown to condense with the

downstream aminoacyl-S-PCP only after epimerization. This

confirmed that the timing of condensation and epimerization

in dual activity C–E domains mirrored that of more tradi-

tional DCL C-domains, consistent with phylogenetic analyses

which show them to be closely related.93 In the future, similar

studies may be useful in probing the activity of other bio-

logically relevant nonribosomal peptides which are postulated to

utilize dual-function C–E domains, including the actinomycete

antibiotics ramoplanin and enduracidin.94,95

Very recently a third type of condensation domain, catalyzing

peptide bond formation between the amine group of a carrier

protein bound b-phenylalanine and a octatrienoyl-S-CP inter-

mediate, was discovered during study of the biosynthesis of the

antibiotic andrimid.96 This reaction is catalyzed by AdmF, a

stand-alone transglutaminase analogue, which contains a

Cys-His-Asp catalytic triad. Once again Sfp proved essential

in biochemical characterization of this enzyme, allowing pre-

paration of the putative substrate (octatrienoyl-S-CP) as well

as a radiolabeled substrate analogue (14C-butyryl-S-CP) both

Fig. 9 Peptidyl CoAs as probes of NRPS condensation mechanism.

(a) Tetrapeptidyl CoA analogues of the natural TycB4 chain elonga-

tion intermediate and L-Asn, the natural substrate for the A domain of

TycC1. (b) Upon loading of TycB4 with a L-Phe tetrapeptidyl CoA,

and TycC1 with Asn by auto-adenylation, only the epimerized penta-

peptide product is observed, implying epimerization precedes conden-

sation in NRPS biosynthesis. (c) A similar experiment using a TycB4 E

domain mutant shows no formation of the pentapeptide, implying the

non-epimerized peptide is not a substrate for the TycC1 C domain.
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of which are transferred via amide bond linkage to the amine-

group of b-Phe-S-CP upon administration of AdmF. The

preparation of 14C-butyryl-S-CP proved especially helpful,

demonstrating the broad substrate range of this enzyme as

well as providing evidence for the formation of an acyl–

enzyme intermediate through the use of its catalytic cysteine.

The further characterization of this and transglutaminase-

condensation homologues from other gene clusters could

prove useful in the development of truly universal PKS–NRPS

condensation catalysts.

4.2 Probes of PKS condensation mechanism

Although polyketide substrates are notoriously challenging to

prepare, a similar strategy of acyl-CoA substrate loading has

been used to examine the kinetic benefit of 40-phospho-
pantetheine tethering in the KS-catalyzed condensation

reactions of PKS biosynthesis. In 2002 Wu et al. compared

diffuse, intramolecular, and intermolecular channeling of

ketide substrates in the DEBS biosynthetic pathway.97 By

measuring rates of triketide lactone formation upon incuba-

tion of DEBS module 2/5/6 þ TE with (i) NAC-loaded

diketides or (ii) carrier-protein-loaded diketides, the researchers

were able to compare the impact of protein–protein inter-

actions and enzyme–substrate interactions in this biosynthetic

system. Analysis of the kinetic data showed that similar

mechanisms, most likely KS-domain selectivity, were involved

in determination of substrate specificity for both NAC and

carrier-protein bound diketides. However, comparison of the

relative rates of triketide lactone formation showed that

ACP-tethered diketides were processed 10–100 times faster

than the corresponding NAC-diketides (Fig. 10a and b).

Furthermore ACP-mediated substrate channeling resulted in

the processing of extremely poor substrates whose turnover

could hardly be detected in the case of diffusely presented

substrates, displaying the importance of carrier-protein inter-

actions compared to substrate–enzyme interactions in PKS

biosynthesis.97

Studies of type I PKS systems, as in Fig. 10, are facilitated

greatly by the ability to engineer TE domains onto specific

modules and truncate the biosynthetic cycle through release of

triketide lactones. Application of this approach in combina-

tion with synthetic acyl-NAC substrates has allowed for the

direct observation or clear inference of nearly every bio-

synthetic intermediate in the DEBS biosynthetic pathway.

However, this approach cannot be utilized with type II PKS

enzymes, which exist as discrete domains and function essen-

tially as single-turnover catalysts unless all components of the

pathway are added. Additionally, there is often no chemo-

enzymatic route for release of nascent chains from type II PKS

carrier proteins, as these systems often do not utilize TE

domains.17 Chemical release, on the other hand, requires

application of strongly basic conditions to unstable poly-

ketone intermediates, whose subsequent side-reactions and

degradation can make mechanistic inferences based on their

structure unreliable.

Considering these problems, an innovative approach to

study type II and III PKS condensation reactions was deve-

loped by Spencer and co-workers in 2005.98 Recalling the

normal PKS condensation reaction, in which a downstream

malonyl-S-ACP undergoes decarboxylation and the resulting

enolate attacks the upstream polyketide-S-ACP, they deve-

loped a non-hydrolyzable malonyl CoA analogue (13, Fig. 11).

The replacement of the thioester bond with a thioether linkage

ensured that, upon decarboxylation and capture of the poly-

ketide intermediate, the PKS would be incapable of further

condensation, effectively trapping the polyketide intermediate

at that step.

This approach was first applied to study stilbene synthase

(STS), a type III PKS which catalyzes formation of stilbenes

such as resveratrol by condensation of a p-coumaroyl-CoA

and three malonyl CoA (12) units followed by cyclization.

Since type III PKS enzymes utilize acyl-CoA intermediates

rather than acyl-ACPs, the intermediates captured by the

malonyl CoA analogue could be easily detected by

LC-MS.99,100 Applying non-hydrolyzable CoA 13 analogue

in combination with a starter-unit aromatic acyl-CoA and

varying concentrations of authentic malonyl CoA 12 resulted

in observation of diketide and triketide-CoA intermediates by

LC-MS (Fig. 11). Interestingly, the tetraketide-CoA inter-

mediate was not observed regardless of the aromatic acyl-

CoA starter unit used. This may be due to limitations of the

STS active site to accommodate the non-hydrolyzable malonyl

CoA analogue, which is one methylene unit longer than the

natural substrate.98 While this method, if applied to type II

PKS enzymes, would still be subject to single-turnover conditions

specified above, new methods for the direct observation of

Fig. 10 Acyl CoA probes of PKS condensation and chain termina-

tion. (a) Incubation of DEBS module 2 þ TE with a diketide-NAC

results in diffuse loading of the KS cysteine, followed by condensation

and chain cleavage to yield a triketide lactone. (b) Incubation of DEBS

module 2 þ TE with an Sfp loaded diketide-S-ACP substrate allows

ACP-mediated substrate channeling of the diketide intermediate,

resulting in faster formation of the triketide lactone and the ability

to process noncognate substrates. (c) Kinetic studies of TE-mediated

cleavage of an Sfp loaded butyryl-S-ACP in the DEBS system show

significantly slower cleavage when the substrate is presented in trans

(left) versus in cis on the same polypeptide (right).
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carrier protein bound intermediates by mass spectrometry

(see Section 4.4) in combination with improved routes to non-

hydrolyzable CoA analogues101,102 could make this a powerful

tool for mechanistic analysis of carrier protein utilizing PKS

systems in the future.

4.3 Probes of PKS and NRPS thioesterase mechanism

Macrocyclization is a strategy used in both polyketide and

nonribosomal peptide biosynthesis to produce small molecules

constrained in a biologically relevant conformation, as well as

protected from hydrolytic or proteolytic degradation.3 This

cyclization is traditionally accomplished through the activity

of a dedicated TE domain, located at the C-terminus of the

PKS or NRPS enzyme. These domains utilize a Ser-His-Asp

catalytic triad to cleave the thioester bond of the full-length

peptidyl or acyl-S-CP and produce a peptidyl or acyl-O-TE

intermediate, which is in turn hydrolyzed or captured by an

intramolecular nucleophile to release the full-length natural

product from the enzyme. An excellent perspective on recent

studies into both canonical and non-canonical NRPS and PKS

macrocyclization strategies has been provided recently by

Kopp and Marahiel.103

In studies of PKS TE mechanism, acyl-NACs have most

often been used as carrier protein surrogates.104 This is both

due to the difficulty involved in the synthesis of sufficient

quantities of the linear polyketide-CoA substrates to facilitate

carrier-protein loading, as well as the viability of this method

in producing scientifically relevant results. For example, acyl-

NACs 14 and 15, analogues of the linear pikromycin precursor

seco-10-deoxymethynolide, have helped to identify the essen-

tial nature of an unreduced ketone at the 7-position to

macrolide formation by the pikromycin thioesterase domain

(Pik-TE) (Fig. 12).105,106 This method has also been used to

probe the mechanism and the timing of chain release in the

biosynthesis of the polyether ionophores nanchangmycin and

monensin, providing evidence that chain release occurs sub-

sequent to glycosylation in nanchangmycin biosynthesis.107,108

In addition, acyl-NACs have been used to probe the cycliza-

tion activity of the excised epothilone TE domain, as well as to

examine the utility of using excised TE domains from the

DEBS, Pik, cryptophycin PKS systems for the cyclization of

substrate analogues.106,109–111

In very recent work, Tran et al. used carrier-protein loading

to probe the PKS TE mechanism for the first time, using a

simple butyryl-CoA as a polyketide mimic in the study

of the DEBS ACP–TE didomain.112 They observed that

TE-catalyzed hydrolysis of the DEBS butyryl-S-ACP was

much faster when covalent connection of the two enzymes

was maintained than when the same butyryl-S-ACP and TE

were studied as individually excised domains which interact in

trans (Fig. 10c). While detailed kinetic analysis of the in cis

reaction was not possible due to the fast rate of sub-

strate hydrolysis, binding assays indicated the excised

DEBS-TE showed an increased binding affinity for acylated

ACP 4 holo-ACP c apo-ACP. In the absence of structural

data it is not yet understood whether this is due to a significant

conformational change in ACP upon its conversion to the

holo-state (as is observed in the NMR stucture of the tyrocidine

PCP),62 or if this is indicative of a key role played by

Fig. 11 Malonyl CoA analogues as probes of PKS condensation.

(a) Structures of malonyl CoA (top) and Spencer’s non-hydrolyzable

malonyl CoA analogue (bottom). The thioether linkage is highlighted

in gray. (b) Stilbene synthase (STS), a type III PKS, normally performs

condensation and cyclization of a coumaroyl CoA starter and 3

malonyl CoAs to form resveratrol. Performing the same enzymatic

reaction with varying amounts of the non-hydrolyzable malonyl CoA

analogue, allowed the diketide (bottom) and triketide (not pictured)

CoA intermediates to be captured.

Fig. 12 Acyl-NACs as probes of PKS thioesterase mechanism. (a)

The excised Pik-TE efficiently cyclizes a linear hexaketide-NAC to the

10-deoxymethynolide product. (b) Reduction of the C7 carbonyl

results in abolition of cyclization activity, implying an essential role

for this functionality in TE substrate presentation.
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recognition of the substrate by the TE in type I PKS chain

termination.

Carrier-protein loading has also proven useful in the study

of NRPS thioesterase mechanism. For example, the TE of the

fengycin NRPS shows no cyclization or hydrolysis activity

towards linear peptidyl-NAC or CoA thioester substrates.

This led Sieber et al., in one of the greatest examples of Sfp

substrate promiscuity to date, to test whether loading of the

full-length decapeptidyl-CoA onto the excised PCP–TE

didomain would reconstitute the predicted cyclization activity

of this enzyme in vitro.76 Using solid-phase peptide synthesis

followed by solution phase synthesis of the peptidyl-CoA

thioester, they produced a panel of polypetidyl-CoAs which

could readily be loaded onto the fengycin ACP–TE didomain

using Sfp. They found that, after PCP–TE loading of the

natural substrate precursor and incubation, the expected

cyclized fengycin product was observed. In addition, examina-

tion of a number of linear fengycin analogues in which the

position of the intramolecular nucleophile (in this case a

tyrosine) had been altered demonstrated differential cycliza-

tion activity and provided insight into the regioselectivity of

the fengycin TE. While it has since been shown that peptidyl-

thiophenols can also act as fengycin TE substrates,113 similar

carrier-protein-based approaches could prove useful in the

future characterization of PKS and NRPS thioesterase

domains which prove recalcitrant to the use of NAC surrogates.

4.4 Probing PKS and NRPS mechanism and selectivity using

ESI-FTMS

The widespread use of high-powered mass spectrometry (MS)

technology in the study of modular biosynthetic enzymes is a

relatively recent development but has rapidly accelerated and

broadened in scope. MS first proved a valuable tool in the

probing of NRPS mechanism, validating the multiple carrier

model of nonribosomal peptide biosynthesis by facilitating

identification of radiolabeled PCP active sites following

proteolytic digest of the gramicidin NRPS.41 Since this initial

effort, the development of MS technology has transformed

mass spectrometry into a leading tool for the study of mecha-

nism and selectivity in polyketide and nonribosomal peptide

biosynthesis. Particularly noteworthy has been the develop-

ment of ESI-FTMS (electrospray ionization with ion cyclo-

tron Fourier-transform mass spectrometry) and tandem MS

fragmentation methods that can be readily applied to multi-

enzyme synthases. Here we provide a few representative

examples in which chemical biological techniques have been

used in combination with MS to probe PKS and NRPS

enzymes; for the definitive review on the topic, including a

detailed discussion of methods and strategy, the reader is

directed to a recent article by Dorrestein and Kelleher.114

As early as 1999 it was shown that ESI-FTMS could be used

to observe intermediates in modular biosynthetic processes.115

In a study of the NRPS responsible for production of enter-

obactin, it was found that proteolytic digest of the reconsti-

tuted NRPS followed by calculation of the mass shift of the

PCP-active site containing peptide allowed the molecular

weights of intermediates to be determined with high accuracy,

and from this their structures inferred. Such an approach is

absolutely dependent on the generation of carrier-protein

containing peptide samples which (i) are sufficiently pure to

allow observation of the ionized carrier protein active site

peptide and (ii) do not cause thioester cleavage of PKS–NRPS

reaction intermediates.114 Fulfilling these requirements can

necessitate time-consuming optimization of digestion and

separation protocols which allow CP active site identification

by either tandem MS or chromatographic subtraction of

Sfp–CoA treated and nontreated samples.

In order to streamline interrogation of polyketide and

nonribosomal peptide biosynthesis by ESI-FTMS, the groups

of Walsh and Kelleher developed a method for facile detection

of carrier protein active site peptides.116 Burkart and

co-workers observed in 2004 that the substrate tolerance of

Sfp allowed transfer of fluorescent CoA analogues onto a

variety of carrier proteins.117 Using this approach, McLoughlin

et al. loaded modules of the recombinant pyochelin NRPS

with fluorescent or UV-detectable CoA analogues. Cyanogen

bromide digest followed by chromatographic fractionation

allowed the identification of PCP-containing fractions based

on their incorporated fluorescence or unique UV absorbance.

This allowed observation of missed cleavages in the cyanogen

bromide digestion procedure and determination of elution

times of PCP active site peptides which could not otherwise

have been predicted (Fig. 13a). Applying this knowledge, the

researchers then loaded the pyochelin NRPS with natural

substrates and found they were able to utilize similar digestion

and fractionation methods to observe PCP-bound intermedi-

ates from the reconstituted pyochelin biosynthetic pathway

in vitro. This approach, as well as recent advances in tandem

MS fragmentation methods which allow observation of charac-

teristic carrier protein degradation fragments (Fig. 13b),118,119

has greatly facilitated detection of 40-phosphopantetheinylated
PKS–NRPS proteins and peptides. The development of opti-

mized protocols for observation of recombinant carrier pro-

tein active sites has a variety of applications in the mechanistic

analysis of modular biosynthetic enzymes. One notable

example has been the use of ESI-FTMS for the rapid screening

of PKS and NRPS loading domain specificity. In NRPS

biosynthesis, A domains are responsible for activation of a

specific amino acid as an aminoacyl–AMP mixed anhydride.

This aminoacyl–AMP is then captured by the 40-phospho-
pantetheine thiol of the adjacent PCP to complete the loading

process.3 The traditional biochemical assay for this process

uses the reverse reaction, in which radiolabeled pyrophosphate

is incorporated into ATP, as a measure of A domain substrate

specificity for an amino acid. While such studies have been

extremely useful, in some cases amino acid activation as

measured by the pyrophosphate exchange does not correlate

to PCP loading of a substrate.120 In addition, such assays must

be performed individually with each amino acid, limiting the

throughput of this approach.

These considerations led Dorrestein et al. to develop an

ESI-FTMS based assay capable of determining the selectivity

of A domains in substrate mixtures containing multiple amino

acids (Fig. 13c).121 Holo-PCP–A domain pairs (produced

through posttranslational modification using Sfp and CoA)

were incubated with a mixture of potential acid substrates in

the presence of ATP. Inspection of the corresponding mass
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shift allowed rapid determination of the loading specificity of a

variety of modular biosynthetic enzymes. One illustration of

the power of this method was its use in combination with

unbiased, commercially available metabolite pools, to deter-

mine A domain specificity of two A–PCP didomains from the

then uncharacterized PksX gene cluster. This allowed the

authors to disqualify the small molecule difficidin as a poten-

tial product of this orphan gene cluster due to its lack of

incorporation of the observed amino acids. This proved

prescient, as the cluster was later shown to encode the hybrid

PKS–NRPS product bacillaene.122 In addition, by omission of

the preferred substrate, loading of alternate substrates could

be observed using ESI-FTMS and used as a measure of the

permissivity of different A domains for noncognate substrates.

Such insights are not always evident from bioinformatic

analyses and may be useful in future biocombinatorial efforts.

While these initial studies utilized cyanogen bromide digestion

and chromatographic separation, this method has since been

shown to be compatible with tandemMS methods developed for

analysis of PKS and NRPS proteins. Such methods reproducibly

induce phosphopantetheinyl-elimination of posttranslationally

modified carrier proteins in the gas phase, greatly simplifying

the carrier-protein loading analyses of high molecular weight

PKS and NRPSs whose digestion would result in a large number

of peptide fragments (Fig. 13b).118 For example, tandemMS has

allowed observation of L-Phe loading of holo-GrsA at isotopic

resolution without digestion of the 127 kDa construct. While the

substrate loading has been most readily screened to date in

NRPS systems, the synthesis and application of CoA analogues

in a similar fashion should allow probing of PKS loading

specificity.98,123 In the future these methods promise to be a

key tool in the screening of mechanism and substrate selectivity

in both PKS and NRPS biosynthesis.

5. Probes of PKS and NRPS selectivity

One goal of the staggering amount of mechanistic work which

has been performed on FAS, PKS, and NRPS enzymes is to

provide a foundation for their rational reengineering, from the

bottom up. While these efforts may hold the key to the

ultimate success of combinatorial biosynthetic efforts, just as

interesting have been studies which seek to establish and push

the limits of selectivity and substrate tolerance of currently

known PKS and NRPS catalysts. As will be seen, there is

considerable overlap in studies of mechanism and selectivity of

these enzymes, and the two often go hand in hand. The

following section details the ways in which substrate tolerance

has been used to probe and classify PPTase enzymes, as well as

the utilization of ‘‘top-down’’ approaches to determination

and application of the selectivity of NRPS epimerization and

thioesterase domains.

5.1 Probes of PPTase selectivity

While this review illustrates (at some length) uses of the

natural promiscuity of the PPTase Sfp, substrate selectivity

of this enzyme has been well-demonstrated. For example, in

their study of thioesterase activity, Sieber et al. noted that

decapeptidyl-CoAs exhibited Sfp-catalyzed PCP loading at

rates approximately 100 times slower than the natural CoA

substrate. Mercer et al. explored PPTase selectivity using

fluorescent CoA analogues possessing orthogonal red, green,

and blue excitation characteristics.124 Incubation of an equi-

molar mixture of these CoAs with a carrier protein and Sfp

resulted in production of a highly defined red–green–blue ratio

for each carrier protein tested. Carrier proteins from FAS,

PKS, and NRPS biosynthetic pathways showed distinct

labeling patterns, both alone and in complex mixtures, most

Fig. 13 ESI-FTMS as a tool for probing mechanism and selectivity in PKS and NRPS biosynthesis. (a) Strategy for detection of carrier protein

active site peptides using fluorescent labeling by CoA analogues. Identification of the CP-peptide can greatly streamline interrogation of modular

biosynthetic enzymes when using limited proteolysis-based approaches. (b) Tandem MS (MS2) fragmentation of the 40-phosphopantetheine
prosthetic group in the gas phase. Using ESI-FTMS this property can be observed to arise from intact CP-containing enzymes 4100 kDa in

weight. This top-down method greatly simplifies observation of the modified and unmodified phosphopantetheine group, allowing the weights of

substrates and biosynthetic intermediates to be deduced and from them mechanism inferred. (c) Using ESI-FTMS as a substrate loading assay for

A domain activity. By allowing multiple substrates to be analyzed at once, FTMS allows insight into both mechanism and selectivity in a

high-throughput manner. This approach was first used with limited proteolysis, but a tandem MS fragmentation is depicted here for simplicity.
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likely due to the differential labeling rates of each structurally

distinct fluorescent CoA analogue (Fig. 14). In the future such

multiplex approaches could be used for the development of

substrate specificity-based ‘‘fingerprinting’’ for classification of

both carrier proteins and PPTases.

PPTase selectivity was again probed using fluorescent CoA

analogues by the groups of Klok and Johnsson in 2005. This

study used an O6-alkylguanine-DNA alkyltransferase fusion

tag to covalently immobilize the wild type as well as a number

of helix II mutants of the E. coli fatty acid ACP onto a glass

slide.125 The effect of these mutants on ACP–PPTase interac-

tion was then explored by monitoring the ability of the

PPTases AcpS (from E. coli) and Sfp to catalyze transfer of

a fluorescent CoA analogue to the immobilized ACPs

(Fig. 15). The excised PCP from the tyrocidine NRPS was

also examined. The results demonstrated that Sfp was broadly

tolerant of all the single mutant ACPs tested, efficiently

transferring the fluorescent CoA to the immobilized carrier

protein. AcpS proved less promiscuous, particularly of ACPs

mutated at Asp35 (the residue adjacent to the posttransla-

tionally modified Ser in ACP). This led the authors to posit a

more significant role for this acidic residue in the ACP–AcpS

interaction, and propose a hypothesis for carrier protein

recognition by Sfp.125 While this study was greatly facilitated

by the fluorescent nature of the assay used, which provided a

simple and qualitative measure of the PPTase reaction, similar

protein immobilization techniques may prove useful in future

studies of protein–protein interactions of ACP.

5.2 Probes of NRPS epimerization selectivity

The study of epimerase activity has always been closely

associated with the study of NRPS condensation reactions,

as researchers have sought to understand the natural interplay

of these two domains in nonribosomal peptide biosynthesis.

Early work to probe the selectivity of E-domains utilized

aminoacyl-NAC and pantetheine derivatives; however, the

intrinsically low binding of these substrates for their cognate

E-domains was problematic from the standpoint of gaining

insight into the native substrate tolerance of these enzymes.126

To address this issue, Marahiel and co-workers launched an

exhaustive effort aimed at characterization of the epimerase

activity of PCP–E didomains towards carrier-protein loaded

di-, tri-, and tetrapeptidyl thioester substrates.127 This in-

volved the recombinant expression and purification of four

different apo-PCP–E didomains, the initiation module PCP–E

didomains from tyrocidine (TycA) and gramicidin (GrsA) and

the elongation module PCP–E didomains of the tyrocidine

(TycB2) and fengycin (FenD2) synthases. Each of these

didomains were then individually loaded with members of a

16-member peptidyl-CoA library consisting of peptidyl CoAs

varying in length, sequence, and N-methylation using Sfp

(Fig. 16a). Incubation of the loaded didomain followed by

substrate hydrolysis allowed determination of the in vitro

activity of each E-domain against each peptidyl-S-PCP sub-

strate. Thus Sfp allowed not only the loading of unnatural

substrates onto each excised NRPS-enzyme, but also

circumvented the previously observed low affinity of E-domains

for in trans substrates.128

The results of this study showed that initiation E-domains,

such as TycA and GrsA, are capable of epimerization of

longer peptidyl-S-PCP substrates, although at slower rates

than their natural aminoacyl-S-PCP substrates. Significantly,

these epimerized peptidyl-S-PCP species were substrates for

the downstream TycB1 condensation domain, indicating this

may be a viable approach for reengineering of nonribosomal

peptide length. In many of these substrates a single stereo-

chemical product was formed, implying that the C-domain

retained its specificity as a DCL catalyst in the context of

unnatural substrates, although some ambiguity was seen.127

The two elongation E-domains, TycB2 and FenD2, demon-

strated a broad substrate tolerance which was remarkably

similar to one another, an unexpected finding given that they

epimerize non-homologous substrates in the larger context of

their NRPS megasynthase. All four PCP–E domains showed

efficient processing of peptidyl-S-PCP substratesN-methylated

adjacent to the thioester bond, possibly due to the stabilizing

influence of N-alkylation on the enolate-S-PCP intermediate

formed during epimerization (Fig. 16b and c). Finally, in

comparing the observed rates of epimerization of both initiation

and elongation E-domains with aminoacyl versus peptidyl

substrates, it was observed that aminoacyl initiation E-domains

are seemingly capable of activating either aminoacyl-S-PCP or

Fig. 14 A multiplex approach to analyzing PPTase loading specifi-

city. The combined incubation of orthogonal fluorescent CoA analo-

gues with an apo-CP results in reproducible loading of well-defined

ratios of each fluorescent CoA. This approach can be used to generate

specificity fingerprints for both CPs and PPTases.

Fig. 15 Site-specific immobilization of apo-ACP (depicted in a

96-well plate) combined with use of fluorescent CoA analogues

allows high-throughput screening of mutant PPTases based on ACP

fluorescence. This can be used to determine essential ACP–PPTase

interactions.
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peptidyl-S-PCP substrates with equal efficiency, while peptidyl

elongation E-domains show a strong preference for peptidyl-

S-PCP substrates. This correlates with the hypothesis, pre-

viously proposed, that the aminoacyl-S-PCP epimerization is

more electronically challenging due to the destabilizing influ-

ence of the free amine group, and thus initiation E-domains

are preferentially optimized by nature to accomplish this

transformation.89,127

5.3 Probes of NRPS thioesterase selectivity

Due to the critical nature of macrocyclization in promoting

biological activity as well as the technical challenge it often

presents in organic synthesis, efforts to probe the substrate

selectivity of TE domains have been an area of intense focus

since their discovery. While some studies exist of substrate

selectivity using PKS TE domains,104,105,111 the majority of

work to date has focused on NRPS TE selectivity, in large part

due to the ease with which their linear peptidyl–thioester

substrate analogues are prepared through solid-phase peptide

synthesis.

The most well-characterized NRPS TE domain to date is the

terminal domain of the tyrocidine synthetase (Tyc-TE)

(Fig. 17). In 2000 Trauger and colleagues demonstrated that

when recombinant Tyc-TE was excised from its B700 kDa

megasynthetase complex, it retained cyclization activity for

decapeptidyl-NAC thioesters analogues of the tyrocidine

seco-acid.129 In addition, Tyc-TE was capable of dimerization

and cyclization of a pentapeptidyl-NAC to reconstitute

formation of the gramicidin macrocycle in vitro. Perhaps most

surprisingly, the peptide backbone of the linear decapeptide

proved resilient to single amino-acid substitutions, demon-

strating an absolute requirement for only two residues

(DPhe1 and L-Orn9) of the decapeptide for promotion of

cyclization activity.129 Ensuing studies probed the effect re-

placement of multiple decapeptide-NAC amino acids with

short ethylene glycol linkers or hydroxy acids had on cycliza-

tion. These studies identified backbone peptide bonds whose

substitution completely abrogated cyclization activity,

suggesting a role for them in preorganization of the linear

peptide in a product-like conformation inside the Tyc-TE

active site.130 In an accompanying paper, the authors also

demonstrated that Tyc-TE macrocyclization activity was

tolerant of changes in both overall chain length and internal

amino acid identity of the peptidyl-NAC.131

Together, these studies provided a preliminary structure–

activity relationship for tyrocidine macrocyclization, which

suggested Tyc-TE might accept a wide range of peptidyl-

NAC substrates possessing the requisite length, nucleophile

position, and intramolecular hydrogen bonding interactions.

Indeed this has proven to be the case, as Tyc-TE has since been

shown to cyclize peptidyl-NACs substituted with a number of

unnatural amino acids. This remarkable substrate promiscuity

was first applied by Kohli and co-workers, who inserted into

the linear decapeptidyl-NAC many alterations including an

integrin binding motif.132 Upon cyclization by Tyc-TE, this

resulted in generation of a cyclic peptide with high affinity for

this cell-surface receptor. Addressing a different target, Kohli

et al. sought to increase the throughput of this method by

testing the ability of Tyc-TE to cyclize peptides directly from

the surface of a solid-phase resin.133 Using this method, over

300 resin-bound linear decapeptidyl substrates were tested for

cyclization by Tyc-TE and the corresponding cyclic peptides

screened for antibiotic activity. This resulted in the discovery

and rapid optimization of a tyrocidine analogue with increased

selectivity for bacterial versus human membranes.

Fig. 16 Peptidyl and aminoacyl CoAs as probes of NRPS epimeriza-

tion selectivity. (a) Strategy for loading PCP–E didomains with

peptidyl CoAs using Sfp. (b) Aminoacyl-S-PCPs are epimerized sub-

stantially faster by E domains from initiation modules than elongation

modules. This is postulated to be due to their ability to better

accommodate the destabilized carbanion intermediate which results

from deprotonation of their natural substrate than elongation E

domains. (c) Peptidyl-S-PCPs are epimerized at similar rates by both

enzymes, indicating they both can accommodate the less destabilized

carbanion intermediate formed during epimerization of this substrate.

Fig. 17 Normal decapeptide-S-PCP substrate and mechanism of

tyrocidine thioesterase (Tyc-TE).
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Since these initial studies, Tyc-TE has been used to cyclize

linear peptides incorporating diverse functionalities including

allyl and propargyl substituents (for later elaboration by olefin

metathesis and Huisigen [3 þ 2] cycloaddition, respectively),

glycosylated residues, and embedded polyketide chains

(Fig. 18).134–137 In addition, a number of NRPS TE domains

in addition to Tyc-TE have been explored as macrocyclization

catalysts.113,131,138,139 The study of one such system, the

daptomycin TE, fostered the development of an inventive

method to probe peptide cyclization using Förster resonance

energy transfer (FRET).140 In its cyclic peptide structure,

daptomycin incorporates tryptophan as well as the unnatural

amino acid kynurenine. These amino acids possess a natural

spectral overlap of their excitation and emission spectra

(Trp lEm B 330 nm; Kyn lEx B 350 nm) which results in

fluorescent excitation of Kyn (lEm B 450 nm) when they are

brought into proximity by cyclization. After showing that the

observed FRET signal was highly distance dependent and not

observed in the seco-acid of the linear peptide, Grunewald

et al. used this interaction to follow peptide cyclization in real

time by monitoring fluorescent emission at 450 nm after

incubation of linear peptidyl thioester analogues of daptomycin

with daptomycin TE (Fig. 19). It was shown that this

process was highly sensitive and could be applied to surface

immobilized daptomycin TE domains, foreshadowing a

possible use in combination with directed evolution for high-

throughput screening of TE domains with altered substrate

selectivities.140,141

These studies all emphasize the essential nature of NRPS TE

domains for rapid production and diversification of chemically

distinct cyclic peptide natural product libraries. Also high-

lighted in studies of TE specificity are questions as to the most

relevant qualities of carrier protein surrogates. NAC esters

have been long thought to be active in FAS, PKS, and NRPS

systems partly due to natural binding interactions resulting

from structural similarities to the carrier protein bound

40-phosphopantetheine arm (Fig 18). Tyc-TE and Srf-TE have

been shown to catalyze acyl transfer and cyclization using

both NAC substrates as well as less activated esters, such as

the Fmoc synthesis compatible N-(b-alanyl)-N-b-amino-

ethanol esters.133,138 The fengycin TE, in contrast, shows no

cyclization or hydrolysis activity towards traditional CP

surrogates such as NAC thioesters, only cyclizing PCP or

thiophenol-bound peptides.113 Understanding the basis for

leaving group stabilization of 40-phosphopantetheine and its

surrogates during the transacylation reaction in each of these

systems, as well as the unique interplay between molecular

recognition elements and inherent thermodynamic activation

of a substrate, will likely be important to future combinatorial

biosynthetic endeavors.

6. Probes of megasynthetase structure

When Lynen reported the apparent multienzymatic nature of

the yeast FAS in the mid-60s he was greeted with some

skepticism, as the presence of multiple enzymatic activities

on a single polypeptide was still a fairly revolutionary idea.

Such qualms led Otto Warburg, a fellow researcher in the

yeast field, to memorably suggest that Lynen, ‘‘Go back to the

laboratory and crystallize the fatty acid synthetase,’’ in order

to definitively answer the questions concerning the tertiary

structure of the FAS.83 Neither Warburg nor Lynen could

have predicted at the time just how evasive this pursuit would

prove. Not only are multienzyme megasynthases extremely

large and architecturally complex, properties not well-suited

for collection of high quality crystallographic data, but they

are also inherently flexible, owing to the fact each must deliver

covalently tethered intermediates to several geometrically

distinct catalytic domains. Despite the potential utility of

structural insights to facilitate combinatorial biosynthetic

endeavors, only recently have such data began to emerge for

type I FAS, PKS, and NRPS systems, over 40 years after

Warburg’s comment! This has required not only technological

innovation in genetics, crystallography,142 and data analysis,

but also in the creative design and application of chemical

probes. Here we highlight the roles such probes have played,

both in classical studies of FAS domain organization, as well

as in more recent efforts which use inhibitor design and

chemoenzymatic methods to investigate FAS, PKS, and

NRPS systems.

Fig. 18 Carrier protein surrogates (left) and notable unnatural

amino acids (aa’s—right) used as substrates for macrocyclization by

Tyc-TE.

Fig. 19 Monitoring cyclization of daptomycin analogues in real time

using FRET. Macrocyclization brings the FRET donor tryptophan

and FRET acceptor kynurenine into spatial proximity, resulting in a

detectable signal.
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6.1 Chemical crosslinking of FAS and PKS by bifunctional

electrophiles

By the early 1980s the general reaction sequence of fatty acid

biosynthesis was fairly well understood, in no small part due to

studies of the type II E. coli FAS which could be broken down

into its constitutive activities.143 However, very little was

known about the domain organization of type I systems, such

as those used by animals or fungi. A particularly salient

question was raised by the observation that when the animal

FAS, normally a homodimer, was disassociated into its mono-

meric subunits it showed no FAS activity.144 Assays traced

this inactivation to a lack of KS-catalyzed condensation

activity. What was the molecular basis for the lack of KS

activity in the monomer?

Stoops and Wakil attempted to answer this question by

applying a chemical crosslinking probe, 1,3-dibromo-

propanone (DBP, 16), to the chicken FAS.13 As early as

Lynen’s first study of fatty acid biosynthesis in 1961, it was

understood that components of both type I and type II FAS

enzymes were susceptible to inactivation by thiol-specific

electrophiles such asN-ethylmaleimide and iodoacetamide.14,145

Furthermore, by this time both the identity of the ACP

40-prosthetic group as well as the KS catalytic cysteine had

been uncovered.143 It was therefore anticipated that a bifunctional

electrophile such as DBP, with alkylating groups joined by an

B5 Å linker, could provide insight into the spatial proximity

and mechanistic cooperation of intra- and intersubunit ACP

and KS domains. Indeed, while SDS-PAGE analysis of the

animal FAS normally results in observation of the denatured

FAS monomer at B250 kDa, a similar analysis following

DBP treatment showed migration of three new higher mole-

cular weight bands atB400–500 kDa, indicative of monomer–

monomer crosslinking (Fig. 20).13 Although the number of

crosslinked oligomers formed was not explained, the site

of crosslinking was tracked to the ACP and KS thiols of

opposing monomers based on substrate protection by acetyl

and malonyl CoA, as well as competitive inhibition of DBP

crosslinking by the knownKS-specific reagent iodoacetamide.146

The finding that the ACP and KS domains lie in such close

(B5 Å) proximity led to the proposal of the head to tail model

of mammalian fatty acid biosynthesis, in which the ACP of

each FAS monomer lies juxtaposed with the KS of the other

monomer, creating two distinct and non-complementary

reaction chambers. Additional evidence for this model was

provided by a study which used chloroacetyl-CoA and iodoa-

cetamide to specifically inactivate the ACP and KS active sites

of the FAS. While each individual modification led to a loss of

FAS activity, upon disassociation and mixture of the two

inactivated enzymes it was found that a percentage of FAS

activity was regained.147 This gain in activity was presumably

due to heterodimer formation of ACP and KS deficient

monomers, reaffirming the intersubunit mechanism of

ACP–KS interaction in fatty acid biosynthesis. Through such

studies, chemical biology aided in the creation of the initial

model of a type I megasynthetase.

In some senses these studies represent both a pioneering

success as well as a cautionary tale, as 18 years later techno-

logical advances would allow an alternate interpretation of

both the chemical crosslinking results and the heterodimeriza-

tion study, ultimately leading to an entirely different model of

domain organization in the type I FAS.1,148,149 A modern

version of the heterodimerization study was first performed by

Smith and colleagues which utilized the newfound ability to

recombinantly express active site mutants of the animal FAS,

a more specific method of active site inactivation than the

previously used chemical reagents. Among other notable

findings, it was observed that heterodimers of animal FAS in

which one monomer contained both ACP and KS inactivating

mutations were still capable of palmitate biosynthesis.148 This

was unexpected as it necessitated cooperation of ACP and KS

domains within the same monomer, a physical impossibility

when considering the head to tail model. This led to a

reexamination of the chemical crosslinking studies of Stoops

and Wakil, this time with an emphasis on unambiguous

identification of the high molecular weight species formed.149

Through the use of epitope tags along with purified homo- and

heterodimer FAS enzymes incorporating mutations in one,

both, or neither of the ACP and KS domains, the identity of

the three species was determined. In addition to double and

single intersubunit crosslinking of ACP and KS domains

producing FAS dimers (explained by the head to tail model),

the third species migrating at a molecular weight ofB100 kDa

greater than the FAS monomer was identified as the intra-

subunit ACP–KS crosslinked monomer (Fig. 20). Although the

reason for the greatly reduced electrophoretic mobility of the

crosslinked FAS dimer is not well understood, this study over-

turned a key piece of evidence supporting the head to tail model,

therefore allowing its revision to the current model in which

ACP and KS domains of opposing subunits are aligned head-to-

head.1 Further evidence for this head-to-head arrangement has

since been provided by site-specific chemical crosslinking of

cysteines engineered near the N-termini of animal FAS.150

While this comparatively dramatic story was unfolding in

the study of the animal fatty acid biosynthesis, DBP

Fig. 20 Chemical crosslinking of mammalian FAS using dibromo-

propanone (DBP, 16). (a) Mammalian FAS is pictured as a head-to-

head dimer. DBP can crosslink the dimer between ACP and KS

domains in an intersubunit (route 1) or intrasubunit (route 2) fashion.

(b) Cartoon representation of SDS-PAGE analysis of crosslinking

reaction. Smith successfully identified the crosslinked species as the

doubly intersubunit crosslinked (1, 1), the singly intersubunit

crosslinked (1), and the singly intrasubunit crosslinked FAS (2) by

repeating the original DBP crosslinking experiments with epitope

tagged FAS heterodimers, a key piece of evidence in support of the

head-to-head model of mammalian FAS.

| Chem. Soc. Rev., 2009, 38, 1–34 This journal is �c The Royal Society of Chemistry 2009

27



crosslinking was also applied to study the domain organiza-

tion of other type I enzymes. Both the fungal FAS as well as

the fungal PKS 6-MSAS were shown to migrate as dimers on

SDS-PAGE following DBP treatment, suggesting ACP–KS

interaction occurred at the dimer interface in these enzymes as

well.151,152 As genetic information became available for non-

iterative type I PKS enzymes, most notably the DEBS

synthase, the DBP crosslinking of what were implied to be

ACP and KS domains was also cited as evidence for a double

helical, head-to-head model of PKS quaternary structure.153

Since this study, crosslinking by DBP and other bifunctional

electrophiles has been used to verify the correctly folded,

dimeric nature of recombinant PKS modules by intersubunit

crosslinking, although it has been observed that when modules

of DEBS are exposed to bifunctional electrophiles with longer

linkers (B15 Å) than that of DBP (B5 Å) they undergo non-

specific crosslinking at sites other than the ACP and KS

thiols.154,155 Notably, similar applications of bifunctional

electrophilic crosslinkers targeting thiol and amino groups to

NRPS enzymes have failed to identify any dimerized species,

an observation cited as evidence that these enzymes do not

readily form dimers in solution and may exist in multiple

oligomeric states.156 Since these studies, both the head-to-head

models of mammalian FAS as well as the multimerization

states of PKS and NRPS enzymes have been verified by

recently acquired structural data.63,66,67,157

6.2 FRET studies of interdomain distance in animal FAS

Another classic chemical method which has proven capable of

providing insight into the domain arrangement of multi-

domain biosynthetic enzymes is the use of fluorescent small

molecule affinity tags to estimate interdomain distances. This

method to date has only been applied to the animal FAS, in a

number of inquiries which culminated in the mid-1980s. In

one such study, Kolattukudy and co-workers utilized the

well-chronicled susceptibility of serine hydrolases to fluoro-

phosphonate (FP) inhibitors to specifically label the TE

domain of the FAS with a pyrene-fluorophosphonate

(17, lEx B 346 nm, lEm B 376 nm) capable of acting as a

FRET donor.158 They then utilized a coumarin-maleimide

(18, lEx B 398 nm, lEm B 459 nm) to label the 40-phospho-
pantetheine thiol of the ACP domain with an acceptor fluoro-

phore (Fig. 21). As with DBP crosslinking, specificity of

modification was monitored largely by activity assays and

substrate protection studies, with SDS-PAGE and HPLC

analysis of fluorescent fragments following proteolytic digest

providing a new method of analysis. Although FRET

measurements were hindered by partial off-site alkylation of a

non-ACP thiol by the reactive maleimide, labeling of ACP and

TE active sites in this manner was found to result in an

observable enhancement in the coumarin emission spectrum

upon excitation of the pyrene moiety. The well-known methods

for disassociation of the FAS dimer allowed the researchers to

track this interaction to the intrasubunit interaction of the ACP

and TE domains from the same monomer, and calculations

estimated the distance between the two at B37 Å.158

In the same time period Cardon and Hammes was develop-

ing a method which utilized nitrobenzaoxazole-CoA

(lEx B 488 nm, lEm B 539 nm) to specifically acylate

ACP.159 The choice of this fluorophore allowed it to act as a

FRET acceptor to both pyrene-fluorophosphonate as well as

the NADPH cofactors (lEx B 365 nm, lEm B 460 nm) which

were well-known to bind to the KR and ER sites, allowing

many intra- and intersubunit distances for the animal FAS to

be calculated.160 The independent analysis of ACP–KR,

ACP–ER, ACP–TE, TE–TE, and KR–ER pairs led to the

observation that the interdomain distances were considerably

larger than expected (sometimes 459 Å, Fig. 21), and would

likely not be accessible to a statically located, 20 Å long

40-phosphopantetheine arm.160,161 This led the authors to note

that ‘‘relatively large conformational changes may be part of

the catalytic cycle [of animal FAS],’’ another finding which has

been echoed in recent commentary on the newly available

crystal structures of this enzyme. While FRET based

approaches have been largely superceded by other methods

of structural analysis, in the future they may be useful in

providing quick and reliable assays for the structural integrity

of engineered PKS and NRPS enzymes by allowing researchers

to verify retention of interdomain distances and quaternary

architecture similar to the native enzyme. Such efforts may be

facilitated by the increasing number of active site directed

reagents for FAS, PKS, and NRPS reported in recent

years.7,162,163

6.3 Chemoenzymatic crosslinking to capture transient

protein–protein interactions in FAS, PKS, and NRPS

The past two years have seen multiple breakthroughs in the

structural analysis of type I modular biosynthetic enzymes.

Fig. 21 Estimation of interdomain distances in mammalian FAS

using FRET. (a) Labeling of the TE with a pyrene donor, and the

ACP with a coumarin-acceptor moiety, results in production of a

FRET signal on excitation of the donor fluorophore. The intensity of

this signal can be used to estimate interdomain distances. (b) Structure

of coumarin-maleimide used to label ACP. (c) Structure of pyrene-

fluorophosphonate used to label TE. (d) Accumulated inter- and

intrasubunit interdomain distances estimated by FRET study of the

mammalian FAS by the groups of Kolattukudy158 and Hammes.159
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These achievements have included multiple refinements of the

fungal FAS crystal structures, generation of high resolution

structural data for multidomain PKS fragments, and most

recently the first ever crystallization of an entire NRPS

module.4,65,67,164 A full commentary on many of these findings

has been provided by three recent reviews.1,4,165 While these

studies have answered many questions concerning the

quaternary architecture of these enzymes, they have raised

many more, a large number of which are related to the

protein–protein interactions of ACP. Namely, what is the

physiochemical nature of the large conformational changes

which must occur in FAS, PKS, and NRPS enzymes in order

for the carrier protein to interact with its partner proteins in

these systems? How is this accomplished when the conforma-

tional freedom of the carrier protein is constrained, as it is

when it lies in the center of several hundred kDa PKS and

NRPS enzymes? What is the molecular basis for the transient

protein–protein and enzyme–substrate interactions which

drive these processes?

One approach which has been employed for years to facilitate

crystallization of transient enzyme conformations has been

the use of tight-binding inhibitors and cofactor analogues.

Recalling that E. coliACP was originally understood not as an

enzyme, but as a cofactor,24,25 one can take this analogy to the

extreme and imagine the synthesis of a carrier-protein analo-

gue which would act as a tight-binding inhibitor of its FAS,

PKS, and NRPS accessory enzymes, providing insight into the

stepwise protein–protein interactions which drive modular

biosynthetic processes.

Indeed, while E. coli ACP has been chemically synthesized

in its apo form by solid-phase peptide synthesis,166 the most

successful routes to ACP analogues have used molecular

biology in combination with organic and chemoenzymatic

synthesis. The first study pursued with the explicit goal of

capturing the protein–protein interactions of carrier-protein

mediated biosynthesis through an inhibition-based approach

was undertaken by Worthington et al. in 2006.167 Employing

the well-characterized ACP–KS enzyme pairs used during type

II fatty acid biosynthesis in E. coli, the authors investigated the

ability of ACP analogues modified in the 40-phospho-
pantetheine moiety to specifically bind and inhibit their

cognate KS domains. These ACP analogues (denoted

crypto-ACPs due to the ‘‘hidden’’ nature of the natural thiol

of the phosphopantetheine moiety) were produced through a

one-pot, chemoenzymatic transformation of pantetheine

analogues into CoA analogues, which were then transferred

onto the apo-ACP by Sfp (Fig. 22).168 As the in trans inter-

actions of ACP and KS domains are necessarily weak, a non-

hydrolyzable amide bond to an electrophilic inhibitor moiety

was synthetically incorporated into the 40-phosphopantetheine
arm of the ACP analogues in order to irreversibly capture any

association of the ACP and KS active sites. The inhibitor

‘‘warheads’’ chosen for this task were an electrophilic epoxide,

modeled after the known KS inhibitor cerulenin, and a

chloroacrylamide Michael acceptor (19), another known

affinity label for enzymes which utilize active site cysteines.

Upon incubation of the electrophilic crypto-ACPs with the

E. coli KS enzymes, it was found that KASI and KASII

site-specifically crosslinked to the crypto-ACP (as analyzed

by gel-shift and MS-analysis), while a third E. coli

ketosynthase, KASIII, did not. This is consistent with the

known mechanism and substrate selectivity of these KS

domains, as KASI and KASII normally facilitate condensa-

tion by translocation of the growing chain from acyl-S-ACP to

their own nucleophilic cysteine, while KASIII initiates fatty

acid biosynthesis by acting on an acyl-CoA substrate.59 This

method also proved capable of shedding light on the suitability

of protein–protein interactions between unnatural ACP–KS

pairs, as electrophile incorporating carrier proteins from PKS

and NRPS pathways showed differential crosslinking efficiency

with the E. coli FAS ketosynthase KASI. This latter finding has

potential utility in the directed evolution of compatible

ACP–KS pairs for use in combinatorial biosynthesis.

Since the initial report of this technique, it has been applied

with success to a number of modular biosynthetic systems,

allowing site-specific crosslinking of the discrete ACP and

KS-CLF of the type II enterocin PKS,169 a discrete ACP

and AT–DH–KS tridomain of type I animal FAS,170 and

two discrete ACPs and AT–KS didomains from modules 3 and

5 of the type I DEBS PKS (Fig. 23a).171 This last study found

that ACPs and KS–AT pairs from the same module of the

DEBS synthase showed preferential reactivity, reaffirming the

ability of ACP–KS crosslinking to identify complementary

enzymatic partners. Another notable aspect of these studies

was the finding that the crosslinking efficiency of crypto-ACPs

incorporating fatty-acyl or aromatic groups into the

electophilic 40-phosphopantetheine arm showed a good corres-

pondence with substrate specificity of the KS in the study of

ACP–KS crosslinking of type II FAS and PKS systems.169

This indicates that through skillful inhibitor design it may be

possible to use ACP–KS crosslinking to gauge the relative

contributions of the substrate specificity conferred by the

group located on the 40-phosphopantetheine chain and

compatibility of protein–protein interactions for ACP–KS

association.

The ideal use of this method would be its application in

concert with X-ray crystallography to yield insight into the

protein–protein interactions which lie at the heart of the

Fig. 22 General strategy for chemoenzymatic crosslinking of ACP

and KS domains. A one-pot chemoenzymatic method is used to

transform an electrophilic pantetheine analogue into an electrophilic

CoA analogue and load it onto an apo-CP. This electrophilic ACP is

then incubated with the KS, whose nucleophilic cysteine attacks the

electrophile, trapping the interaction of the two proteins.
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ACP–KS condensation reaction. For successful crystallization

of these species, purity of the crosslinked ACP–KS pair will be

crucial. This creates a potential barrier, as the one-pot chemo-

enzymatic method used to create crypto-ACPs utilizes four

enzymes (pantothenate kinase, PanK; 40-phosphopantetheine
adenyltransferase, PPAT; dephospho-CoA kinase, DPCK;

and Sfp) along with the ACP and KS of interest.167,168 One

way to decrease the complexity of the reaction mixture would

be to isolate the electrophilic CoA analogue prior to ACP

loading; however, it has been observed that some of the most

useful crosslinkers incorporate reactive tags which are prone

to hydrolysis under the strongly acidic conditions typically

utilized during HPLC purification of CoA analogues.172 These

challenges led Haushalter et al. to develop a strategy for the

purification of crosslinked ACP–KS domains.173 This

involved first optimizing the stoichiometry of the ACP–KS

crosslinking reaction in order to drive it to consumption of the

6xHis-tagged KS domain. Then, through use of orthogonally

tagged CoA biosynthetic enzymes along with native Sfp,

affinity chromatography was used to isolate purified prepara-

tions of the ACP–KS complex in good yield. This approach

has since allowed isolation of multimilligram quantities of

crosslinked ACP–KS enzymes from the E. coli FAS pathway.

In addition to the disassociable E. coli FAS enzymes, another

particularly promising system for crystallographic analysis is

the aforementioned DEBS synthase. The KS–AT didomain

from this PKS has already been crystallized at high resolution,

and the demonstration that excised ACP domains are capable

of reconstituting PKS activity with these fragments indicates

the ACP and KS–AT pair are able to take on natural protein

conformations even when interacting in trans.174 Both of these

observations bode well for the ultimate success of ACP–KS

crosslinking applications to the DEBS PKS system.

In addition to PKS and FAS condensation, carrier protein

crosslinking has also been used to probe the interaction of

PCP and partner domains in nonribosomal peptide bio-

synthesis. The group of Aldrich first applied this approach

to an NRPS system for the site-specific crosslinking of PCP

and A domains.175 The A domains of NRPS enzymes are

known to be extremely susceptible to inhibition by non-

hydrolyzable aminoacyl–AMP analogues, in particular

aminoacyl–AMS (‘‘adenosine-50-monosulfamate’’) mimics

which exhibit Ki values in the single nanomolar range

(Fig. 24b, 20).162 These analogues have found their main

application to date as antibiotics which target the production

of NRPS and PKS virulence factors in pathogenic bacteria,

and an overview of such efforts has been provided very

recently by Cisar and Tan.176 In order to apply these same

tools to structural analysis and PCP–A crosslinking, Qiao

et al. engineered a vinyl sulfonamide, normally a Michael

acceptor of low reactivity, into a non-hydrolyzable aryl-

adenylate which was a tight-binding inhibitor of the A domain

from the mycobactin NRPS.177 Incubation of the holo-PCP

from the mycobactin system with this analogue did not result

in modification of the terminal thiol, indicating its non-specific

reactivity was low. However, upon addition of the discrete

mycobactin A domain, modification of the terminal thiol of

the PCP-40-phosphopantetheine arm was observed by MS

analysis, indicative of the ability of the unsaturated adenylate

to mediate formation of a PCP–A complex (Fig. 23b). That

this phenomenon was driven by specific protein–protein inter-

actions of the mycobactin PCP–A domain pair was demon-

strated by the lack of PCP-modification observed when

Fig. 23 Chemoenzymatic crosslinkers applied to date for structural

analysis of modular biosynthetic enzymes. (a) ACP–KS crosslinking.

(b) PCP–A crosslinking. (c) PCP–TE crosslinking. The EntF construct

is abbreviated for simplification. (d) COM-mediated crosslinking.

(e) ACP–partner enzyme photocrosslinking. (Bottom) Structural

shorthand used to denote unnatural 40-phosphopantetheine arms used

in a, c, d, and e.

Fig. 24 A domain activity. (a) Reactions catalyzed by the A domain.

(b) Inhibitors of A domain adenylation (20) and aminoacyl-S-PCP

(21) forming half reactions.
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noncognate A domains from the yersinabactin and entero-

bactin NRPS pathways were applied in a similar manner.175

Almost concurrently with this study, Liu and Bruner

reported their own use of PCP-based inhibitors of the A and

TE domains within the context of the terminal module of the

enterobactin NRPS.178 The 140 kDa multienzyme EntF con-

tains C, A, PCP, and TE activities within a single polypeptide.

They first sought to inhibit the second half reaction catalyzed

by the A domain, in which the bound aminoacyl-adenylate is

transferred to the free thiol of the holo-PCP (Fig. 24a). By

loading the apo-PCP with a non-hydrolyzable, amide-linked

version of the ordinary product of this reaction, Ser-S-PCP,

they observed decreased A domain activity as measured by

pyrophosphate exchange assay. The decreased ability of the A

domain to catalyze the first half reaction of adenylation is

possibly indicative of its preferential locking in a second half

reaction-like conformation (Fig. 24b, 21). Also shown was the

ability of the EntF A domain to catalyze transfer of serine to

the amino-CoA loaded PCP for formation of its own

non-hydrolyzable, aminoacyl-PCP inhibitors.178

Turning their attention to the interaction of the PCP and

TE domains, Liu and Bruner next tested the viability of a

40-phosphopantetheine incorporating a chloroacetamide

moiety for covalent crosslinking of the PCP and the active site

serine of the TE domain (Fig. 23c). Although haloacetamides

have traditionally been found to target activated cysteine

residues,179,180 in this case it was hoped that proximity effects

resulting from covalent tethering of the inhibitor would over-

come this natural preference. Indeed, upon PPTase-catalyzed

loading of the EntF PCP domain with the non-hydrolyzable,

electrophilic chloroacetamide CoA, it was found that the Vmax

of TE hydrolysis was reduced by approximately fivefold.178

This is indicative of covalent modification of the NRPS,

although evidence for the site-selectivity and nature of this

modification proved difficult to obtain due to the large size of

the EntF enzyme.

Finally, switching focus to intermodular communication in

nonribosomal peptide biosynthesis, a chemoenzymatic cross-

linking approach was recently developed for the study of

NRPS interactions facilitated by communication-mediating

(COM) domains.181 Found at adjacent termini of NRPS

modules that perform condensation reactions in which the

peptidyl-PCP donor and aminoacyl-PCP acceptor are housed

on separate polypeptides, COM domains are short, B25

residue protein segments which mediate molecular recognition

between NRPS megasynthetases.182 Due to the crucial role

they play in promoting intermodular condensation, COM

domains represent a key target for engineering in combinatorial

biosynthetic approaches.183

Hur et al. sought to study this interaction by using the

[3 þ 2] Huisigen cycloaddition of azides and alkynes. In

particular, it was hypothesized that a strong, COM domain-

mediated interaction of NRPS modules loaded with comple-

mentary azides and alkynes on their PCPs would facilitate

[3 þ 2] cycloaddition and concurrent crosslinking. To examine

this approach, a panel of azide and alkyne pantetheine analo-

gues was synthesized and chemoenzymatically loaded onto the

well-studied NRPS multienzymes TycA (A/PCP/E) and

TycB1 (C/A/PCP). Loading of the PCPs of TycA with an

azide and TycB1 with a difluorinated cyclooctyne184 allowed

the transient interaction of TycA and TycB1 to be captured

through strain-promoted, [3 þ 2] cycloaddition, as observed

by gel-shift and MS identification (Fig. 23d). Evidence that

this crosslinking event was promoted by the endogenous

protein–protein interactions of the TycA–TycB1 pair was

provided by the finding that crosslinking was abrogated by

pre-denaturation of the enzyme and the failure to observe a

similar gel-shift when noncognate PCP domains from the

enterobactin and vibriobactin biosynthetic pathways were

similarly loaded with azides and incubated with cyclooctyne

TycB1. Finally, the role of the COM domain in negotiating

this process was specifically investigated through the use of

TycAD23, a TycA mutant in which the 23 residues corres-

ponding to the COM domain were deleted. It had previously

been shown that this mutation leads to a loss of condensation

activity with the downstream, L-Pro loaded TycB1, pre-

sumably due to a lack of interaction of the two megasynthe-

tase modules.182 As expected, upon incubation of azide-loaded

TycAD23 with cyclooctyne–TycB1 crosslinking was not

observed, providing ultimate confirmation of the ability of this

method to discriminate between native and non-native inter-

modular protein–protein interactions in nonribosomal peptide

biosynthesis.181 The use of [3 þ 2] cycloaddition to assay for

complementary COM domain interactions could be useful in

the engineering of complementary enzyme pairs for combina-

torial biosynthetic approaches, as well as for conformational

locking of NRPS systems to simplify structural analysis.

Carrier-protein based chemoenzymatic crosslinking methods

have now been applied to almost every modular biosynthetic

architecture besides iterative fungal FAS and PKS systems

(Fig. 23), and the future will no doubt see the development of

more probes to study the interaction of ACP with DH, KR,

ER, and TE domains in polyketide biosynthesis, and PCP

domains with E and C domains in nonribosomal peptide

biosynthesis. As many of these domains do not contain

hydrolytic active sites or well-known affinity agents, one

approach which may prove useful is the use of photoaffinity

reagents. This approach has previously been applied to the

E. coli FAS ACP, which was chemically modified at the

phosphopantetheine thiol with an aromatic azide and photo-

crosslinked to an inner membrane protein found in membrane

vesicles (Fig. 23e).185 It remains to be seen whether the

noncovalent interactions of ACP and PCPs with their partner

enzymes in fatty acid, polyketide, and nonribosomal peptide

biosynthesis are sufficiently strong to yield site-specifically

crosslinked complexes through similar application of photo-

crosslinking methods. Regardless, chemoenzymatic crossl-

inking of modular biosynthetic enzymes promises to remain

a fertile area of research for natural product biosynthesis.

6.4 Affinity labels of thioesterase domains in FAS, PKS, and

NRPS

In addition to using carrier protein analogues as inhibitors for

the structural study of modular biosynthetic enzymes, more

traditional small molecule affinity labels have also been

employed. Most notable among such efforts have been inhibitors

designed to probe TE-catalyzed cyclization in PKS and NRPS
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systems. This focus on TE domains stems both from the

importance of this process in promoting biological activity

among nonribosomal peptides and polyketides, as well as from

the fact that these enzymes belong to the a–b hydrolase family,

for which a large body of literature on active site directed

inhibition already exists.186

The first affinity label to be used in combination with

structural analysis of a megasynthetase TE was actually

applied to the study of fatty acid biosynthesis, when palmitoyl

sulfonyl fluoride was used to label the excised TE from the

animal FAS in 2000 (Fig. 25a).187,188 Around the same time,

a similar approach was applied independently to probe TE-

catalyzed peptide cyclization in the surfactin biosynthetic pathway.

Surfactin TE normally cyclizes a linear lipoheptapeptide-S-PCP

substrate through transacylation to the active site serine of the

TE, followed by intramolecular attack of the N-terminal

hydroxy-fatty acid on the lipoheptapeptide–O–TE bond.

Tseng et al. attempted to mimic this TE-bound intermediate

by synthesizing linear surfactin analogues in which a boronic

acid moiety, a known irreversible inhibitor of serine hydro-

lases, was inserted at the C-terminal end in place of the

electrophilic thioester of the natural PCP-bound substrate.138

The active site was then visualized by soaking these

peptidyl–boronic acids into crystals of the excised surfactin

TE followed by structural analysis. Interestingly, clear electron

density was observed only for the two C-terminal amino acids

located closest to the boronic acid-bound active site serine of

surfactin TE (Fig. 25b). This phenomenon was found to be

consistent regardless of the identity of the other residues

housed on the boronic acid inhibitor. The two C-terminal

residues that were visualized, D-Leu6 and L-Leu7, had

previously been shown to be essential to TE-catalyzed hydro-

lysis or cyclization. Analysis of the electron density generated

by the bound inhibitor showed they were also the only two

residues which were bound in the hydrophobic pocket of the

enzyme, with the rest of the peptidyl moiety extending into the

solvent. These results along with modeling studies of the full-

length substrate were consistent with the previously proposed

mechanism of nonribosomal peptide cyclization in which the

nascent peptidyl chain assumes a product-like conformation

prior to macrocycle formation.138,189

Pikromycin (Pik) TE was one of the first PKS TE domains

to be crystallized, and is of interest from a combinatorial

biosynthetic standpoint due to its unique ability to catalyze

macrocyclization of both 12- and 14-membered rings.190

However, investigating PKS macrolactonization with sub-

strate analogues has proven a challenge relative to the above

studies of FAS and NRPS chain termination, primarily due to

the complex nature of the chemical syntheses necessary to

produce fully extended polyketide substrate analogues. In

order to circumvent this difficulty and still gain insight into

the structural basis for PKS macrolactonization, the groups of

Fecik, Sherman, and Smith engaged in a collaborative effort to

synthesize and evaluate truncated tri- and pentaketide affinity

labels as structural probes of the excised Pik-TE domain

(Fig. 26, 24–26).191,192 In these studies a reactive diphenyl-

phosphonate was chosen as the TE-directed affinity label, due

to its compatibility with the potentially nucleophilic hydroxyl

groups contained in the tri- and pentaketide analogues. Treat-

ment of Pik-TE with these diphenylphosphonate polyketides

resulted in moderate to complete inhibition of TE activity.

Interestingly 24, which bears a hydroxyl at the C3 position

(adjacent to the diphenylphosphonate), was found to be a

significantly better inhibitor than both linear tri- and pentake-

tide affinity labels 25 and 26 which incorporate the ketone

found in the natural substrate at the same C3 position

(Fig. 26). It is unclear whether this is simply a result of

differential electronic activation of the reduced triketide 24,

which is capable of forming an intramolecular hydrogen bond

with the adjacent diphenylphosphonate, or whether this is

more deeply indicative of a preference of the Pik-TE for a

hydroxyl group at this position, as is found in the linear

hexaketide chain of seco-10-deoxymethynolide (see com-

parison in Fig. 26). Structural analysis showed no differences

in the binding modes of the differentially reduced analogues.191

Structures of Pik-TE with each of the linear polyketide

diphenylphosphonates bound were obtained through crystal

soaking. Surprisingly, while these bound substrate analogues

allowed clear visualization of the active site and oxyanion

hole, they showed no specific hydrogen bonding contacts to

Pik-TE and the enzyme did not demonstrate any significant

conformational shifts relative to its previously observed un-

inhibited structure.191,192 This was used to argue against an

‘‘induced fit’’ model of substrate binding by the thioesterase.

Perhaps the most notable result of this study was the use of

electron density obtained from binding of pentaketide diphe-

nylphosphonate 26 to build off and model the full-length linear

heptaketide bound in the Pik-TE active site. This led to a

model of pikromycin macrocyclization in which conforma-

tional restrictions resulting from keto–enol tautomerization of

the sole unreduced ketone of the natural substrate were

essential in constraining the linear polyketide into a product-like

Fig. 25 Electrophilic substrate analogues which have been used as

structural probes of (a) FAS and (b) NRPS TE domains.

Fig. 26 Structural probes of pikromycin PKS TE domain. Shown are

comparisons of tri- (24/25) and pentaketide (26) diphenylphospho-

nates to NAC analogues of Pik-TE natural (a) hexaketide and

(b) heptaketide-S-ACP substrates.
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conformation for formation of the intramolecular ester bond

(Fig. 27).192 This is consistent with the previously noted

inability of Pik-TE to cyclize linear substrate analogues

reduced at this position (Section 4.3).105,106 It will be interest-

ing to see if the similar application of this approach to less

permissive PKS macrocyclization catalysts will confirm these

as general characteristics of polyketide macrolactonization.

While we constrain ourselves here to a discussion of

inhibitors specifically designed for the purpose of probing

PKS and NRPS TE domains, also notable are recent studies,

chiefly from the group of Bruner, which have applied mechanism-

based inhibitors to excellent effect in the structural analysis

of the PKS–NRPS accessory enzymes responsible for the

production of unnatural amino acids used in biosynthesis

of the antibiotic vancomycin and the antitumor enediyne

C-1027.193–195 The ability of such studies to yield fundamental

advances in our understanding of the molecular basis for

natural product biosynthesis will likely be key to future efforts

at rational reprogramming of these enzymes.

7. Reverse genetics approaches to identification

of FAS, PKS, and NRPS biosynthetic enzymes

In addition to their application in probing the mechanism and

structure of modular biosynthetic enzymes, techniques lying at

the interface of chemistry and biology have also been used in

‘‘reverse genetics’’ approaches to the discovery of FAS, PKS,

and NRPS multienzymes. In this context, reverse genetics

refers to the purification and partial sequencing of a protein

of interest in order to facilitate identification and cloning of

the gene responsible for its production (for a figure illustrating

this method see Section 7.2). While such approaches have

largely been superceded by genetic and bioinformatic based

approaches they constitute the original method for FAS, PKS,

and NRPS gene discovery and have a rich, though often

forgotten, history. For example, the first FAS PPTase gene

was discovered through the use of an immobilized apo-ACP,

which allowed the enzyme to be isolated and N-terminally

sequenced, providing insight into the sequence of an enzyme

class for which, at the time, no homologues existed.46

Similarly, in 1990 Beck et al. used traditional protein-purifica-

tion techniques to isolate 6-MSAS, a fungal PKS. This allowed

production of a polyclonal antibody against 6-MSAS which

was used to screen an expression library and ultimately

facilitate identification of the PKS coding sequence.196

In addition to discovery, the dependence of these methods

on protein isolation means they may be used to study natural

product enzymes directly from fractionated cell lysate of a

producer organism. The utility of this method is illustrated by

its use in the study of the cyclosporin NRPS. This enzyme is

encoded by a 45.8 kb segment of DNA, one of the largest

known genomic open reading frames, making cloning and

manipulation of this gene for recombinant expression a

challenge even by the standards of modern technologies.197

In contrast, Lawen and Zocher used protein-purification

methods to isolate and study multiple activities of the entire

1600 kDa cyclosporin NRPS directly from the producer

organism Tolypocladum niveum as early as 1990.198

While the revolutionary insights gained through genetic

analyses of polyketide and nonribosomal peptide producers

are well-chronicled6,199 and have attracted the majority of

resources in this field, recently there has been a modest renewal

in interest in protein-based approaches to the study of

modular biosynthetic enzymes. This is in no small part due

to the development of new methods for their specific labeling,

many of which utilize the newfound understanding of carrier

protein posttranslational modification and PPTase promiscuity

(Section 3.3).52 Protein-based approaches to isolate and study

complete PKS and NRPS enzymes directly from their natural

producer organisms, as well as to discover and classify mega-

synthases from unsequenced organisms on a proteomic time

scale, can be seen as complementary and extremely well-paired

with genetic techniques and represent a unique opportunity to

understand natural product biosynthesis from the gene, to the

protein, to the small molecule. As this topic has not been

recently reviewed, we provide here a thorough discussion of

both general strategies and specific methods for labeling of

modular biosynthetic proteins in proteomic settings, as well as

a commentary on the advantages and future applications each

of these techniques may have.

7.1 In vitro labeling of carrier protein domains

The majority of techniques developed for specific labeling of

FAS, PKS, and NRPS multienzymes utilize manipulation of

the 40-phosphopantetheine prosthetic group in some form.

Fig. 27 Structural basis for pikromycin macrocyclization. (a) Crystal

structure (PDB:2HFJ) of pentaketide affinity label bound to Pik-TE

active site. The catalytic triad (S148, Asp176, His268) and bound

affinity label are depicted in ball and stick form with carbons in green.

(b) Close-up of active site and catalytic triad with bound 26.

(c) Cartoon depiction of enzyme-bound inhibitor pictured in Pik-TE

crystal structure. The portion in orange was modeled using insights

from the Pik-TE bound product. (d) Structural basis for TE-catalyzed

macrocyclization based on molecular modeling of full-length

hexaketide-O-TE. The C7 carbonyl is key to maintaining the planar

configuration necessary for TE-catalyzed polyketide cyclization.

| Chem. Soc. Rev., 2009, 38, 1–34 This journal is �c The Royal Society of Chemistry 2009

33



This PPTase-catalyzed posttranslational modification is com-

mon to modular biosynthetic enzymes but rare among cellular

proteins as a whole, and thus represents an avenue for their

selective labeling, identification, and isolation. This is a parti-

cularly salient approach given the known promiscuity many

PPTases exhibit towards CoA analogues modified at the

terminal thiol. While the ability of Sfp to posttranslationally

modify carrier proteins with CoA analogues was first applied

for the mechanistic analysis of recombinantly expressed PKS

and NRPS enzymes (Sections 5 and 6), employing a similar

approach using CoA analogues incorporating fluorescence or

affinity tags could allow for the isolation and visualization of

PKS and NRPS carrier proteins directly from their producer

organisms. Such an approach was first pursued by La Clair

et al. who described a simple synthesis of fluorescent

and affinity-labeled CoA analogues from reporter-labeled

maleimides. When added to cell lysate in the presence of

Sfp, these analogues demonstrated modification of apo-carrier

proteins, a modification easily visualized by gel fluorescence

scanning or Western blot analysis (Fig. 28).117 This provided

an effective way of monitoring posttranslational modification

of recombinant carrier proteins during coexpression with Sfp.

Since this initial report, the labeling of apo-carrier proteins

with reporter-labeled CoA analogues has been used to

facilitate detection of carrier protein active sites for FTMS

based approaches,116 as well as in a variety of site-specific

protein labeling applications,77,200,201 the subject of a recent

review.202

Perhaps more interestingly in the context of the current

discussion, this method showed modest labeling of the native

DEBS PKS from proteomic preparations of Saccharopolyspora

erythraea, although this result was noted to be dependent on

growth conditions.117 The low labeling efficiency of DEBS was

attributed to the fact that the majority of ACP domains

(495%) from native producer organisms exist in their holo-

form, posttranslationally modified by their endogenous PPTase

and acetyl CoA. Upon cell lysis of a natural product producer

of interest, this modification blocks chemoenzymatic labeling

by reporter-labeled CoAs and Sfp, as no substrate (apo-ACP) is

present! As this greatly reduces the utility of PPTase-based

chemoenzymatic labeling protocols in reverse genetics

approaches to the analysis of PKS and NRPS systems, several

approaches have been pursued to reverse the PPTase reaction

and convert proteomic preparations of holo-carrier proteins to

apo-carrier proteins in vitro (Fig. 29).

Many of these approaches are based on observations made

in the initial studies of E. coli fatty acid biosynthesis in the

1960s regarding the reversibility of the PPTase reaction,

chemical methods for 40-phosphopantetheine cleavage, and

the existence of an enzyme (acyl carrier protein hydrolase,

AcpH) whose catalytic function is to cleave the 40-phospho-
pantetheine group for production of apo-ACP. The rever-

sibility of the PPTase reaction was initially investigated by

Elovson and Vagelos, who observed that when holo-ACP

radiolabeled in the 40-phosphopantetheine arm was treated

with a 40-fold excess of 30,50-ADP and the PPTase, a small

percentage (B3.6%) of the radiolabel became acid soluble,

presumably due to formation of radiolabeled CoA and, con-

currently, apo-ACP.44 However, more recent studies have not

found this method viable for the production of apo-ACPs

capable of being labeled by Sfp and reporter-labeled CoAs at

detectable levels.203 Also reported in this same era was chemi-

cal cleavage of the ACP prosthetic group through the use of

HF.204 Although this specific approach is too harsh for

application to proteomic preparations of natural product

producers, chemical approaches to cleavage of the phospho-

diester bond remain a potentially promising approach for

production of apo-carrier proteins in vitro.

A more useful enzymatic approach to apo-carrier proteins

may be provided by the recent cloning of an acyl carrier

protein hydrolase (also known as ACP phosphodiesterase),

AcpH, from E. coli.205 Although its physiological role is

still unclear, this enzyme was shown to remove radiolabeled

40-phosphopantetheine groups from the E. coliACP, as well as

from a number of related fatty acid ACPs in vitro (Fig. 29).

Fig. 28 General strategy for in vitro labeling of CP domains in

proteomic preparations with reporter-labeled CoA analogues.

Methods for the specific labeling of CP-containing enzymes would

facilitate reverse genetics approach to the identification of FAS, PKS,

and NRPS proteins.

Fig. 29 Strategies for production of apo-CPs in proteomic prepara-

tions to enable detection of FAS, PKS, and NRPS enzymes by

in vitro labeling approaches. (a) Reversability of PPTase reaction.

(b) Chemical cleavage of 40-phosphopantetheine prosthetic group.

(c) Use of AcpH to produce apo-CP. The production of apo-CPs from

crude cell lysates would greatly increase the utility of in vitro CP

labeling approaches.
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One potential limitation of this method was the finding that

the true AcpH gene product has homologues only in a subset

of Gram negative bacterial species. This is puzzling, as AcpH

activity has been reported in a number of other organisms,

including rat and pigeon.206,207 Also, the best substrates for

AcpH were found to be ACPs which are also substrates for the

primary PPTase AcpS,205 making it unlikely this particular

enzyme would be useful in the study of NRPS enzymes.

Still, the application of AcpH for the production of apo-ACPs

from FAS and PKS systems represents an intriguing avenue

for future use in combination with proteomic CP labeling

methods.

7.2 In vivo labeling of carrier proteins

An alternative approach to the labeling of FAS, PKS, and

NRPS enzymes in natural product producer organisms

through the PPTase reaction would be to apply reporter-

labeled CoA analogues in vivo. Incorporation of these CoA

analogues into the intracellular CoA pool would allow them to

access and modify apo-carrier proteins directly as they came

off the ribosomal assembly line, for later visualization after cell

lysis and SDS-PAGE. Unfortunately this approach is hindered

by the strongly charged nature of CoA, which prevents it from

crossing the cell membrane. Thus, any attempts to manipulate

the intracellular CoA pool in vivomust utilize CoA precursors.

In an earlier section, we described the in vivo delivery

of a radiolabeled CoA precursor, 1-14C-pantothenate, to the

40-phosphopantetheine prosthetic group of E. coli ACP by

Alberts and Vagelos.42 This implies metabolic conversion of

radiolabeled pantothenate to CoA via the five-step enzymatic

pathway pictured in Fig. 30,208 followed by PPTase-catalyzed

loading of the ACP. While radiolabeled CoA precursors have

emerged as valuable tools for the study of CoA and fatty acid

biosynthetic processes, these studies mainly utilize bacterial

auxotrophs deficient in pantothenate biosynthesis.209,210 Also,

at least one series of functionalized CoA precursors (the fatty

alkyl pantothenate analogues known as pantothenamides)

have demonstrated antibiotic activity, partially due to labeling

of the bacterial FAS ACP and interference with fatty acid

biosynthesis.211,212 In contrast, an ideal CoA precursor for use

in studying carrier-protein mediated biosynthesis would be non-

toxic, applicable to genetically unmodified natural product

producers, and contain functionalities compatible with

fluorescence and immunoprecipitation techniques for facile

visualization and isolation of labeled proteins.

The first indication such an approach may be feasible was

provided by Clarke and co-workers in 2005.213 Using the

observation that CoA analogues could be produced in vitro

by a truncated CoA biosynthetic pathway consisting of PanK,

DPCK, and PPAT, a fluorescent CoA precursor (28) was

designed and synthesized for evaluation as an in vivo carrier

protein label. While this compound did not show labeling of

carrier proteins in native bacterial organisms, its application to

genetically modified E. coli which were actively overexpressing

both a carrier protein and PPTase resulted in fluorescent

labeling of the overexpressed carrier protein. This result

indicated fluorescent 28 was compatible with both uptake

and processing by the native CoA biosynthetic pathway of

E. coli, although the fluorescent CoA was apparently not

produced at high enough concentrations in vivo to compete

with endogenous CoA for PPTase labeling of non-overexpressed

carrier proteins.213 Importantly, this was the first demonstra-

tion of intracellular biosynthesis of a biodetectable CoA

analogue for use in protein labeling methodologies.

One reason for the low intracellular concentrations of the

fluorescent CoA analogue produced in this study may have

been due to the low uptake of the CoA precursor, estimated at

only B4% in E. coli cultures grown with 1 mM of the

fluorescent pantothenate. In order to improve uptake and

metabolic processing of CoA precursors, the group of Burkart

Fig. 30 In vivo metabolic labeling of CP domains by uptake and

biosynthetic processing of cell permeable CoA precursors. Both

pantetheine (27) and biodetectable pantetheine analogues (28, 29)

can act as substrates for the truncated CoA biosynthetic pathway

in vivo and form CoA analogues which are appended to apo-CPs

by a PPTase. After cell lysis the labeled CP can be visualized by

SDS-PAGE either directly (28) or following chemoselective ligation to

a bioorthogonal reporter molecule (29).
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next investigated the utilization of bioorthogonal chemical

reporters in their in vivo carrier protein labeling approach.75

Bioorthogonal chemical reporters are functional groups such

as azides, alkynes, and ketones which are not normally found

in cellular contexts and are relatively unreactive with com-

monly occurring biological functionalities.214 However, these

functionalities contain an intrinsic reactivity which is triggered

upon exposure to a cognate chemical partner, leading to

chemoselective ligation of the two groups. A classic example

of a bioorthogonal chemical reporter is the azide functionality,

which is biologically unreactive and can be metabolically

incorporated into biological polymers for their later visualiza-

tion by reaction with fluorophore-linked triphenylphosphines

or alkynes, neither of which are commonly found in biological

systems.215,216 The advantage of this two-step labeling strategy

lies in the small size of the bioorthogonal functionality

compared to traditional affinity and fluorescence agents,

which can result in better uptake and more efficient processing

by endogenous biosynthetic enzymes in metabolic labeling

strategies.

This led to synthesis of a small panel of bioorthogonal CoA

precursors incorporating azide, alkyne, and ketone functio-

nalties, which were then examined for metabolic labeling in the

E. coli overexpression system (Fig. 29, compound 29). Upon

cell lysis and reaction with their cognate biotin-linked chemi-

cal reporter, several of these analogues showed carrier protein

labeling as detected by Western blot. Use of the Cu-catalyzed

azide–alkyne [3 þ 2] cycloaddition proved an especially

efficient method for detection of labeled carrier proteins.217

In addition, kinetic analyses were performed on a variety of

biodetectable CoA precursors with PanK, the rate-limiting

enzyme for CoA biosynthesis in vivo. This allowed identification

of structural characteristics of CoA precursors crucial to

biosynthetic processing and in vivo labeling efficiency.

Notably, many of the bioorthogonal pantothenate analogues

were processed by CoA with improved catalytic efficiency

relative to the bulkier fluorescent analogues, validating this

two-step labeling strategy.75

Most recently, this same bioorthogonal labeling approach

was applied to the labeling of endogenous ACPs in native,

non-genetically modified natural product producers. By

growth in media supplemented with an azide incorporating

CoA precursor, the endogenous fatty acid ACPs of a number

of bacterial organisms, including E. coli, Schewanella

onedensis, and B. subtilis, could be visualized post-lysis by

chemoselective ligation to a fluorophore-alkyne.218 Alter-

natively, ligation to a biotin-alkyne could be used for affinity

purification of ACPs. Despite labeling the fatty acid ACP of

primary metabolism, these analogues were found to be non-

toxic, a result which has led to a reevaluation of the antibiotic

activity of the pantothenamides.219 Perhaps most importantly,

this method was used to facilitate a reverse genetics approach

to cloning of an ACP from an unsequenced organism

(Fig. 31). Metabolic labeling of the unsequenced bacterium

B. brevis 26A1 with a bioorthogonal pantothenate analogue

allowed visualization of an B9 kDa protein following chemo-

selective ligation to a fluorophore-alkyne and SDS-PAGE.

The fluorescent band was excised, analyzed by tandem MS

analysis, and the resulting peptides screened against a data-

base of known bacterial fatty acid ACPs. The identification of

a single peptide facilitated the design of degenerate primers for

use in arbitrary PCR, ultimately leading to cloning of the

ACP.218 While only FAS carrier proteins have so far been

reported by this method, its future application in combination

Fig. 31 A reverse genetics approach to identification and cloning of a fatty acid ACP. Following metabolic labeling by azide 29, the natural

product producer organism can be lysed and azide-labeled CP domains detected by chemoselective ligation to a bioorthogonal reporter followed

by SDS-PAGE. Excision of the labeled band from the gel followed by tryptic digest allows de novo sequencing of the carrier protein containing

peptide by tandem MS. These peptides are searched against a database of known ACPs, and used to generate primers which facilitate the cloning

of the carrier protein gene by PCR.

This journal is �c The Royal Society of Chemistry 2009 Chem. Soc. Rev., 2009, 38, 1–34 |

36



with metabolomic analysis of natural product production may

be a promising approach to the discovery and visualization of

active PKS and NRPS enzymes.

7.3 Active site profiling of modular biosynthetic enzymes

In addition to their use of carrier proteins, another unique

characteristic of FAS, PKS, and NRPS multienzymes is the

presence of multiple active sites on a single polypeptide.

Theoretically this attribute could also be used to distinguish

modular synthases from the proteomic mileau and facilitate

their identification and analysis (Fig. 32). This approach was

examined in a preliminary study by Meier et al., in which

fluorescent analogues of known KS and TE affinity labels were

used in combination with carrier protein labeling methods

(described above) to investigate a number of FAS, PKS, and

NRPS systems.220 First examining a panel of fluorescent KS

and TE affinity agents in vitro, it was found that reporter-

labeled fluorophosphonates showed excellent labeling of TE

but not AT-type serine hydrolases in PKS systems. This is in

agreement with the earlier observation of Foster et al. (Section 6.2)

concerning the specificity of these reagents against type I

mammalian FAS.158 Haloacetamides were found to show

the best, although relatively modest, labeling of PKS and

FAS KS domains among the reagents surveyed. Perhaps more

notably, the application of these reagents to proteomic

extracts was shown to facilitate identificiaton of type I FAS

and NRPS enzymes. For example, application of a fluorescent

fluorophosphonate to lysate from B. subtilis 168 showed

labeling of a multitude of proteins, presumably serine hydro-

lases, consistent with the known utility of this activity-based

protein profiling reagent.221,222 However, upon treatment of

the same lysate with a reporter-labeled CoA analogue and the

PPTase Sfp, only a single band corresponding to a serine

hydrolase was labeled, suggesting this protein was a carrier

protein–TE containing multienzyme. Inspection of the

sequenced B. subtilis genome indicated the most likely

PKS–NRPS candidate in the observed molecular weight range

was SrfAC, the terminal module of the surfactin NRPS, a

conclusion confirmed by tandem MS identification of the

excised band.

While this initial study was facilitated both by the ease of

carrier protein labeling in this particular organism as well the

availability of genomic information, this method is promising

in its ability to simplify complex protein labeling patterns

generated by orthogonal protein labels into a subset of

candidate PKS and NRPS proteins. The development of

probes targeting alternate active sites of modular biosynthetic

enzymes will be necessary both to uncouple this strategy from

carrier protein labeling methods (and their current short-

comings) as well as for its application to non-terminal modules

of PKS and NRPS megasynthases. The recent development of

reporter-labeled inhibitors targeting CoA acyltransferases,223,224

NRPS A domains,162 and bacterial FAS KS-domains225 bodes

well for the future application of active site probes to natural

product proteomics (Fig. 33).

7.4 Mass spectrometry based approaches

A limited number of whole proteome, mass spectrometry (MS)

studies of sequenced natural product producers have been

performed, providing insight into many cellular processes

including regulation of secondary metabolism.226–228 In

contrast, the specific study of PKS and NRPS biosynthetic

enzymes isolated from whole proteomes by MS represents a

field which is largely undeveloped, but extremely promising.

Most encouraging on this front are recently described tandem

MS techniques which have the capacity to specifically observe

the 40-phosphopantetheine modification of carrier proteins by

specific fragmentation of this posttranslational modification in

the gas phase (Fig. 14b).114,118 While this ‘‘phosphopantetheinyl-

ation ejection assay’’ was initially reported on a high-end,

custom-built FTMS instrument, a recent report by Melluzi

et al. extended the use of this method to commercially avail-

able linear quadripole ion trap (LTQ) utilizing mass spectro-

meters.119 LTQ-MS instruments are readily available and

commonly utilized for proteomic analyses, but can lack the

high resolution and signal to noise of their FTMS counter-

parts that is crucial for observation of the 40-phospho-
pantetheine posttranslational modification. In order to increase

the utility of this method on lower resolution MS instruments,

it was investigated whether subjection of the putative phospho-

pantetheine peak to a third round of fragmentation

Fig. 32 Strategy for labeling type I FAS, PKS, and NRPS enzymes

based on their multienzymatic nature using orthogonal active site

probes. While such active site probes will label multiple proteomic

enzymes, the use of well-designed probes can ensure only FAS,

PKS, and NRPS enzymes are multiply labeled, facilitating their

identification.
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(MS/MS/MS or MS3) could be used to unambigously identify

this modification. Remarkably, fragmentation of the 40-phospho-
pantetheine moiety led to the observation of 12 associated

ions. Based on molecular formula analysis nine of these ions

were attributed to fragments which contained the phospho-

pantetheine thiol and three were characteristic of the pan-

tothenate terminus (Fig. 34).119 These three ‘‘pantothenate’’

MS3 fragments are particularly notable, as they provide a

characteristic MS3 signature for the 40-phosphopantetheine
modification. While this method has to date only been utilized

for the study of recombinant ACP and PCP domains in vitro,

its future optimization for use in proteomic preparations,

particularly when applied in combination with the afore-

mentioned carrier protein labeling techniques, may prove an

extremely robust method for identification of PKS and NRPS

proteins in unsequenced organisms.

7.5 Genome mining by phage display

Though not a proteomic method in the strict sense, the

chemoenzymatic labeling of CP domains has also been applied

to the identification of PKS and NRPS gene clusters through a

phage display method.229 This approach involves random

fragmentation of an organism’s genomic DNA and cloning

of these fragments into phagemid vectors, allowing a phage

library to be constructed of appropriate size for display of all

possible proteins of an organism. FAS, PKS, and NRPS

carrier protein utilizing enzymes are then selected for by

treatment of the phage library with biotin-CoA and Sfp,

resulting in biotin modification of apo-carrier proteins which

are displayed on the phage particle surface. Repeated cycles of

selection allow preferential enrichment of carrier protein

encoding phages, which can then be used to infect a bacterial

host and the phagemid sequenced to determine the identity of

the genomically encoded carrier protein and potentially

facilitate cloning of PKS or NRPS gene clusters (Fig. 35).

To explore the feasibility of this method it was first applied

to genomic DNA from the prototypical bacteria B. subtilis, a

sequenced organism and well-characterized producer of PKS

and NRPS derived metabolites.230 Several rounds of selection

of phages encoding B. subtilis genome fragments through

Sfp–biotin-CoA modification allowed substantial enrichment

of phage particles. Sequencing of phagemids from infected

E. coli clones showed 85% to contain DNA coding for

apo-carrier proteins from B. subtilis PKS or NRPS systems,

providing sequence data for an overall 17 out of 39 PKS and

NRPS carrier proteins. Interestingly, only PKS and NRPS

carrier proteins were observed, presumably due to endogenous

posttranslational modification of the phage protein encoding

the B. subtilis FAS ACP by the primary PPTase of E. coli.

This approach was also applied to the recently sequenced

myxobacterium Myxococcus xanthus, allowing enrichment of

a multitude of phages encoding DNA fragments annotated in

the M. xanthus genome as PKS and NRPS carrier proteins. A

caveat to this approach was the finding that from both

organisms some phages came to dominate the library through

repeated cycles of selection, presumably due to preferential

reactivity with Sfp in the PPTase reaction. It was proposed

that this bias could be guarded against by the use of multiple

PPTases, as they are known to show distinct substrate

preferences, and careful monitoring of the selection process

itself.229

Another notable finding of this study was the enrichment of

phages from both B. subtilis and M. xanthus shotgun libraries

using Sfp–biotin-CoA selection which showed no homology to

known PKS and NRPS carrier proteins. Two of these proteins

from B. subtilis were expressed as full-length constructs and

demonstrated posttranslational modification upon adminis-

tration of CoA and Sfp. While the identification of such

enzymes may provide unwanted background in the search

for PKS and NRPS catalysts, this demonstrates the utility of

phage display methods are for identification of unexpected

Fig. 33 Examples of active site probes which have been either directly applied (30, 32, 33) or are good candidates (31) for the study of activities

commonly found in FAS, PKS, and NRPS enzymes.

Fig. 34 MS3 identification of CP-active site peptides. The carrier protein or a tryptic fragment containing the 40-phosphopantetheine moiety is

fragmented in the gas phase to yield a 40-phosphopantetheine ejection fragment, which can be further fragmented through use of an ion trap to

yield a characteristic degradation spectrum. While this approach has to date only been applied in vitro, its use in cell-free extracts or in combination

with in vivo labeling strategies could prove a boon to reverse genetics approaches to the discovery and identification of PKS and NRPS enzymes.
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posttranslational modifications and carrier proteins of low

sequence homology. These unexpected targets of PPTase

modification identified by phage display have also led to the

unexpected discovery of minimal peptide sequences for use in

fusion protein labeling applications.201,231

Comparatively, the use of PPTase enrichment with phage

display and proteomic identification of PKS and NRPS

proteins are complementary in many ways. Phage display

may be more useful in profiling the overall biosynthetic

potential of an organism, as it studies a library of all the

possible proteins encoded by an organism, providing it with an

advantage in the discovery and analysis of normally ‘‘silent’’

gene clusters. Also, since it does not rely on culture of a

natural product producer this approach may prove useful in

the study of metagenomic preparations from environmental

samples.232 In contrast, proteomic methods may prove more

useful in identification of specific modular biosynthetic

enzymes which encode a natural product of interest, provided

an organism is culturable, as they can be applied in combina-

tion with monitoring of natural product production. Never-

theless, phage display is a prototypical example of an emerging

area where chemical and biological techniques are being used

in concert to explore previously cryptic topics in natural

product biosynthesis.

8. Conclusions

When looking back at the difficulties encountered during the

initial elucidation of the structure and metabolic role of CoA,

Fritz Lipmann, one of the progenitors of the NRPS field,

remarked that, ‘‘All this sums up to teaching how difficult it is

to see the new because it is new, and how badly one may be

handicapped by preconceived notions.’’233 A similar thought

might be expressed concerning how easy it is to overlook the

past simply because it is the past. Although this review has

covered a wide variety of topics, one unifying theme lies in the

ability of classical chemical biological methods to be updated

and recombined with more recent innovations in seemingly

unrelated fields to yield fresh insights into modular biosynthesis.

In such a manner did knowledge of PPTase promiscuity

together with advances in solid-phase peptide synthesis allow

peptidyl CoA analogues to be used as probes of NRPS

condensation mechanism. Similarly, chemical crosslinking of

ACP and KS domains by bifunctional electrophiles was

revised in the context of the newfound ability to site-specifically

modify ACPs to provide chemoenzymatic crosslinking

approaches for use in structure elucidation, and basic research

into CoA biosynthesis provided insights which were used with

recently developed metabolic labeling and chemoselective

ligation strategies to allow in vivo labeling and identification

of fatty acid ACPs from unsequenced organisms. By seeing the

new in not only the present, but also the past, the future

application of chemical biological techniques to study natural

product biosynthesis appears bright indeed.
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Abstract: In vivo carrier protein tagging has recently become an attractive target for the site-specific
modification of fusion systems and new approaches to natural product proteomics. A detailed study of
pantetheine analogues was performed in order to identify suitable partners for covalent protein labeling
inside living cells. A rapid synthesis of pantothenamide analogues was developed and used to produce a
panel which was evaluated for in vitro and in vivo protein labeling. Kinetic comparisons allowed the
construction of a structure-activity relationship to pinpoint the linker, dye, and bioorthogonal reporter of
choice for carrier protein labeling. Finally bioorthogonal pantetheine analogues were shown to target carrier
proteins with high specificity in vivo and undergo chemoselective ligation to reporters in crude cell lysate.
The methods demonstrated here allow carrier proteins to be visualized and isolated for the first time without
the need for antibody techniques and set the stage for the future use of carrier protein fusions in chemical
biology.

Introduction

Recent years have seen intense research effort focused toward
the development of new methods for the study and manipulation
of covalently modified proteins, with particular attention given
to in vivo methodologies.1 Fluorescent protein fusions2 and
antibody conjugates3 provide powerful tools for protein imaging
and manipulation. However drawbacks of these methods, such
as structural perturbations sometimes induced by large fusions
and general membrane impermeability of antibodies, have lead
researchers to devise methods for the site-specific modification
of proteins by small-molecule probes. Ideally these probes
should be low molecular weight, covalent in nature, and
possessed of fluorescence or affinity properties allowing for
facile imaging and manipulation. We recently introduced one
such technique, demonstrating cellular uptake and covalent
modification of carrier protein fusions by pantetheine analogues.4
These coenzyme A (CoA) precursors were shown to penetrate
the cell membrane and be transformed into fully formed CoA
derivatives via the endogenous CoA metabolic pathway, where-
upon they were transferred to a carrier protein by the promiscu-
ous phosphopantetheinyltransferase (PPTase; E.C. 2.7.7.7) Sfp
(Figure 2). This advance allows carrier protein labeling, a
technique first developed from cell lysates5 and since demon-
strated on the cell surface,6 to be performed within the cell,
opening the door for more sophisticated labeling systems. Recent
developments have seen the trimming of the carrier protein

domain down to just 11 amino acids,7 offering a fusion tag of
the size and flexibility to be competitive with contemporary
tagging systems and further highlighting the importance of
techniques for the labeling of intracellular carrier proteins.
Several strategies for site-specific labeling of proteins in vivo

have been previously demonstrated. Examples include Bertozzi’s
manipulation of the sialic acid biosynthetic pathway for the
introduction of keto and azido functionalized cell-surface
glycoproteins,8 Cravatt’s introduction of azido/alkyne function-
alities by covalent irreversible inhibition of protein active sites,9
and Hsieh-Wilson’s chemoenzymatic introduction of a keto-
functionality for capture of O-GlcNAc-modified proteins.10 In
each of these examples the protein is not directly labeled with
a fluorescence or affinity tag, but rather a unique and biologi-
cally inert chemical functionality is introduced. This functional-

(1) Bertozzi, C. R.; Prescher, J. A. Nat. Chem. Biol. 2005, 1, 13-21.
(2) (a) Tsien, R. Y. Annu. ReV. Biochem. 1998, 67, 509-544. (b) Lippincott-

Schwartz, J.; Patterson, G. H. Science 2003, 300, 87-91.
(3) (a) Fritze, C. E.; Anderson, T. R. Methods Enzymol. 2000, 327, 3-16. (b)

Massoud, T. F.; Gambhir, S. S. Genes DeV. 2003, 17, 545-580.
(4) Clarke, K. M.; Mercer, A. C.; La Clair, J. J.; Burkart, M. D. J. Am. Chem.

Soc. 2005, 127, 11234-11235.

(5) (a) La Clair, J. J.; Foley, T. L.; Schegg, T. R.; Regan, C. M.; Burkart, M.
D. Chem. Biol. 2004, 11, 195-201. (b) Yin, J.; Liu, F.; Li, X.; Walsh, C.
T. J. Am. Chem. Soc. 2004, 126, 7754-7755. (c) Yin, J.; Liu, F.; Schinke,
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ity can then undergo reaction with exogenously delivered
reporters to label the protein of interest for detection and/or
isolation, depending on the nature of the reporter. Advantages
of this two-step labeling process include (i) better uptake of
smaller probes due to increased membrane permeability, (ii)
increased incorporation of probes into native biosynthetic
pathways due to a greater similarity to natural substrate, and
(iii) the ability to conjugate a protein to virtually any reporter
possessing reactivity with the bioorthogonal functionality.1,9
Here we present a full study of simplified pantetheine analogues
that harness the power of such bioorthogonal ligation reactions.
First we optimize the synthesis of simplified pantetheine
analogues via a one-step reaction with pantolactone. Next, the
specificity of the CoA biosynthetic pathway is probed by a small
panel of these simplified substrates. Finally, we validate the
utility of this strategy by demonstrating and comparing the
delivery of bioorthogonal chemical functionalities to carrier
proteins in vitro and in vivo and using the newly tagged carrier
proteins for two widely applied chemoselective ligations: the
reaction of ketones and hydroxylamines to form oximes and
the Cu(I)-catalyzed azide-alkyne [3+ 2] cycloaddition reaction
(“click” chemistry). This new ability to manipulate a bioor-
thogonally tagged carrier protein in vivo promises to be a
valuable tool for both new approaches to natural product
proteomics as well as the study of novel intracellular carrier
protein fusion systems.

Results and Discussion

Analogue Synthesis: Pantolactone-Ring Opening. In our
efforts to address CoA biosynthesis with novel analogues, we
had initially investigated the synthesis of pantetheine and
phosphopantetheine derivatives that could be assembled in a
manner analogous to peptide library synthesis.11 This neces-
sitated addressing the synthetic challenges associated with
pantolactone, namely the lability of the R-proton following
protection of the pantolactone secondary alcohol. At this point,

the presumption was made that the identities of cystamine and
�-alanine were necessary for turnover by the CoA metabolic
pathway. However our own in vitro studies and recent work by
Lee12 questioned the degree of selectivity gained through
specific interactions between the �-alanine moiety of pantoth-
enate and PANK (used in this manuscript to denote all enzymes
with pantothenate kinase activity; E.C. 2.7.1.33), the first
enzyme in the CoA biosynthetic pathway and gatekeeper for
downstream metabolism.13 Further, we found that E. coli PANK
(CoaA) catalyzed the phosphorylation of pantetheine and
analogues with variations at the cystamine moiety almost as
well as pantothenate itself.14 Given this newly revealed permis-
siveness in the CoA biosynthetic pathway, we reasoned that
simplified analogues of pantetheine could be used for both in
vitro and in vivo applications. Elimination of the amide bond
between cystamine and �-alanine significantly simplifies syn-
thetic access to reporter-modified pantetheine analogues by
reducing overall molecule polarity and solubility issues, elimi-
nating time-consuming protection/deprotection steps of the 1,3-
diol, and replacing the multiple peptide coupling and purification
steps of previous syntheses4 with a simple one-step nucleophilic
ring-opening of pantolactone. With this in mind we chose to
mimic the aletheine moiety (N-(�-alanyl)-�-aminoethanethiol)
with more synthetically flexible poly(ethylene glycol) (PEG)
linkers. In addition to the synthetic utility of this substitution,
PEG spacers have the advantages of increasing the aqueous
solubility of small molecule probes and distancing reporter labels
from a labeled protein with the effect of both enhancing
secondary detection properties and reducing any negative effect
of reporter/protein interactions.15 We sought to incorporate these
(11) Mandel, A. L.; La Clair, J. J.; Burkart, M. D. Org. Lett. 2004, 6, 4801-

4803.
(12) Virga, K. G.; Zhang, Y. M.; Leonardi, R.; Ivey, R. A.; Hevener, K.; Park,

H. W.; Jackowski, S.; Rock, C. O.; Lee, R. E. Bioorg. Med. Chem. 2006,
14, 1007-1020.

(13) Jackowski, S.; Rock, C. O. J. Bacteriol. 1981, 148, 926-932.
(14) Worthington, A. S.; Burkart, M. D. Org. Biomol. Chem. 2005, 4, 44-46.
(15) Kumar, V.; Aldrich, J. V. Org. Lett. 2003, 5, 613-616.

Figure 1. Structures of pantetheine analogues and biotin detection agents used in this study.
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advantages into the design of an ideal, synthetically straight-
forward, biodetectible pantetheine analogue.
To quickly access a large selection of analogues it was

deemed appropriate to first revise the current methodology for
pantothenamide synthesis. Previous protocols calling for the
base-promoted nucleophilic ring opening of pantolactone by an
amine could be subject to racemization or hampered by long
reaction times (>24 h).12,16,17 To address these problems we
turned to microwave-assisted organic synthesis. By using (S)-
(-)-R-methylbenzylamine we were able to test a variety of
conditions for their ability to open pantolactone with a fairly
hindered chiral nucleophile and analyze enantiopurity by 1H
NMR (Table 1, see Supporting Information for 1H NMR data).
The study showed pantolactone to be surprisingly robust to

a variety of conditions, and reaction times could be reduced
nearly 50-fold compared to previous preparations with a
retention of optical purity. As expected from the hypothesized

transition state of this reaction, protic solvents proved ideal for
nucleophilic ring-opening, with ethanol providing the best
balance of energy-absorbance and solubilization. Moving from
our model system to usefully functionalized amines, it was
shown that alkyne (41), PEG (44), and fluorophore (20)
containing pantetheine analogues could be synthesized in good
to moderate yields within 30 min using microwave assistance.
Interestingly a very recent report also presented ethanol as the
solvent of choice for this transformation under thermal condi-
tions; however without the addition of any base these large-
scale syntheses suffered from very long reaction times (72-
120 h).18 Accordingly our ideal microwave reaction conditions
were also tested under simple reflux. Triethylamine proved to
be a sufficient base, as replacement with Hunig’s base showed
no significant effect on the reaction outcome. Stronger bases
were avoided. Again it was found that reflux of (S)-(-)-R-
methylbenzylamine with excess pantolactone and triethylamine
provided pantetheine analogues with no apparent racemization
in excellent yields in 7-12 h. This alternative synthesis provides(16) Dueno, E. E.; Chu, F.; Kim, S. I.; Jung, K. W. Tetrahedron Lett. 1999, 40,

1843-1846.
(17) (a) Michelson, A. M. Biochim. Biophys. Acta 1964, 93, 71-77. (b) Moffatt,

J. G.; Khorana, H. G. J. Am. Chem. Soc. 1961, 83, 663-675. (18) Krause, B. R. et al. Synth. Commun. 2006, 36, 365-391.

Figure 2. General strategy for in vivo labeling of carrier protein by pantetheine analogues. Virtually any monoprotected amine (21) can be transformed into
a pantetheine analogue (25) by the three-step coupling/deprotection/ring-opening sequence. Cellular uptake and biosynthetic processing by CoaA, CoaD, and
CoaE yield the CoA analogue 28, which is then transferred to the carrier protein by a PPTase to yield bioorthogonally labeled carrier protein 28. After cell
lysis this carrier protein can now be conjugated to the reporter of choice via an appropriate chemoselective ligation reaction.
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another avenue for analogue preparation in cases where the
reporter or linker is sensitive to decomposition under microwave
conditions.19
Synthesis of Bioorthogonal and Fluorescent Pantetheine

Analogues. The general strategy for chemoenzymatic synthesis
of CoA analogues is depicted in Figure 2. First a monoprotected
amine (depicted in this example by N-Boc ethylenediamine 21)
is conjugated to the biodetectible tag of choice by standard

peptide coupling conditions. After deprotection, this amine can
be conjugated to either pantolactone 24 through nucleophilic
ring opening or pantothenic acid via EDAC mediated coupling.
The newly formed pantetheine analogue is then processed via

(19) Microwave-assisted conjugation of 7-dimethylaminocoumarin-4-acetic acid
containing amines to pantolactone resulted in the formation of unidentified
decomposition products. For these couplings the classical condition (MeOH,
NEt3, reflux) was used.

Table 1. Data Table for One-Step Synthesis of Pantetheine Analogues via Nucleophilic Ring-Opening of Pantolactone

aMicrowave-assisted. b Thermal condition.
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stepwise conversion by CoaA, a phosphopantetheine adeny-
lytranserase (CoaD; E.C. 2.7.7.3), and a dephospho-CoA kinase
(CoaE; E.C. 2.7.1.24) to form CoA analogue 28, which is
subsequently transferred to a conserved residue of the carrier
protein by a PPTase to produce reporter-modified crypto-carrier
protein 30.
Analogues 12-18 were synthesized by this route in order to

test the permissibility of CoA biosynthesis toward unnatural
pantetheine analogues, particularly the effect of changes in the
�-alanine/cystamine region (Scheme 1). We chose three parallel
amino-protecting group strategies (azide, Boc, Alloc) based on
the commercial availability (32a), simple synthesis from
literature preparations (33c, 34e), and orthogonal protecting
group traits (32b, 33d) of the specified diamines (Scheme 1).
This strategy allowed compound 12 to be synthesized in two
steps from N-Boc ethylenediamine conjugated 7-dimethylami-
nocoumarin-4-acetic acid (DMACA) 36c.20 Acid-catalyzed
deprotection afforded the free amine, which performed nucleo-
philic ring opening of pantolactone to afford the final product
in 85% yield. Compound 13 was synthesized as previously
described,4 while dansylated pantetheine 14 was synthesized by
an analogous route. Compounds 15 and 16 were chosen to probe
the effect of replacement of the strong H-bond accepting

carbonyl and H-bond donating nitrogen of the natural substrate
amide with weak H-bond accepting ether oxygens. Their
synthesis made use of a common orthogonally protected diamine
48 (see Supporting Information), which underwent differential
deprotection to give monoprotected diamines 32b and 33d.
Subsequent EDAC mediated conjugation to dye 31, azido/Boc
deprotection by standard conditions, and nucleophilic ring
opening of pantolactone afforded enzyme probes 15 and 16.
Our interest in incorporating the advantageous properties of PEG
spacers in our library of pantetheine analogues lead us to
synthesize PEG-linked-pantoic acid conjugate 17 in a 41%
overall yield through an analogous dye conjugation/deprotection/
nucleophilic ring-opening sequence starting from previously
described N-Alloc diaminoethylene glycol 34e. Compound 18
was chosen to test the limits of linker length in CoA biosynthesis
and was easily attainable from the commercially available
monoazido/monoamino terminal nonaethylene glycol 32a through
a similar series of reactions.
Compounds 1-8 sought to create a wide spectrum of

pantetheine analogues incorporating some of the most commonly
used bioorthogonal tags such as ketones, azides, and alkynes.
Particular attention was paid to the azido moiety, where
analogues replacing the �-Ala (1), cystamine (2), and thiol (5)
regions of natural pantetheine with terminal azide moieties were(20) La Clair, J. J.; et al. ChemBioChem 2006, 7, 409-416.

Scheme 1. Synthesis of CoaA Probesa

a (a) EDAC (2 equiv), DIPEA (2 equiv), DMF, rt 12 h; (b) PPh3 (1.2 equiv), 10:1 THF/H2O, rt 12-24 h; (c) 4 M HCl/dioxanes, rt 24 h; (d) Pd(PPh3)4
(cat.), PPh3 (2 equiv), dimedone (7 equiv), rt 12 h; (e) pantolactone (3 equiv), NEt3 (3 equiv), MeOH, reflux 24-72 h.
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synthesized, in addition to experimentation with short (7) and
long (8) PEG-linked azido-pantetheine analogues. Compound
1 was synthesized in one step from the nucleophilic ring-opening
of pantolactone by 2-azidoethanamine (42). Compounds 2 and
3 (Scheme 2) were synthesized by standard peptide coupling
of p-methoxybenzylideneacetal-protected (PMB) pantothenate
39 and the corresponding alkynyl and azido-amines, followed
by acidic deprotection of the 1,3-diol. Compounds 4 and 5 again
utilized 39 as a starting material, which was coupled to
2-azidoethanamine, deprotected to the corresponding amine, and
coupled to the corresponding N-hydroxysuccinimidyl keto/azido
(43a,b) ester. PEG linked pantetheine conjugates 6 and 7
(Scheme 3) were constructed in a similar fashion by nucleophilic
ring-opening of pantolactone under microwave-conditions by

N-Alloc protected diaminoethylene glycol 44 to give a common
intermediate, followed by Pd(PPh3)4 mediated deprotection and
coupling of the purified free amine to an keto/azido acid
activated as the succinimidyl ester. Finally, analogue 8 was
synthesized in one step through microwave-assisted nucleophilic
ring-opening of pantolactone by monoazido/monoamino termi-
nated nonaethylene glycol 32a.
In Vitro Pathway Incorporation: Kinetics with CoaA. As

mentioned earlier, phosphorylation of the primary hydroxyl
group of pantothenate by the first protein in the CoA biosyn-
thesis pathway, CoaA, is believed to be the rate-limiting step
in vivo.13 Due to its role as the gatekeeper of CoA biosynthesis,
we assayed each of our new analogues for kinetic activity with
CoaA (Table 2).
The assay was performed as previously described using the

prototypical bacterial pantothenate kinase, CoaA from E. coli.15
The reaction of CoaA with the natural substrate pantothenate
gave values that conformed to those previously reported in the
literature.14,21 Pantothenate mimics 2 and 3 show kcat and Km
values closely approaching those of the natural substrate. As
seen in our previous studies pantetheine is also a substrate for
CoaA, and pantetheine-resembling substrates 4, 5, 13, and 14
show turnovers near equal to (4, 13, 14) or greater than (5) that
of pantetheine. Compounds 5, 13, and 14 are processed
particularly efficiently by CoaA. Conversely, compounds with
PEG linkers between the pantoic acid moiety and the bioor-
thogonal terminus were poor substrates for CoaA. The length
of the linker region was a strong factor in determining substrate
suitability, with the longest compounds 8 and 18 proving such
poor substrates that kinetic data could not be generated. Shorter
PEG linked compounds (7 and 17) were viable substrates in
the assay but turned over at a rate 2-5-fold less than that for
derivatives containing �-Ala/diamine linkers. PEG linked pan-
toic acid conjugate 6 differs only from 7 by the exchange of an
azide for an acyl substitutent but shows markedly decreased
kinetic activity.
To isolate and investigate the effect of H-bond accepting

heteroatoms in the linker region, pantetheine analogues 15 and

(21) Strauss, E.; Begley, T. P. J. Biol. Chem. 2002, 277, 48205-48209.

Scheme 2. Synthesis of �-Ala-Linked Bioorgthogonal Pantetheine Analoguesa

a (a) 41 or 42, EDAC (2 equiv), HOBt (2.5 equiv), DIPEA (2 equiv), DMF, rt 12 h; (b) 1 M HCl, 1:1 THF/H2O, rt 1 h; (c) 42, EDAC (2 equiv), HOBt
(2.5 equiv), DIPEA (2 equiv), DMF, rt 12 h; (d) PPh3 (2 equiv), 10:1 THF/H2O, rt 12 h; (e) NHS ester 43a or 43b, NEt3 (2 equiv), rt 8 h; (f) 1 M HCl, 1:1
THF/H2O rt 1 h.

Scheme 3. Synthesis of PEG-Linked Bioorthogonal Pantetheine
Analoguesa

a (a) Pantolactone (3 equiv), NEt3 (3 equiv), EtOH, 160 °C 0.5 h; (b)
Pd(PPh3)4 (0.05 equiv), PPh3, dimedone; (c) NHS ester 43a or 43b, NEt3
(2 equiv), rt 4 h.
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16 were synthesized. These compounds were designed to replace
the amide bond between �-Ala and cystamine of pantetheine
with a single ether oxygen, allowing investigation of subtle
substrate-enzyme interactions in the CoaA active site.12 To our
surprise these compounds were extremely poor substrates. While
compounds with the aforementioned short PEG linkers (7, 17)
showed Km values 2-fold higher than that for natural substrate
pantothenate, and compounds with traditional �-Ala/diamine
linkers showed values that were either the same (13, 14) or
2-fold higher (4, 5), the Km values for 15 and 16 were 100-fold
lower. Turnover for these compounds was proportionately low,
indicative of tight binding. To test if these compounds were
acting as inhibitors of CoaA, a competitive kinetic assay was
set up using pantotenate as the substrate. The results (see
Supporting Information) show that 15 acts as a noncompetitive
inhibitor, suggesting that it may bind the allosteric regulation
site of CoaA.23 Investigation of these compounds as potential
inhibitor scaffolds is ongoing. Azide 1, which omitted entirely
the �-Ala/carbon diamine or PEG linkages of other analogues,
showed turnover within the range of the natural substrate;
however the Km was 20-fold higher than that for pantothenate
suggesting deletion of an interaction involved in active site
binding. Another interesting pantoic acid analogue 12, which
shortened the pantoic acid-reporter linker length to four carbons
and reversed the carbonyl and amide �-Ala/cystamine linkage
of natural pantetheine, showed lower turnover and catalytic
efficiency than analogues containing the natural �-Ala/pantoic
acid linkage (5, 13, 14).
In Vitro Pathway Incorporation: Gel Shift. The conversion

of apo-ACP to holo-ACP or reporter-modified crypto-ACP

causes a change in the mobility of the protein on a nondenaturing
polyacrylamide gel.12 To assay each compound for activity
throughout the entire co-opted CoA pathway, we ran covalently
modified carrier protein on a native PAGE gel and compared
the mobility to apo-ACP (Figure 3a). Pantetheine analogues
were reacted as previously reported4 with the enzymes CoaA-E
to create CoA analogues, followed by the addition of the PPTase
Sfp and apo-ACP. As seen in Figure 3a, all of the compounds
tested demonstrated some change in mobility with relation to
apo-ACP. For most compounds full conversion to crypto-ACP
is obtained; however analogues with long PEG linkers (8, 18)
give multiple bands on the gel that suggest apo-protein remains.
To confirm the results from this assay, we subjected the

reaction mixtures to matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MS). The MALDI-MS data (Figure
4 and Supporting Information) confirm that all pantetheine
analogues in our panel are indeed converted into CoA deriva-
tives and transferred onto a carrier protein in vitro. Apo-ACP
(Figure 4a) shows a characteristic peak with a mass of 8505
Da. Compound 13 was reacted with the CoaA biosynthesis

(22) Mercer, A. C.; La Clair, J. J.; Burkart, M. D. ChemBioChem 2005, 8, 1335-
1337.

(23) Ivey, R. A.; Zhang, Y.; Virga, K. G.; Hevener, K.; Lee, R. E.; Rock, C.
O.; Jackowski, S.; Park, H. J. Biol. Chem. 2004, 279, 35622-35629.

Table 2. Kinetic Parameters of E. coli CoaA with Natural
Substrates and Pantetheine Analogues and Summary of in Vivo/in
Vitro Resultsa

compound kcat (min-1) Km (μM)

kcat/Km
(s-1 M-1)
(× 103)

in
vitro

in
vivo

pantothenate 31.27 ( 0.58 28.56 ( 1.77 18.25 ( 0.68 na na
pantetheine14 19.2 ( 0.1 91 ( 10 3.53 ( 0.44 na na
1 22.33 ( 1.54 692.3 ( 89.13 0.54 ( 0.07 ++ -
2 31.45 ( 0.75 32.85 ( 2.54 15.96 ( 0.76 ++ ++
3 28.02 ( 0.42 43.53 ( 1.99 10.73 ( 0.32 ++ ++
4 20.64 ( 0.45 62.65 ( 3.89 5.49 ( 0.24 ++ +
5 40.91 ( 1.12 71.89 ( 6.98 9.48 ( 0.52 ++ ++
6 1.60 ( 0.06 0.196 ( 0.09 136.4 ( 10.63 ++ -
7 6.16 ( 0.44 53.76 ( 11.16 1.91 ( 0.27 ++ -
8 na na na + -
12 11.56 ( 0.57 37.24 ( 5.82 5.17 ( 0.51 ++ +
13 19.16 ( 1.41 28.40 ( 6.92 11.25 ( 1.65 ++ ++
14 17.26 ( 0.62 27.33 ( 3.28 10.53 ( 0.76 ++ -
15 1.36 ( 0.05 0.76 ( 0.32 0.03 ( 0.04 ++ -
16 1.00 ( 0.03 0.14 ( 0.18 0.12 ( 0.01 ++ -
17 10.06 ( 0.43 51.18 ( 6.42 3.28 ( 0.28 ++ -
18 na na na + -

a Kinetic data with CoaA and summary of in vivo/in vitro labeling
efficiency of carrier proteins using reporter modified pantetheine analogues.
Kinetic values for the natural substrate pantothenate and pantetheine are
given for comparison. In vivo/in vitro labeling is based on data from gel
shift, fluorescent gel, Western blot, and MALDI-MS data (see Figures 3,4,5,
Supporting Information) and represented semiquantitatively as follows: ++
for excellent labeling of carrier protein, + for low but detectable labeling,
and - for no detectable labeling of carrier protein.

Figure 3. In vivo and in vitro activity of pantetheine analogue panel. (a)
Analogues were assayed for gel shift after reaction with CoA biosynthesis
enzymes (CoaA/D/E), PPTase (Sfp), and carrier protein (E. coli ACP).
Conversion of apo-ACP to reporter modified crypto-ACP causes a change
in the mobility of the protein on native PAGE. (b) In vitro modification of
the carrier protein VibB by reaction with fluorescent pantetheine analogues,
CoA biosynthesis enzymes (CoaA/D/E), and Sfp. (c) In vivo modification
of carrier protein by incubation of fluorescent pantetheine analogues with
E. coli overexpressing VibB and the PPTase Sfp. (d) In vitro modification
of VibB by reaction with bioorthogonal pantetheine analogues, CoA
biosynthesis enzymes (CoaA/D/E), and Sfp. Labeled carrier protein is
visualized by chemoselective ligation to the appropriate biotin reporter
(9-11) followed by SDS-PAGE, blotting onto nitrocellulose, and incubation
with streptavidin-linked alkaline phosphatase. (e) In vivo modification
of carrier protein by incubation of bioorthogonal pantetheine analogues
with E. coli overexpressing VibB and the PPTase Sfp. Visualization as in
(d).
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enzymes, ACP, and Sfp as described above, and the reaction
mix was analyzed by MALDI without further purification. As
seen in Figure 4b, reaction with the CoA analogue of 13 causes

the expected mass change of 604 mass units. PEG analogues
17 and 18 (Figure 4c,d) also show the expected mass shifts of
559 units and 916 units, respectively, corresponding to the
formation of a crypto-carrier protein. Only in the case of the
PEG-linked derivatives 8 and 18 does the conversion appear
significantly incomplete, supporting the results of the gel shift
assay.
In Vitro Pathway Incorporation: Biodetectability. Having

confirmed that the pantetheine analogues were suitable substrates
for the CoA biosynthesis enzymes and PPTase/carrier protein
reaction, we next investigated the biodetectability of each
analogue. The fluorescent analogues (12-18) were detected by
UV visualization on PAGE gels as previously described.4
Bioorthogonally tagged pantetheine analogues 1-8 were de-
tected by chemoselective ligation to the appropriate alkoxyamine/
azide/alkyne functionalized biotin followed by PAGE and
visualization by western blotting and incubation with strepta-
vidin-conjugated alkaline phosphatase. Keto-pantetheine com-
pounds 4 and 6 were reacted overnight with biotin hydroxy-
lamine (9) at room temperature, while pantetheine analogues
with azide and alkyne functionalities were reacted with the
corresponding alkynyl/azido (10/11) biotin following the pro-
cedure of Alexander.9c Inspection of the fluorescent gels (Figure
3b) and western blots (Figure 3d) confirmed the results of the
gel shift assay and mass spectral data, indicating biodetectible
covalent modification of carrier proteins in vitro for compounds
1-8 and 12-18.
In Vivo Pathway Incorporation. Next we tested our library

of pantetheine analogues for integration into the E. coli CoA
pathway using our in vivo assay.4 E. coli overexpressing the
carrier protein VibB and the PPTase Sfp were incubated with
1 mM of each compound in 1 mL of culture. After 4 h of growth
cells were pelleted, washed, and lysed. Lysate from these
cultures was run on SDS-PAGE gels, and detection was carried
out as described for the in vitro studies. Compounds 2, 3, 5,
12, and 13 demonstrated detectible modification of VibB in vivo
(Figure 3c,e). Keto-pantetheine analogue 4 was also detectable
but showed much weaker labeling than the similarly linked
azido-analogue 5 (Figure 3e). The compounds most active in
vivo show a strong correlation with the CoaA kinetic profile.
To verify the results of the gels and blots, samples of crude
lysate were assayed by MALDI-MS (Figure 5). For MALDI-
MS analysis doubly transformed E. coli containing plasmids
for the carrier protein Fren and the PPTase Sfp were used. As
seen in Figure 5a compound 13 was taken up by the cell,
processed into a CoA analogue and attached onto Fren. The
apo peak can be seen at 8570 mass units. Holo-carrier protein
is also visible at 8910 Da. This peak arises from the fact that
natural CoA is available in the cell and readily ligated by
PPTases to the overexpressed apo-Fren. Carrier protein modified
with 13 can be seen at 9179 Da giving the expected 609 mass
unit change. Similarly mass spectral analysis of cell lysate after
incubation of bioorthogonal pantetheine analogue 2 with Fren/
Sfp overexpressing E. coli shows an observable 315 Da shift
of the known apo peak indicating formation of an alkyne-
modified crypto-carrier protein. Subjection of the same crude
cell lysate to click reaction conditions with biotin reporter 11
resulted in another 317 Da mass shift, indicating successful
formation of biotinylated Fren via a Cu(I)-catalyzed [3 + 2]
cycloaddition process.

Figure 4. In vitro labeling of ACP. Apo-ACP (a) is reacted with pantetheine
analogues, CoA biosynthetic enzymes (CoaA/D/E), and the PPTase Sfp.
Fluorescent compounds 13 (b), 17 (c), and 18 (d) are all shown to be
converted to CoA analogues and modify ACP by gel and mass spectral
analysis.
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Insights into CoaA Substrate Specificity from Kinetic, in
Vivo, and in Vitro Analyses. Comparisons of the kinetic, in
vitro, and in vivo assay results for different members of the
panel yield important insights into the structure-activity
relationships between E. coli PANK and pantetheine analogues.
Despite the poor performance of compounds 1, 6-8, 12, and
15-18 in the CoaA kinetic assay, all were shown to be
converted to CoA analogues and loaded onto the carrier protein
ACP by Sfp in vitro. This is both a testament to the incredible
efficiency of Sfp in transferring unnatural CoA derivatives to
apo-carrier proteins and a further demonstration of the utility

of the chemoenzymatic approach to synthesis of unnatural CoA
analogues. As mentioned above this finding greatly simplifies
the synthetic task of constructing CoA derivatives for in vitro
applications which utilize carrier protein tagging.6 This allows
access to virtually any reporter labeled-CoA analogue from a
monoprotected amine in three steps, one of which can be
expedited using microwave technology. Additionally the subtle
substrate preferences Sfp has been shown to exhibit in systems
incorporating multiple carrier proteins can be used for selective
coding based on differential phosphopantetheinylation by un-
natural CoA analogues,22 adding another layer of complexity
to in vitro and cell-surface carrier protein fusion systems.
Detailed analyses of the kinetic data demonstrate several

important relationships. In general compounds containing a
similar �-Ala linker region to that of natural pantothenate show
the best kinetic profiles. In all compounds of the panel the
pantoic acid region (C1-N5, numbering from the terminal
primary hydroxyl of pantetheine) was conserved. Lee et al.
indicated low binding of PANK inhibitors which lacked a
proton-donating amide NH at the N8 position, pointing to a
model of the PANK-ADP-pantothenate ternary complex in
which the C-7 acid of pantothenate acts as an H-bond donor
toward two key residues.12,23 Our results verify the importance
of this interaction. Compounds 1 and 3 contain the same
2-azidoethanamine-derived terminal azide, differing only in the
�-Ala linkage of 3. This change results in a 10-fold increase in
Km and near 20-fold increase in catalytic efficiency, indicating
much better binding of the substrate with the H-bond donating
�-Ala linker. Pantetheine analogues containing ethylene glycol
based linkers incapable of acting as efficient H-bond donors
(6-8, 17-18) showed similarly poor kinetics compared with
those containing �-Ala linkers. Compounds 15 and 16 provide
perhaps the strongest evidence of the importance of this
interaction, losing almost all substrate activity when reducing
the strength of the electron pair donor and removing the H-bond
donating NH completely from the pantetheine analogue. Inter-
estingly these compounds show markedly different kinetics than
PEG-linked pantetheine 17, which differs by only two atoms,
demonstrating the limitations of this model in predicting effects
caused by alternate variables such as the reduced rotation around
an sp2 hybridized carbon at C8 and addition of an extra H-bond
accepting heteroatom further down the linker. The kinetics of
analogue 12, in which the connectivity of the amide at C8 and
N9 of the natural substrate pantetheine is reversed, indicate that
there is some flexibility in the pocket around this position.
Compound 12 shows good binding but slow turnover, with a
catalytic efficiency poorer than that of any of the compounds
with the H-bond donator in its natural position (2-5, 13-14)
but better than that of every compound in which the H-bond
donating NH is absent (1, 6-8, 15-18). While the general trend
toward an H-bond donor effect is large, other interactions
resulting from the proximity of the aromatic coumarin-reporter
molecule to the active site in this analogue must also be
considered.
Several other trends which may be important for future design

of carrier protein tags are of interest. In general, analogues
terminating in alkynes show better kinetic parameters than those
of azides, with azides showing better kinetic parameters than
those of ketones. For PEG-based pantetheine derivatives, chain
length proved an important factor, with longer chains showing

Figure 5. In vivo carrier protein labeling. The carrier protein Fren is labeled
in vivo by incubation of E. coli overexpressing Fren and Sfp with (a) a
fluorescent pantothenate analogue 13 and (b) a bioorthogonally tagged
analogue 2. Click reaction of alkyne-modified crypto-carrier protein with
biotin reporter 11 affords triazole-linked biotinylated carrier protein (c),
resulting in the expected shift in mass and allowing protein visualization
by western blot.
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negligible activity with CoaA and poor in vivo protein tagging.
Appending a different dye to the end of the pantetheine had no
statistically significant impact on CoaA kinetics; however
substitution of DMACA with dansyl lead to a complete loss of
in vivo activity, suggesting a possible lack of a viable
membrane-transport mechanism for dansyl-pantetheine ana-
logues or an intracellular degradation process. It has been shown
previously that DMACA is an excellent dye for in vivo
applications.20 The kinetics of �-Ala containing bioorthogonal
pantetheines (2-5) compared with �-Ala containing panteth-
eines in which a fluorescent reporter that was directly appended
(13-14) showed slightly better turnover and similar catalytic
efficiency. On the whole the binding site of CoaA beyond the
�-Ala moiety appears to be quite promiscuous, with little kinetic
effect observed on substitution of the hexanediamine linker of
13 with a ethylenediamine linker or substitution of the ethyl-
enediamine linker of 14 with a short (8-atom) PEG linker.24
Perhaps the most important conclusion that can be drawn from

the assay results is that the in vivo activity of a pantetheine
analogue has a direct correlation with kinetic activity with CoaA.
Analogues 2, 3, 4, 5, 12, and 13 were shown to be biodetectible
in E. coli by Western blot analysis and fluorescence visualiza-
tion. These show a kcat between 11.5 and 40.9 min-1 and kcat/
Km of 5.2 × 103-16.0 × 103 compared with the values of 19.2
min-1 (kcat) and 3.5 × 103 s-1 M-1 (kcat/Km) for unmodified
pantetheine (Table 2). In order for a pantetheine analogue to
be processed into a CoA analogue in vivo, not only must an
organism contain a promiscuous PANK with pantetheine kinase
activity but also the pantetheine analogue must have comparable
or better kinetics with PANK than pantetheine and (ideally)
natural substrate pantothenate. Given that enterococci produce
far more pantothenate than they require for primary metabo-
lism,25 any modified pantetheine analogue must make extremely
efficient use of CoaA in order for CoA conversion and
subsequent protein labeling to occur at detectible levels.
Although the structural requirements for the import of panteth-
eine analogues have not been studied in detail, E. coli has been
shown to have a pantothenate import system, the pantothenate
permease (panF) symporter,26 which also may exert some
selectivity in the import of analogues and thus influence the
ability of pantetheine analogues to be integrated into the CoA
pathway in vivo. However previous studies showed that while
overexpression of the panF gene resulted in elevated pantoth-
enate uptake, a concurrent increase in CoA production was not
observed, indicating PANK activity as the principal regulator
of CoA biosynthesis. With that in mind these kinetic parameters
should prove useful for the future design and assay of in vivo
carrier protein tags.

Conclusions

The molecules described here have varied applications and
provide insight valuable in the expanding field of proteomics.
For in vitro applications and in vivo cell-surface labeling of
carrier protein fusions, all pantetheine analogues studied in this
manuscript are efficiently converted into CoA analogues and
tethered to the protein via the four-step enzymatic pathway. This

alternative methodology negates the purification steps necessary
in the production of maleimide-CoA analogues from com-
mercial sources, allows almost any variance of the chemical
identity of the linker region, and provides an economical
substitute for producing large amounts of CoA analogues in
cases where large quantities of the desired CoA-maleimide-
reporter conjugate may be prohibitively expensive. In addition
the expansion of analogues with bioorthogonal reporters allows
for increased detection and sensitivity. However despite these
subtle advances, it is in the prospect of in vivo labeling that
these tools become particularly important. The covalent modi-
fications described herein have practical value in the study of
in vivo activity of proteins and a place among the ever increasing
myriad of proteomic techniques used to study them.
Of particular importance are the chemoselective ligation

reactions demonstrated by the ketone, azide, and alkyne protein
labels. These tools allow carrier proteins to be visualized and
isolated for the first time without the expense and complication
of antibody techniques. While our survey of bioorthogonal
coupling partners was not exhaustive, the functionalities intro-
duced should be applicable to other published methods. For
instance, one can easily envisage analogues 3 and 5 being
modified by Bertozzi’s covalent Staudinger ligation with a
reporter-conjugated triarylphosphine analogue for in vivo ap-
plications in which more stringent Cu(I)-catalyzed click chem-
istry conditions are not ideal.27 It was to our disappointment
that the PEG-incorporating pantetheine analogues proved nona-
menable to in vivo protein labeling, most likely due to deletion
of a crucial H-bonding interaction. Yet while PEG analogues
are often useful for distancing reporter labels from the protein
of interest for downstream modification, most likely they are
not a necessity in this instance by virtue of the 4′-phosphopan-
tetheine moiety. Indeed the 4′-phosphopantetheine is commonly
believed to be appended to carrier proteins as a means to
distance substrates and products from the protein core, a concept
reinforced by recent structural studies of the fatty acid syn-
thase.28

The system used in this study was limited to the E. coli CoA
pathway and relied on the overexpression of a carrier protein
PPTase pair to facilitate detection. However it has already been
demonstrated that AcpS, a widely expressed PPTase, has the
ability to transfer CoA analogues chemoenzymatically generated
from panthothenamide type substrates to apo-ACP.12 Immediate
work will aim at lowering the detection limit to native protein
levels in E. coli, a reasonable goal given the demonstrated ability
of bioorthogonally labeled carrier protein to undergo ligation
to affinity agents readily amenable to enrichment strategies. Also
of interest to the growth of this methodology is the promiscuity
of CoA biosynthetic enzymes in species other than E. coli. Little
is known about the interspecies substrate specificity of CoaD
and CoaE, although studies of the mechanism of inhibition of
N-alkylpantothenamides have shown these enzymes capable of
catalyzing the formation of unnatural CoA analogues which
modify the fatty acid ACP in both E. coli and S. aureus,21,29
despite a disparity in sequence homology between the PANK

(24) This comparison refers to kinetic data compiled for alternatively linked
dansyl and DMACA-pantetheine analogues in ref 14.

(25) Rock, C. O.; Calder, R. B.; Karim, M. A.; Jackowski, S. J. Biol. Chem.
2000, 275, 1377-1383.

(26) Jackowski, S.; Alix, J. H. J. Bacteriol. 1990, 172, 3842-3848.

(27) Kohn M, Breinbauer R. Angew. Chem., Int. Ed. 2004, 43, 3106-3116.
(28) (a) Simon Jenni, S.; Leibundgut, M.; Maier, T.; Ban, N. Science 2006,

311, 1258-1262. (b) Maier, T.; Jenni, S.; Ban, N. Science 2006, 311, 1263-
1267.

(29) Leonardi, R.; Chohnan, S.; Zhang, Y.; Virga, K. G.; Lee, R. E.; Rock, C.
O.; Jackowski, S. J. Biol. Chem. 2005, 280, 3314-3322.
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enzymes of the different species.30 Studies in our own lab have
shown the mammalian form of CoaD and CoaE, which exists
as a bifunctional fusion, efficiently processes 4′-phosphopan-
tetheine analogues into CoA analogues in vitro.14 One system
where this approach may be limited is in a subset of pathogenic
bacteria which contain only the recently discovered CoaX type
pantothenate kinase. This PANK isoform has been shown to
be resistant to inhibition by N-alkylpantothenamides, possibly
indicating an inability of pantetheine analogues to act as
competitive substrates.31 To date most studies of pantetheine
analogues have focused on their properties of inhibitors; the
new amenability of carrier protein systems to fusion tagging
strategies and our demonstration of protein modification in living
systems provide strong incentive for the reexamination of the
substrate properties of this class of small molecules.
Here we have performed a detailed investigation of panteth-

eine analogues to identify suitable partners for covalent protein
labeling inside living cells. A rapid synthesis of pantothenamide
analogues was developed for this purpose and used to produce
a panel which was evaluated for in vitro and in vivo protein
labeling. Kinetic comparisons allowed the construction of
structure-activity relationships to pinpoint the linker, dye, and
bioorthogonal reporter of choice for protein labeling. Finally
bioorthogonal pantetheine analogues were shown to target carrier
proteins with high specificity in vivo and undergo chemose-
lective ligation to reporters in crude cell lysate. The paucity of
site-specific protein labeling tools represents a major obstacle
to the routine application of such small-molecule probes in

vivo.32 Our increasing understanding of the kinetic parameters
and structural limitations of pantetheine analogues sets the stage
for the future use of 4′-phosphopantetheine analogue labeling
in chemical biology.
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a b s t r a c t

Pantothenamides have been the subject of much study as potential inhibitors of CoA and carrier protein
dependent biosynthetic pathways. Based on an initial observation of growth inhibition in Escherichia coli
by 3, we have synthesized a small panel of pantetheine analogues and re-examined the inhibitory prop-
erties of this class of antibiotics with an emphasis on understanding the ability of these compounds to act
as substrates of native CoA and carrier protein utilizing biosynthetic pathways. Our findings suggest that
a secondary structure–activity relationship is an important factor in the antibiotic activity of these
compounds.

� 2008 Elsevier Ltd. All rights reserved.

CoenzymeA (CoA) is an essential cofactor in living systems, func-
tioning as themajor acyl group carrier in numerousmetabolic path-
ways.1 The bacterial CoA biosynthetic pathway was first elucidated
in Escherichia coli, where it was shown that five enzymes (CoaA,
CoaB, CoaC, CoaD, and CoaE) are responsible for the conversion of
pantothenate (vitamin B5) to CoA (Fig. 1A).2While this pathway also
exists in humans, comparison of the individual enzymes of the pro-
karyotic and eukaryotic CoA biosynthetic pathways has shown that
the two demonstrate very little sequence homology.3 With reports
of bacterial resistance to traditional antibiotics becoming increas-
ingly common, thedesignof selective inhibitors of bacterial CoAbio-
synthesis presents a potentially novel antibiotic target.4

In addition to functioning directly as an acyl group carrier, CoA
is also the source of the 40-phosphopantetheine arm used for acyl
group transfer in fatty acid biosynthesis (Fig. 1A).5 In this pathway,
a phosphopantetheinyltransferase (PPTase) enzyme functions to
transfer the 40-phosphopantetheine arm of CoA to a conserved ser-
ine residue of an apo-acyl carrier protein (ACP). The free thiol of
this posttranslational modification is then used as the site of
acyl-intermediate tethering during the loading, condensation,
and reduction reactions necessary for production of fatty acids.
ACPs and peptidyl carrier proteins (PCPs) are used similarly in
polyketide and nonribosomal peptide biosynthesis.6

In the past several years, it has been shown that many PPTases,
most notably Sfp from the surfactin synthetase pathway in B. sub-
tilis, have a relaxed substrate specificity which allows for the mod-

ification of ACPs with CoA analogues in vitro.7 When derivatized
with fluorescence or affinity tags, this property can be used for
the selective visualization and isolation of carrier protein utilizing
biosynthetic enzymes.8 Our group has had a long-standing interest
in using PPTase promiscuity as a strategy for the investigation of
primary and secondary biosynthetic pathways in bacterial organ-
isms, which has lead us to investigate methods for the manipula-
tion of intracellular CoA pool as a means of labeling carrier
proteins. As CoA analogues cannot cross the cell membrane due
to their strong negative charge, we have examined the utility of
CoA precursors as in vivo carrier protein labels.9

Perhaps the most thoroughly investigated CoA precursors to
date have been the antibacterial pantothenamides.10 This class of
antibiotics, typified by N5-Pan (1), has been shown to inhibit E. coli
and Staphylococcus aureus growth.11 Originally postulated as inhib-
itors of the pantothenate kinase (CoaA) enzyme, it has since been
shown that these compounds act as competitive substrates of
CoaA, and are believed to exert their antibacterial activity through
interference with fatty acid biosynthesis by labeling of the E. coli
fatty acid ACP (Fig. 1B).12,13

During our own studies of CoA precursors we encountered an
interesting phenomenon relevant to the continued development
and study of this antibiotic class. Through the synthesis and eval-
uation of a large number of CoA precursors (henceforth referred
to as pantetheine analogues), we identified a single compound
(2) capable of modifying the E. coli fatty acid ACP in the native
organism (Fig. 1B).14 Further, these studies showed that compound
2 was non-toxic to E. coli grown in minimal media at concentra-
tions >1 mM, while a structurally similar alkynyl pantetheine ana-
logue (3) possessed cytotoxic activity near equivalent to that of 1

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.078
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(Table 3). These observations ran contrary to expectations, as it
was anticipated that the most toxic pantetheine analogues would
be those which labeled the E. coli fatty acid ACP most efficiently,
according to the proposed mode of action of these compounds.13

These findings lead us to synthesize a small panel of pantethe-
ine analogues in order to examine in detail the influence of chain
length (4–9), oxidation state (10–11), and functionality (12–15)
on the ability to serve as CoA antimetabolites and inhibit growth
in E. coli (Fig. 1C).15 We first tested these compounds as substrates
of CoaA, the first enzyme of CoA biosynthetic pathway and the
rate-limiting step for the accumulation of CoA metabolites.16 In
past studies, we have correlated good turnover by CoaA with

in vivo CoA production and carrier protein modification.17 As can
be seen in Table 1, many of the analogues exhibit good turnover
with some (1–3, 5, 10–11, 13) approaching the kinetic efficiency
of pantothenate. When examining the effect of chain length on
turnover of alkynyl pantetheines, 4 shows very poor catalytic effi-
ciency due mainly to its high Km. This is indicative of weak binding,
a conclusion consistent with the crystal structure of E. coli CoaA
which shows the terminal acid of pantothenate having an impor-
tant role in binding. This can be replaced by interaction with an
amide which is missing in compound 4.4 In contrast, 3 and 5 show
catalytic efficiencies in the range of the native substrate, while 6–9
show a decrease in efficiency that correlates to the length of the

Figure 1. (A) Pathway for CoA biosynthesis and posttranslational modification of carrier proteins. (B) Pantetheine analogues can act as alternate substrates for these
pathways to form CoA antimetabolites. These CoA analogues can be processed by PPTases to form crypto-carrier proteins. (C) Structures of pantothenate and pantetheine
analogues (1–15) examined in this study.

Table 1
Kinetic data for CoaA turnover of natural substrate (pantothenate) as well as pantetheine analogues 1–15a

Compound # Km (lM) Vmax (lM s�1) kcat (min�1) kcat/Km (mM�1 min�1)

Pantothenate 35.81 (±6.00) 0.31 (±0.01) 0.76 (±0.03) 21.13 (±1.93)
1 33.98 (±7.11) 0.34 (±0.02) 0.84 (±0.05) 24.59 (±2.88)
2 43.51 (±3.4) 0.28 (±0.002) 0.69 (±0.01) 16.1 (±0.53)
3 36.04 (±6.05) 0.31 (±0.02) 0.77 (±0.04) 21.38 (±2.11)
4 396.50 (±123.7) 0.26 (±0.05) 0.64 (±0.12) 1.62 (±0.61)
5 34.04 (±10.72) 0.33 (±0.03) 0.81 (±0.07) 23.78 (±4.23)
6 40.34 (±12.95) 0.29 (±0.03) 0.72 (±0.07) 17.95 (±3.41)
7 40.00 (±14.26) 0.29 (±0.03) 0.72 (±0.07) 17.97 (±3.75)
8 47.80 (±14.62) 0.23 (±0.02) 0.56 (±0.05) 11.70 (±2.22)
9 48.49 (±10.99) 0.22 (±0.02) 0.54 (±0.04) 11.11 (±1.53)

10 41.16 (±5.94) 0.38 (±0.02) 0.94 (±0.04) 22.85 (±1.96)
11 36.91 (±7.52) 0.37 (±0.02) 0.91 (±0.05) 24.65 (±2.88)
12 34.57 (±6.07) 0.22 (±0.01) 0.53 (±0.03) 15.43 (±1.52)
13 27.78 (±5.21) 0.26 (±0.01) 0.65 (±0.03) 23.49 (±2.33)
14 33.70 (±3.98) 0.25 (±0.01) 0.62 (±0.02) 18.29 (±1.20)
15 57.97 (±12.01) 0.26 (±0.02) 0.64 (±0.04) 10.96 (±1.49)

a Values are means of three experiments, standard deviation is given in parentheses.

A. C. Mercer et al. / Bioorg. Med. Chem. Lett. 18 (2008) 5991–5994
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analogue. This decrease in efficiency is from both binding and turn-
over, as Km increases and Vmax decreases with the growing length
of the alkynyl pantetheine substrates. Compounds 8 and 9 high-
light another interesting trend seen in this panel, which is the det-
rimental effect of an amide bond at the natural thiol position of
pantetheine on CoaA turnover. This effect is most readily observed
by comparison of 12, 13, and 14, which demonstrates a steady de-
crease in catalytic efficiency with decreasing polarization of the
carbonyl (amide < carbamate < ester) at this position (see Table 1).

In comparing what effect degree of unsaturation has on turn-
over of pantetheine analogues by CoaA, the overall trend appears
to indicate marginally improved turnover for fully saturated al-
kyl-pantetheine analogues. While this effect is slight among those
pantetheine analogues terminating in propyl-derived chains (3, 10,
11), it can be clearly observed upon comparison of 1 to 6. A similar
effect is observed on comparison of amide bond-extended ana-
logues 12 and 15.

While kinetic values of pantetheine analogues with CoaA are a
good predictor of in vivo activity, many other factors, including cell
permeability and susceptibility to efflux pumps, impact the perfor-
mance of antimetabolites when administered to living cells. To
analyze the ability of these compounds to be processed by the
CoA biosynthetic pathway in vivo and to interact with carrier pro-
teins as CoA analogues, we utilized an in vivo assay.17 This assay
provides a qualitative measure of the ability of pantetheine ana-
logues to be processed by the endogenous CoA biosynthetic en-
zymes of E. coli by coupling CoA analogue production to the
modification of a carrier protein. To facilitate detection and isolate
CoA biosynthesis from variables such as carrier protein expression
and PPTase promiscuity, E. coli are first transformed with expres-
sion plasmids for a carrier protein, in this case the Fren-ACP from
the frenocylin polyketide synthase, as well as the PPTase Sfp, which
is known to have a very broad substrate specificity. After growth to
mid-log phase, the pantetheine analogue (1–15) is added at the
same time as IPTG, which induces expression of the reporter sys-
tem.15 Compounds that exhibit uptake and processing by the na-
tive E. coli CoA biosynthetic pathway produce modified ACPs,
which demonstrate a mass shift characteristic of posttranslational
modification by each analogue, and can be observed by MALDI-TOF
(Table 2).

Having confirmed that the majority of these compounds are
capable of formation of CoA analogues in vivo, we sought to corre-
late our findings with their antibacterial activity in native E. coli. To
investigate the effects that additives present in the media might

have on antibiotic activity, we determined the MIC values for 1–
15 using E. coli K12 grown in both minimal (M9) media, as well
as in a richer, 1% tryptone broth which had been used to determine
MIC values in an earlier study of pantothenamides.11,13

Inspecting the results, all of the analogues tested showed greater
growth inhibition in minimal media compared to rich media (Table
3). These results showadirect correlationbetween toxicity andCoaA
kinetic profile for these compounds. This is to be expected, as it has
previously been shown that CoaA is the rate-limiting step for CoA
biosynthesis in vivo, and the antibacterial activity of these com-
pounds is believed to be dependent on their in vivo transformation
to CoA analogues. The major outliers in this respect are 2 and 13,
which possess good kinetics but do not show inhibition of E. coli at
concentrations up to500 lMeven inminimalmedia. Additional evi-
dence that these compounds act as CoA antimetabolites was pro-
vided by the observation that the inhibitory effects of the most
toxic members of this panel (1, 3, 5–6, 10–11) were greatly de-
creased by addition of the CoA precursors pantothenate and b-ala-
nine to the growth medium (Table 3). Among the alkynyl
analogues which initially inspired this study (3, 5–9), an increasing
MIC value is observed with growing chain length, mirroring the de-
cline in catalyticefficiencyobservedamongthis group. Interestingly,
among alkyl pantetheine analogues of the same chain-length (3 and
11, 1 and 6), changing the oxidation state from an alkyne to a satu-
rated alkyl chain lowers theMIC by a factor of two to four. However,
while 11 is sixfoldmore active than 1 inminimalmedia, administra-
tion of these same compounds to E. coli grown on rich media shows
11 to be at least 10� less toxic under these conditions.

The kinetic profiles, in vivo analysis, and inhibitory data gener-
ated here all support the previously held hypothesis that the antibi-
otic activity of pantetheine analogues is due to theproductionof CoA
analogues in vivo.12 However, the finding that saturated and unsat-
urated pantetheine analogues demonstrate rates of CoaA turnover
within error of one another (i.e., 3 and 11), yet show drastically dif-
ferent MICs suggests that CoA analogue production alone is not suf-
ficient for antibacterial activity. Based on our results it appears that
of the pantetheine analogues processed efficiently by CoaA, those
terminating in fully saturated alkyl groups are ideal for activity,
while substitution by unsaturated alkynyl chains and polar terminal
groups on the pantetheine chain (i.e., 2 and 13) results in decreased
ornogrowth inhibition.This suggestsa secondarystructure–activity
relationship for pantetheine analogue inhibition, inwhich one set of
structural characteristics is necessary for biosynthetic processing
and formation of CoA or ACP-analogues in vivo, while the identity

Table 2
MALDI-TOF data for in vivo modification of Fren-ACP by compounds 1–15

Compound # apo Modified Difference Expected

None (control) 8663 9000a 337a 342a

1 8660 9011 351 351
2 8663 9018 355 358
3 8663.7 8982 318.3 319
4 8661.1 — — 248
5 8664.9 8996 331.1 333
6 8662.2 9008 345.8 347
7 8665.8 9025.9 360.1 361
8 8663.4 9065 401.6 404
9 8666 9042 & 9350b 376b 376

10 8658 8979 321 321
11 8660 8982 322 323
12 8660 9042 382 380
13 8660 9046 386 381
14 8660 9058 398 396
15 8666 9039 373 376

a Modification by native CoA of E. coli results in the expected mass shift.
b Compound 9 gives a large peak at 9350 in addition to the expected peak at

9042, possibly due to matrix interactions with the unsaturated activated alkyne.

Table 3
Minimum inhibitory concentrations of pantetheine analogues 1–15 to E. coli grown in
different media and effect of additives

Media compound # M9 Tryptone M9 + Pana M9 + b-Alab

MIC (lM) MIC (lM) MIC (lM) MIC (lM)

1 6 50 500 250
2 >500 >500 ndc nd
3 4 >500 >500 >500
4 500 >500 nd nd
5 7.5 >500 >500 >500
6 15 >500 >500 >500
7 500 >500 nd nd
8 >500 >500 nd nd
9 >500 >500 nd nd

10 3 >500 250 125
11 1 500 500 250
12 >500 >500 nd nd
13 500 >500 nd nd
14 >500 >500 nd nd
15 500 >500 nd nd

a Pan, addition of 1 mM pantothenate to growth medium.
b b-Ala, addition of 1 mM b-alanine to growth medium.
c nd, not determined.
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of the terminal group facilitates interaction of the CoA or ACP-ana-
logue with a biologically relevant target.

In E. coli, fatty acid ACP is estimated to be present in the cytosol
at concentrations approaching 1 mM. This abundance may explain
the observation that 2 is capable of ACP modification in native E.
coli without toxicity. Why then do alkyl pantetheine analogues 1
and 10–11 show increased inhibitory properties? Based on their
kinetics with CoaA, these analogues seem unlikely to modify ACP
at substantially higher levels than 2 in vivo. More likely, and in
agreement with the secondary structural features of antimicrobial
pantetheine analogues observed here, is the hypothesis that the
activity of alkyl pantetheine analogues is due to the differential
activity of alkyl-ACP-prodrugs to bind and disrupt the associated
lower abundance enzymes of fatty acid biosynthesis. Further eluci-
dation of this process may have important implications for design
of new members of this antibiotic class.
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General synthetic procedures and materials 
 

All commercial reagents (Sigma-Aldrich, Alfa Aesar, TCI America, Acros) were 
used as provided unless otherwise indicated. Analogues 1-4, 11, and 15 were 
prepared according to published literature procedures.1-3  All reactions were 
carried out under argon atmosphere in dry solvents with oven-dried glassware and 
constant magnetic stirring unless otherwise noted. Triethylamine (TEA), and 
ethyl-N,N-diisopropylamine (DIPEA) were dried over sodium and freshly 
distilled. 1H-NMR spectra were taken at 300, 400, or 500 MHz and 13C-NMR 
spectra were taken at 100.6 or 75.5 MHz on Varian NMR spectrometers and 
standardized to the NMR solvent signal as reported by Gottlieb.4 Multiplicities are 
given as s=singlet, d=doublet, t=triplet, q=quartet, p=pentet, dd=doublet of 
doublets, bs=broad singlet, bt=broad triplet, m=multiplet using integration and 
coupling constant in Hertz. TLC analysis was performed using Silica Gel 60 F254 
plates (EM Scientific) and visualization was accomplished with UV light (λ=254 
nm) and/or the appropriate stain (iodine, 2,4-dinitrophenylhydrazine, cerium 
molybdate, ninhydrin). Silica gel chromatography was carried out with Silicycle 
60 Angstrom 230-400 mesh according to the method of Still.5 TLC prep plate 
purification was performed with EMD Silica Gel 60 F254 pre-coated plates. 
Electrospray (ESI) and fast atom bombardment (FAB) mass spectra were obtained 
at the UCSD Mass Spectrometry Facility by Dr. Yongxuan Su using a Finnigan 
LCQDECA mass spectrometer and a ThermoFinnigan MAT- 900XL mass 
spectrometer, respectively. 
 

 
Representative Procedures and Spectroscopic Data for Compounds 1-15 
 
A representative procedure is provided for preparation of compound 5; all other 
pantetheine analogues were prepared analogously from the corresponding acids or 
acyl chlorides. Spectroscopic data for previously published analogues (1-4, 11, 
and 15) were in accordance with the published literature values. 
 

 
 
PMB-protected pantothenate2 (434 mg, 1.28 mmol), PyBOP (732 mg, 1.41 mmol), 
and 4-amino-1-butyne6 (88mg, 1.28 mmol) were combined and dissolved in dry 
CH2Cl2 (50 mL).  DIPEA (677 μl, 3.84 mmol) was added at 0 oC, and the reaction 
was allowed to stir overnight at room temperature. The solvent was removed 
under reduced pressure, and the resultant oil was purified by column 
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chromatography (Hex:EtOAc, 2:1 to EtOAc) to yield compound PMB-protected 5 
as an oil (405 mg, 80%). 1H-NMR (500 MHz, CDCl3) δ 7.42 (d, J= 8.5 Hz, 2H), 
7.00 (bt, 1H), 6.92 (d, J=  9.0 Hz, 2H), 6.03 (bt, 1H), 5.45 (s, 1H), 4.08 (s, 1H), 
3.82 (s, 3H), 3.68 (dd, J= 23.0 Hz, J= 12.0 Hz, 2H), 3.59-3.49 (m, 2H), 3.43-3.32 
(m, 2H), 2.44 (t, J= 6.5 Hz, 2H), 2.34 (td, J= 7.1 Hz, J= 2.0 Hz, 2H), 1.98 (t, J= 
2.5 Hz, 1H), 1.10 (s, 3H), 1.09 (s, 3H). 13C-NMR (75.5  MHz, CDCl3) δ 171.1, 
169.7, 160.4, 130.3, 127.7, 113.9, 101.5, 84.0, 81.6, 78.7, 70.2, 55.5, 38.2, 36.2, 
35.1, 33.3, 22.0, 19.6, 19.3. HRMS (EI) (m/z): [M+H]+ calcd for C21H28O5N2, 
388.1993, found 388.1987. 
 

 
 
PMB-protected 5 (87 mg, 0.22 mmol) was dissolved in 1N HCl:THF, 1:1 (10 ml) 
and stirred for 1 hr or until the starting material was gone by TLC, at which point 
1N NaOH or AG-1-X8 Strong Basic anionic exchange resin was used to 
neutralize the solution.  The solvent was removed under reduced pressure, and the 
crude product was purified by column chromatography (EtOAc to 15% MeOH-
EtOAc) to afford compound 5 as an oil (11 mg, 18%). 1H-NMR (400 MHz, 
CDCl3) δ 7.43 (bt, 1H), 6.39 (bt, 1H), 4.23 (d, J= 6.5 Hz, 1H), 3.99 (d, J= 5.2 Hz, 
1H), 3.72 (bt, 1H), 3.56 (p, J= 5.3 Hz, 2H), 3.47 (d, J= 5.3Hz, 2H), 3.38 (qd, J= 
6.2 Hz, J= 1.2 Hz, 2H), 2.46 (t, J= 6.0 Hz, 2H), 2.39 (td, J= 6.4 Hz, J= 2.4 Hz, 
2H), 2.03 (t, J= 2.7 Hz, 1H), 0.99 (s, 3H), 0.91 (s, 3H). 13C-NMR (75.5  MHz, 
CDCl3) δ 173.8, 171.8, 81.5, 77.8, 71.1, 70.4, 39.5, 38.3, 35.9, 35.4, 21.7, 20.6, 
19.5. HRMS (EI) (m/z): [M+H]+ calcd for C13H23O5N2, 271.1652, found 271.1657. 

 
Pantetheine Analogue 6 
 

 
 

1H-NMR (400 MHz, CDCl3) δ 7.46 (bt, 1H), 6.43 (bt, 1H), 4.38 (d, J= 4.3 Hz, 
1H), 3.98 (d, J= 5.2 Hz, 1H), 3.83 (bt, 1H), 3.59-3.50 (m, 2H), 3.46 (d, J= 4.3Hz, 
2H), 3.33 (q, J= 6.2 Hz, 2H), 2.43 (t, J= 5.6 Hz, 2H), 2.23 (td, J= 6.9 Hz, J= 2.5 
Hz, 2H), 1.99 (t, J= 2.5 Hz, 1H), 1.71 (p, J= 6.7 Hz, 2H), 0.98 (s, 3H), 0.90 (s, 
3H). 13C-NMR (75.5  MHz, CDCl3) δ 174.0, 171.8, 83.5, 77.7, 71.0, 69.5, 39.5, 
38.9, 35.9, 35.4, 28.1, 21.6, 20.6, 16.3. HRMS (EI) (m/z): [M+H]+ calcd for 
C14H25O4N2, 285.1809, found 285.1805. 
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Pantetheine Analogue 7 
 
 

 
 
 
1H-NMR (400 MHz, CDCl3) δ 7.51 (bt, 1H), 6.53 (bt, 1H), 4.68 (d, J= 5.1 Hz, 
1H), 4.10 (bt, 1H), 3.97 (d, J= 4.7 Hz, 1H), 3.58-3.49 (m, 2H), 3.49-3.40 (m, 2H), 
3.21 (q, J= 6.4 Hz, 2H), 2.42 (t, J= 6.2 Hz, 2H), 2.19 (td, J= 6.5 Hz, J= 2.5 Hz, 
2H), 1.96 (t, J= 2.3 Hz, 1H), 1.63-1.48 (m, 4H), 0.96 (s, 3H), 0.89 (s, 3H). 13C-
NMR (75.5  MHz, CDCl3) δ 174.2, 171.7, 84.2, 77.5, 71.0, 69.1, 39.5, 39.3, 36.0, 
35.5, 28.6, 25.8, 21.5, 20.6, 18.2. HRMS (EI) (m/z): [M]+ calcd for C15H26O4N2, 
298.1887, found 298.1883. 
 
Pantetheine Analogue 8 
 

 
 
1H-NMR (400 MHz, CD3OD) δ 3.88 (s, 1H), 3.52-3.41 (m, 2H), 3.41 (dd, J= 31.8 
Hz, J= 10.6 Hz, 2H), 3.29-3.26 (m, 2H), 2.48-2.36 (m, 8H), 2.27 (t, J= 2.3 Hz, 
1H), 0.91 (s, 6H). 13C-NMR (75.5  MHz, CD3OD) δ 174.9, 173.1, 172.9, 82.3, 
76.1, 69.1, 39.1, 38.8, 38.7, 35.4, 35.2, 34.8, 20.1, 19.6, 14.4. HRMS (EI) (m/z): 
[M]+ calcd for C16H27O5N3, 341.1945, found 341.1943 
 
Pantetheine Analogue 9 
 

 
 
1H-NMR (400 MHz, (CD3OD) δ 3.88 (s, 1H), 3.54-3.43 (m, 2H), 3.41 (dd, J= 
31.3 Hz, J=10.6 Hz, 2H), 3.36-3.25 (m, 2H), 2.41 (t, J= 6.5 Hz, 2H), 0.91 (s, 6H). 
13C-NMR (75.5  MHz, (CD3OD) δ 174.8, 173.0, 153.8, 77.0, 76.1, 74.9, 69.1, 
39.1, 38.9, 38.5, 35.3, 35.2, 20.2, 19.7. HRMS (EI) (m/z): [M+Na]+ calcd for 
C14H23O5N3Na, 336.1530, found 336.1529. 
 
Pantetheine Analogue 10 
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H-NMR (400 MHz, CDCl3) 7.39, (bs, 1H), 6.00, (bs, 1H), 5.78-5.46 (m, 1H), 
5.18 (d, J=16 Hz, 1H), 5.13 (d, J=10.8 Hz, 1H), 4.00 (s, 1H), 3.87 (t, J=5.6Hz, 
2H), 3.65-3.45 (m, 4H), 2.47 (t, J=6.5 Hz, 2H), 1.01 (s, 6H) C-NMR (100.6 MHz, 
CDCl3) δ 174.5, 171.0, 134.1, 116.7, 77.3, 70.7, 42.2, 39.5, 35.9, 35.6, 21.2, 20.8. 
 
Pantetheine Analogue 12 
 

 
 
1H-NMR (400 MHz, CD3OD) δ 3.89 (s, 1H), 3.47-3.27 (m, 8H), 2.41 (t, J=6.4 Hz, 
2H), 2.20 (q, J=7.2 Hz, 2H), 1.12 (t, J=7.6 Hz, 3H), 0.91 (s, 6H). 13C-NMR 
(100.6  MHz, CD3OD) δ 176.2, 174.9, 173.0, 76.1, 69.1, 39.2, 38.9, 38.8, 35.4, 
35.2, 29.0, 20.2, 19.7, 9.3. HRMS (EI) (m/z) [M]+ calcd for C14H27N3O5, 
317.1945, found 317.1948. 
 
Pantetheine Analogue 13 
 

 
 
1H-NMR (400 MHz, CD3OD) δ 4.12 (t, J=5.2 Hz, 2H), 3.88 (s, 1H), 3.50-3.31 (m, 
6H), 2.43 (t, J=6.8 Hz, 2H), 2.35 (q, J=8.0 Hz, 2H), 1.11 (t, J=7.6 Hz, 3H), 0.91 
(s, 6H). 13C-NMR (100.6  MHz, CD3OD) δ 174.9, 174.8, 172.8, 76.0, 69.2, 62.8, 
39.2, 38.3, 35.2, 35.1, 27.0, 20.2, 19.7, 8.2. HRMS (EI) (m/z) [M]+ calcd for 
C14H26N2O6, 318.1785, found 318.1780. 
 
Pantetheine Analogue 14 
 

 
 
1H-NMR (400 MHz, CD3OD) δ 4.05 (q, J=7.2 Hz, 2H), 3.88 (s, 1H), 3.49-3.19 
(m, 8H), 2.41 (t, J=6.4 Hz, 2H), 1.22 (t, J=7.2 Hz, 3H), 0.91 (s, 6H). 13C-NMR 
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(100.6  MHz, CD3OD) δ 174.9, 172.9, 158.4, 76.1, 69.1, 60.7, 39.9, 39.3, 39.2, 
35.4, 35.25, 20.2, 19.7, 13.8. 
HRMS (EI) (m/z) [M]+ calcd for C14H27N3O6, 333.1894, found 333.1888.
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Assay Procedures 
 
CoaA Kinetics: Kinetics with CoaA were collected using a continuous 
spectrophotometric assay as previously described.1 Briefly, pantetheine analogues 1-15 
were serially diluted into 96-well UV transparent plates (Grenier Bio) containing ATP 
(1.5 mM), MgCl2 (10 mM), and KCl (20 mM) in 50 mM Tris-HCl buffer (pH 7.6). 
Phosphoenolpyruvate (0.5 mM), NADH (0.3 mM), pyruvate kinase (5 units), lactate 
dehydrogenase (5 units) were used in the reaction mixture to couple consumption of ATP 
to NADH oxidation. Reactions were started by addition of CoaA, and monitored at 340 
nM for one hour. Initial velocities were calculated for each dilution point and plotted 
using KaleidaGraph software to generate Km and Vmax values. All measurements were 
obtained in triplicate. 
 
In Vivo CoA Biosynthetic Assay. The assay for conversion of pantetheine analogs to 
CoA analogs in vivo was preformed as described previously.2 Briefly, E. coli BL21 cells 
were transformed with expression plasmids for the PPTase Sfp as well as the carrier 
protein Fren-ACP and grown in LB-Amp/Kan media. Cells were growth with shaking at 
37 oC to an OD600 of 0.6 and then induced with 1 mM Isopropyl β-D-1-
thiogalactopyranoside (IPTG). At the same time 1 mM of analogue 1-15 (200 mM stocks 
in DMSO) was added to bring the total culture volume to ~ 2 mL. After incubation in a 
rotary shaker at 37 oC for five hours cells were pelleted, resuspended in 5 mL of lysis 
buffer (50 mM sodium phosphate pH 7.4, 300 mM NaCl), and washed three times in an 
equal volume of lysis buffer. Following this cells were resuspended in 0.3 mL lysis buffer 
and lysed by addition of 3 mg/mL lysozyme (Worthington) for 1 hr followed by 
sonication, treatment with DNAase I, and centrifugation. Lysate from cells was collected 
and analyzed by MALDI-TOF. For terminal alkynes 3-9, in addition to MALDI-TOF 
analysis lysates were reacted with a fluorescent azide and analyzed by SDS-PAGE 
according to the procedure of Cravatt.7 
 
Determination of Minimum Inhibitory Concentration (MIC). Pantetheine analogs 
were assayed for MIC following the procedure of Virga et al.10 Briefly, E. coli K12 were 
grown overnight in either M9 or 1% tryptone media. Cultures were then diluted 1:10,000 
in fresh media and added to a 96 well sterile tissue culture pate containing serial dilutions 
of the analogs in the same media. After incubation for 20 hours at 37 oC, plates were read 
at 590 nM to check for growth. E. coli grown with vehicle DMSO in place of pantetheine 
analogue were used as positive controls, and wells without E. coli were used as controls 
against contamination. 
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In Vivo Analysis of Analogues 3-9 by Fluorescent Bioconjugation  
 

 
 
General scheme depicting analysis of in vivo labeling by terminal alkynes 3-9 using 
bioconjugation to fluorescent azide and SDS-PAGE. 
 
 
 
 
 
 
 

 
 

Click reaction with fluorescent azide of cell lysate generated during in vivo analysis. 
Terminal alkynes 3-9 show labeling of overexpressed Fren-ACP, indicating they are 
being processed by the endogenous CoA biosynthetic pathway of E. coli. Compound 9 
shows weaker labeling than the rest of the panel, consistent with the poor kinetics of this 
compound and low intensity signal observed for 9 by MALDI-TOF analysis. 
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In Vivo Labeling of Native E. coli ACP by Non-toxic Pantetheine Analogue 2 
 

 
 
Administration of 2 (1 mM) to E. coli K12 grown in either nutrient rich (LB) or minimal 
(M9) media followed by cell lysis and Cu-catalyzed bioconjugation to a fluorescent 
alkyne results in fluorescent labeling of the fatty acid ACP (fluorescent gel pictured 
above). The identity of the labeled band was confirmed by gel-excision and tandem MS 
analysis. A complete analysis of these results will be the subject of a separate publication 
(reference 13 in text). 
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In Vivo Modification of Native Carrier Protein Domains
Andrew C. Mercer, Jordan L. Meier, Justin W. Torpey, and Michael D. Burkart*[a]

Introduction

The carrier protein (CP) is central to the biosynthetic pathways
of many important primary and secondary metabolites.[1] These
small proteins, found either as discrete polypeptides or as
small domains within larger synthases, facilitate biosynthesis
by acting as a scaffold for growing natural products. Due to
their key role in the biosynthesis of fatty acids,[2] polyketides,[3]

and nonribosomal peptides,[4] methods for the specific labeling
of CPs in vivo would be useful for visualizing the localization
and dynamics of these biosynthetic lynchpins, as well as to fa-
cilitate the proteomic identification of CPs from unsequenced
natural-product-producing organisms.

In CP-mediated biosynthesis, the growing acyl chain is
linked to the enzyme through a thioester bond to the terminal
thiol of a coenzyme A (CoA)-derived 4’-phosphopantetheine
(4’-PPant) prosthetic group. This post-translational modification
is introduced by a phosphopantetheinyltransferase (PPTase,
E.C. 2.7.7.7), which transfers the moiety from CoA to a con-
served serine of the apo-CP.[5] The finding that many PPTases
are capable of accepting functionalized CoA analogues as sub-
strates offers an opportunity for selective labeling of CP do-
mains with fluorescence and affinity reporters.[6, 7] However, in
order for this approach to succeed, reporter-labeled CoA ana-
logues must be available to the PPTase, or else the PPTase will
utilize endogenous CoA to produce holo-CPs, which are not
easily visualized or detected. Due to the highly charged nature
of CoA and its analogues, which precludes their use in intracel-
lular-labeling approaches,[8] our previous work has focused on
studying the ability of reporter-labeled CoA precursors to cross
the cell membrane and be transformed into fully formed CoA
analogues in vivo via the endogenous CoA biosynthetic path-
way (Scheme 1).[9, 10] Past studies have applied similar metabolic
delivery strategies to the labeling of post-translationally lipidat-
ed and glycosylated proteins.[11–13] However, while our earlier
studies were essential to the identification of potentially useful
CoA precursors, this work was only explored in the context of
a single Gram-negative bacterial organism, Escherichia coli, and

only proved capable of labeling CPs when they were heterolo-
gously co-overexpressed with a promiscuous PPTase.

Here we report a significant advance in CP-labeling method-
ology by describing for the first time the labeling of endoge-
nous CP domains in native bacterial systems by azide-labeled
CoA precursor 1. We demonstrate its utility in both Gram-posi-
tive and Gram-negative bacterium, as well as in a number of
knockout strains, which probe its requirements for uptake and
PPTase type. We also explore the activity of this analogue in a
human carcinoma cell line, and perform an in-depth analysis of
labeling of the human FAS in this cell line by 2, a previously re-
ported fluorescent CoA precursor. Finally, to evaluate the utility
of this method for proteomic identification of CP-containing
enzymes from unsequenced organisms, we demonstrate itsACHTUNGTRENNUNGapplication towards affinity purification of CPs, as well as for
the de novo sequencing and genetic identification of a fatty
acid biosynthetic CP from an unsequenced bacterium.

Results

In vivo labeling of native ACP

In our previous studies, pantetheine analogues 1 and 2 dem-
onstrated cellular uptake and processing by the endogenous
E. coli CoA biosynthetic enzymes pantothenate kinase (PanK,
E.C. 2.7.1.33), phosphopantothenoyl adenyltransferase (PPAT,
E.C. 2.7.7.3), and dephospho-CoA kinase (DPCK, E.C. 2.7.1.24) to
form reporter-labeled CoA in vivo.[9,10] The formation of these

Carrier proteins are central to the biosynthesis of primary and
secondary metabolites in all organisms. Here we describe met-
abolic labeling and manipulation of native acyl carrier proteins
in both type I and II fatty acid synthases. By utilizing natural
promiscuity in the CoA biosynthetic pathway in combination
with synthetic pantetheine analogues, we demonstrate meta-
bolic labeling of endogenous carrier proteins with reporter
tags in Gram-positive and Gram-negative bacteria and in a
human carcinoma cell line. The highly specific nature of the

post-translational modification that was utilized for tagging
allows for simple visualization of labeled carrier proteins, either
by direct fluorescence imaging or after chemical conjugation
to a fluorescent reporter. In addition, we demonstrate the utili-
ty of this approach for the isolation and enrichment of carrier
proteins by affinity purification. Finally, we use these tech-
niques to identify a carrier protein from an unsequencedACHTUNGTRENNUNGorganism, a finding that validates this proteomic approach to
natural product biosynthetic enzyme discovery.

[a] Dr. A. C. Mercer, J. L. Meier, Dr. J. W. Torpey, Prof. M. D. Burkart
Department of Chemistry and Biochemistry
University of California, San Diego
9500 Gilman Drive, La Jolla, California (US)
Fax: (+1)
E-mail : mburkart@ucsd.edu

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cbic.200800838.
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CoA analogues was demonstrated by their ability to undergo
reaction with a heterologously expressed CP and PPTase,
which resulted in labeling of the overexpressed CP with a fluo-
rescence or affinity tag. While valuable for method develop-
ment, the heterologous PPTase and CP were present within
the cells at levels that far exceeded those of endogenous pro-
teins. To explore the utility of this method for the metabolic la-
beling of endogenous CPs in a native organism, we directed
our efforts at the fatty acid ACP of E. coli. Fatty acid and CoA
metabolism are well understood in this organism, and our pre-
vious reports indicated that the CoA biosynthetic pathway in
BL-21 strains of E. coli is permissive enough to allow for the in
vivo conversion of pantetheine analogues 1 and 2 to CoA ana-
logues.

By using the wild-type K12 strain of E. coli as a model
system, we set out to demonstrate the in vivo modification of
the native fatty acid CP AcpP. Overnight growth in a 1 mm so-

lution of compound 1 in Luria-
Bertani (LB) media followed by
cell lysis and a copper-catalyzed
cycloaddition reaction with fluo-
rescent alkyne (3 or 4) allowed
visualization of the modified CP
with SDS-PAGE (Figure 1). Fluo-
rescent pantetheine 2 showed
no detectable labeling of native
E. coli CPs under identical
growth conditions. In addition,
control cultures grown with ve-
hicle (DMSO) showed no similar
fluorescence after incubation
with 3 or 4 under cycloaddition
reaction conditions. The protein
modified by 1 was found to run
at the same apparent molecular
weight as recombinantly puri-
fied and labeled AcpP on both
denaturing and native PAGE
gels, a compelling finding given
that AcpP is readily separated
from most other proteins on
high-percentage native gels due
to its small size and charge.[14]

To definitively identify the la-
beled protein, the fluorescent
band was excised, proteolytical-
ly digested, and analyzed by
LC–MS/MS. The results con-
firmed that the labeled band
was indeed the AcpP protein
from E. coli (Figure S1 in the
Supporting Information).

Because a traditional obstacle
to the use of in vivo labeling
techniques has been the ability
of the small molecule to pene-
trate the cell, we also examined

in detail the method of uptake of 1 by E. coli. While E. coli are
capable of synthesizing pantothenate de novo, they alsoACHTUNGTRENNUNGexpress a pantothenate transport system. The panF geneACHTUNGTRENNUNGencodes pantothenate permease, a sodium-dependant pan-
tothenate symporter.[15] If implicated in the uptake 1, PanF ac-

Scheme 1. In vivo labeling strategy. Cells are grown in the presence of azido-pantetheine 1 or fluorescent pante-
theine 2. After uptake, the native CoA biosynthetic enzymes convert the pantetheine analogues to CoA ana-
logues, which then are appended to endogenous CPs by the native PPTase enzyme. After cell lysis azido-modified
CPs can be detected by reaction with alkyne probes 3–5.

Figure 1. Detection of in vivo modified carrier proteins. A) Cultures were
grown with or without compound 1 and reacted with RRX-alkyne 4 after
lysis. Distinct CP labeling is seen in E. coli (1), B subtilis 168 (2), B. subtilis
6051 (3), and S. oneidensis (4) as compared to negative controls B) Labeling
of E. coli ACP by 1 with visualization by DMAC-alkyne 3 was effective in
both LB (lane 1) and M9 minimal media (lane 2) as compared to negative
controls (lanes 2, 4).
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tivity could represent a caveat to the general applicability of
this labeling method to organisms that lack PanF homologues.
To decouple this dedicated pantothenate-uptake system from
the metabolic-labeling protocol, we performed metabolic la-
beling in E. coli strains that contain an in-frame deletion in the
panF gene to knock-out activity.[16] The result of these labeling
experiments were qualitatively indistinguishable from those
performed with wild-type E. coli (Figure S6) ; this suggests that
pantetheine analogues such as 1 enter E. coli by passive diffu-
sion or an alternate uptake mechanism. Additionally, strains of
E. coli with the pantothenate biosynthetic genes panD and
panC knocked out showed no difference in CP labeling by 1
relative to wild-type E. coli ; this indicates the presence orACHTUNGTRENNUNGabsence of active pantothenate biosynthesis has no effect on
labeling efficiency.

Finally we examined the toxicity of metabolic labeling by 1
to growing E. coli. An ideal metabolic label would allow for the
study of CPs in live organisms with minimal perturbation to
their natural growth and metabolism. However, past studies
have associated the in vivo modification of the fatty acid acyl
carrier protein (ACP) by CoA analogues with growth inhibition
in a number of bacteria, including E. coli.[17,18] To examine the
toxicity of the metabolic-labeling procedure we determined
minimum inhibitory concentrations for 1, 2, and N5-Pan, a pro-
totypical bacteriostatic pantetheine analogue (see Figure S15
for structure), towards E. coli grown in nutrient-rich and mini-
mal media. As opposed to N5-Pan, which inhibits E. coli
growth in minimal media at 30 mm, the compounds used in
this study (1, 2) showed no growth inhibition of E. coli at con-
centrations up to 500 mm. This lack of growth inhibition was
not due to a lack of ACP modification under these conditions
as growth of E. coli supplemented with 1 in minimal media
showed modification of ACP at similar levels to those observed
in LB (Figure 1B). To reconcile the nontoxic ACP labeling of 1
with the proposed mode of action of bacteriostatic pante-
theine analogues, we have since performed a full study of the
effects that secondary structural characteristics have on the
toxicity of CoA precursors.[19] These findings indicated that the
more polar reporter labels incorporated in 1 and 2 might
result in decreased toxicity relative to N5-Pan-modified ACP
due to an inability of ACPs modified by 1 and 2 to interact
with partner enzymes of the fatty acid biosynthetic pathway;
this is an optimal property for non-toxic, in vivo labeling of
CPs.

In vivo modification of ACPs from other bacteria

Having demonstrated in vivo CP modification in wild-type
E. coli, we sought to next test the generality of this methodolo-
gy for labeling of CP domains in other bacterial species whose
CoA and fatty acid biosynthetic pathways have been less well
studied (Figure 1). Accordingly Bacillus subtilis 6051 and Shewa-
nella oneidensis MR-1, and Bacillus brevis 8246 were grown
with 1 mm pantetheine azide 1 overnight. Lysis followed by
chemical conjugation with fluorescent alkyne 4 allowed low-
molecular-weight proteins corresponding to the fatty acid
ACPs in each of these strains to be visualized by SDS-PAGE

(Figures 1A and 4). Once again, this tentative identification
was verified by band excision and LC–MS/MS analysis. Data-
base searching allowed identification of the fatty acid ACPs
from B. subtilis and S. oneidensis. This demonstrates that 1 pos-
sesses properties compatible with cellular uptake and process-
ing by the CoA biosynthetic pathways in both Gram-positive
and Gram-negative bacterial species, which together constitute
a large number of known natural-product-producing organ-
isms.

In addition to demonstrating metabolic labeling of the fatty
acid ACPs from these organisms, we explored in further detail
the biosynthetic capabilities necessary for transfer of the 4’-
phosphopantetheine arm from CoA to the conserved serine
residue of ACP by a PPTase (Scheme 1). There are two classes
of bacterial PPTase enzymes: the AcpS type, which is associat-
ed with primary metabolism and necessary for modification of
the fatty acid ACP, and the Sfp type, which is associated with
secondary metabolism and is involved in the modification of
CPs in NRPS and PKS systems.[6,20,21] While some cross-reactivity
exists, AcpS-type PPTases are less permissive of variation in CP
or CoA analogue identity.[22] Conversely, the Sfp type shows re-
laxed specificity in terms of CP or CoA identity.[6] We had previ-
ously observed CP labeling in B. subtilis 6051, which carries a
functional copy of Sfp. To ensure that CP labeling by 1 would
not be hindered at the last step in organisms lacking a Sfp-
type PPTase we also tested this method in B. subtilis strain 168,
which contains an in-frame deletion in its Sfp gene and there-
fore contains only the less-permissive AcpS-type PPTase. Meta-
bolic labeling by 1 followed by chemoselective ligation to fluo-
rescent alkyne 4 demonstrated labeling at similar levels to
those observed by using strain 6051 (Figure 1A). This indicates
the azido-CoA analogue formed from 1 is compatible with
less-promiscuous AcpS-type PPTases; this is a desirable feature
for the labeling of CPs from disparate biosynthetic systems.

Labeling of human type I FAS in living cells

Fatty acid, polyketide, and nonribosomal peptide synthases
can be classified as type I or II depending on whether the
active domains required for product biosynthesis are located
on discrete polypeptides (type II) or are housed on multimodu-
lar megasynthases (type I).[1] Bacterial fatty acid synthases are
type II and as such have discrete active domains, including the
ACP. In animals, most fatty acids are biosynthesized by type I
synthases. Our success in labeling ACPs of type II fatty acid
biosynthesis in bacterial organisms with 1 lead us to test
whether this approach would also be feasible in eukaryotic
cells, particularly in the labeling of type I fatty acid ACP do-
mains.

We chose as a model system the SKBR3 cell line, which is de-
rived from human breast cancer cells.[23] SKBR3 cells were
plated at 25% confluency and allowed to grow for 24 h at
37 8C before introduction of the pantetheine analogue. Incuba-
tion of the cells with compound 1 for up to 60 h did not result
in detectable labeling of the FAS after cell lysis and reaction
with fluorescent alkyne 4. This was surprising, because we had
expected labeling in eukaryotic cells to be enhanced compared
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to bacteria because mammalian cells cannot produce endoge-
nous pantothenate.[24] The hypothesis that this difference
could be due to differential pantothenate import mechanisms
in eukaryotic and prokaryotic cells led us to test anotherACHTUNGTRENNUNGpantetheine analogue, fluorescent pantetheine 2, which had
shown good compatibility with the CoA biosynthetic pathway
in other studies.[25,26] Interestingly, this compound, which had
proven ineffective in modifying fatty acid ACPs from endoge-
nous bacterial systems effectively labeled the type I FAS in
human cells (Figure 2A). Growth of SKBR3 cells with 2 forACHTUNGTRENNUNGbetween 40 and 60 h resulted in visibly bright staining of the
cells, and an increased amount of observable cell death com-
pared to incubation with 1 or DMSO. To quantify the level of
uptake, cell cultures grown with 2 or vehicle DMSO were sub-
jected to analysis by flow cytometry (FACS, Figure 2B). Of cells
grown with 2, 100% of the cells could be identified with FACS
as containing significant fluorescence. Lysis of the cells and vis-
ualization of the fluorescent labeled FAS by using SDS-PAGE
gel confirmed labeling of the FAS protein (Figure 2A). Howev-

er, this labeling was relatively modest compared to expecta-
tions based on the qualitative observation of strong uptake. To
reconcile these results, lysate from the cells was examined by
HPLC along with chemoenzymatically prepared standards of
the four possible intermediates in the processing of pante-
theine 2 by the CoA biosynthetic pathway. The major fluores-
cent peak found in SKBR3 lysate was observed to co-elute with
the product of 2 and PanK, leading us to identify it as the
singly processed phosphopantetheine analogue. (Figure 2C)
This is consistent with previous reports on the processing of
pantetheine prodrugs by human cells that indicated the bi-
functional PPAT/DPCK as the major point of blockage for for-
mation of CoA analogues in vivo.[27] While we have previously
shown that recombinant human PPAT/DPCK can be used to
convert fluorescent pantetheine analogues into CoA analogues
for CP labeling in vitro,[26] in living cells these enzymes are
most likely present at far lower levels and only process the
most efficient 4’-phosphopantetheine substrates. Additionally
the human FAS is cytosolic, but CoA is known to be seques-

Figure 2. Analysis of type I FAS ACP labeling in SKBR3 cells A) In vivo modification of the human type I FAS. Lysate from cultures grown with compound 2 (+)
show fluorescent modification of the FAS megasynthase as compared to negative controls (left). Blot with anti-FAS antibody confirms the presence and loca-
tion of FAS on the gel (right). B) FACS analysis of SKBR3 cells grown with compound 2 shows 99% of the SKBR3 cells grown with 2 took up the compound.
C) (panel 1) Compound 2 (black) incubated with PanK+ATP for 15 min results in addition of a phosphate on the 4’-hydroxyl and a shift to lower retention
time (grey). (panel 2) After 120 min the reaction is complete, with all of 2 converted to the phospho analogue. (panel 3) Lysate from SKBR3 cells grown with
2 contains mostly phospho analogue. No further conversion to the CoA analogue in the SKBR3 cells could be detected (Supporting Information).
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tered at its highest intracellular levels in the mitochondria; this
makes localization of the CoA analogue of 2 another compli-
cating factor.[28] Efforts are currently ongoing to develop anACHTUNGTRENNUNGanalogue that shows uptake similar to 2 and demonstratesACHTUNGTRENNUNGimproved compatibility with the human CoA biosynthetic en-
zymes.

Affinity purification of a metabolically labeled bacterialACHTUNGTRENNUNGcarrier protein
One of the major goals of this research has been to isolate and
identify new modular biosynthetic enzymes with these tech-
niques. The studies described above had shown that metabolic
labeling in genetically unmodified cultures by 1 or 2 allowed
for the visualization and identification of fatty acid ACPs from
human, E. coli, B. subtilis, S. oneidensis, and B. brevis lysates.
Here, labeled CPs from sequenced organisms were readily
identified by proteolytic digest and MS analysis of excised gel
bands, followed by comparison of the observed peptides to
genomic databases. However, these analyses also commonly
identified background proteins that migrated at the same mo-
lecular weight on SDS-PAGE. In unsequenced or unannotated
organisms, this phenomenon could complicate de novo se-
quencing efforts and hinder identification of novel synthases
by diluting the pool of labeled CP peptides or identifying false
positives based on sequence homology. To remove contami-
nating proteins and also to verify the specificity of CP modifi-
cation by metabolic labeling, we tested the utility of a biotin-
streptavidin affinity purification method to isolate modified
fatty acid ACPs.

This technique was demonstrated by using S. oneidensis MR-
1, a bacterial strain noted for its production of polyunsaturated
fatty acid natural products.[29] The finding that metabolic label-
ing by 1 is not toxic to growing bacteria suggested that it
modifies only a fraction of the total cellular ACP content be-
cause it allows for at least a basal level of vital cellular process-
es such as fatty acid biosynthesis. Therefore, in order to facili-
tate the recovery of labeled CPs we performed the metabolic
labeling on a large scale by using one-liter cultures. S. onei-
densis MR-1 was grown overnight in the presence of 1 mm
pantetheine analogue 1, centrifuged to a pellet, washed, and
lysed to yield azide-labeled CPs within the crude cell lysate.
The lysate was then subjected to a copper-catalyzed [3+2] cy-
cloaddition reaction with the biotin alkyne 5. After removal of
excess 5 by a desalting column, followed by incubation with
streptavidin agarose beads, the affinity-purified proteins were
recovered by the addition of SDS-PAGE running buffer and
boiling. Figure 3 shows the results of enrichment of lysate
from S. oneidensis that was metabolically labeled with 1
(lanes 1–6) in contrast to a DMSO-treated control (7–9). Com-
parison by SDS-PAGE shows enrichment of an approximately
10 kDa protein from the lysate of MR-1 grown with 1 and
treated with biotin 5 (lane 3). This protein is not enriched
when alkyne 5 is not added (lane 6), and is also not present in
non-metabolically labeled, DMSO-treated cultures of S. onei-
densis (lane 9). This indicates that the enriched band does not
result from endogenous biotinylation or non-specific reaction

of biotin-probe 5 in cell lysates. To our satisfaction, excision,
tryptic digest, and MS analysis of this band resulted in the
identification of the fatty acid ACP. This experiment shows that
in vivo CP-labeling techniques can be used to specifically re-
cover labeled CPs from their native systems.

Identification of a carrier protein from an unsequencedACHTUNGTRENNUNGorganism
B. brevis is a Gram-positive bacterium responsible for the pro-
duction of the natural products gramicidin and tyrocidine.[30]

We chose the nonproducing strain (ATCC 8246) of this un-ACHTUNGTRENNUNGsequenced organism to test whether this chemical proteomic
approach was capable of identifying CPs without the aid ofACHTUNGTRENNUNGgenomic sequence data. As shown above with S. oneidensis,
native CPs labeled by 1 and 2 can be reliably identified
through database searches of known genomes after tryptic
digest and MS. The ability to extend this methodology to the
large number of unsequenced natural-product-producing or-
ganisms would further validate this approach for studying CP-
based natural product biosynthetic enzymes.

Accordingly, B. brevis 8246 was grown overnight in the pres-
ence or absence of compound 1. The cultures were lysed and
prepared as in the other in vivo labeling experiments, followed
by reaction with cognate fluorescent alkyne 4. As can be seen
in Figure 4, B. brevis 8246 cultures grown in the presence of 1
show distinct labeling of a protein with an apparent MW of
15 kDa as compared to control cultures. Although this organ-
ism is unsequenced many other Bacillus species have been
well studied, and these lead us to the expectation that thisACHTUNGTRENNUNGlabeled protein was the type II fatty acid ACP, as we had seen
in previous work with B. subtilis. To verify this hypothesis, we
again excised the fluorescent band and submitted it to MS/MS
analysis (Figure 4B). Because no database was available for this
unsequenced organism, we constructed a data set comprising
all known bacterial fatty acid ACPs against which to search.

Figure 3. Affinity purification of ACP. Lysate from cultures of S. oneidensis
MR1 that were grown with compound 1 and then treated with biotin-alkyne
5 were incubated with streptavidin agarose, which allowed for the purifica-
tion of modified CP (crude lysate lane 1, desalting column flow lane 2, recov-
ered ACP band—between white arrows—10 kDa lane 3). Cultures grown
with compound 1 but not treated with biotin-alkyne 5 (lanes 4–6) or grown
without compound 1 (lanes 7–9) showed no protein enrichment after incu-
bation with streptavidin agarose. The strong band below ACP is a contami-
nant from the resin and was seen under all elution condtions.
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Searching the observed peptide fragments against this data-
base returned a single hit that matched a tryptic fragment
from the ACP in B. cereus. Because of the small size of type II
fatty acid ACPs, only a small number of tryptic peptides are
generated on proteolytic digest, and a single matching pep-
tide represents a significant percentage of sequence coverage.

To complete the identification of the CP from B. brevis 8246
we constructed a set of degenerate primers from the identified
peptide. By using degenerate and arbitrary PCR techniques, we
were able to generate PCR fragments from genomic DNA.[31]

Sequencing confirmed that we had amplified the ACP gene
from 8246. As seen in Figure 5, the sequence is nearly identical
to the ACP gene from B. cereus and has high homology to the
ACP genes from B. thuringenes and B. anthrasis. It differs con-
siderably from the sequence for B. subtilis ACP. The taxonomy
of B. brevis has been reclassified a number of times, but this
result concurs with recent reports indicating B. brevis and
B. cereus are closely related.[32] While this analysis relied on the
relatively good sequence homology among small CP domains,
the application of this method in combination with affinity
tags targeting alternate active sites on PKS and NRPS multi-ACHTUNGTRENNUNGenzymes[33] should facilitate de novo sequencing of a variety of
CP-containing systems from unsequenced organisms.

Discussion

Previous attempts to label CPs in vivo with functionally useful
labels have been hindered by the inability of charged CoA ana-
logues to permeate the cell membrane. In our prior studies we
addressed this issue by developing uncharged pantetheine an-
alogues and studying the ability of the native CoA biosynthetic
pathway to convert them into reporter-labeled CoA analogues

in living cells.[25,34] Although these investigations provided in-
sight into the structural features necessary for in vivo produc-
tion of CoA analogues from synthetic pantetheine analogues,
all of these experiments were conducted with heterologously
expressed CPs and PPTases in a single Gram-negative bacteria,
E. coli. Here we have extended this technique to metabolically
deliver CoA analogues to apo-CPs at native levels. By using
this strategy, we have modified CPs from both Gram-positive
and Gram-negative bacteria. The modified type II fatty acid
ACPs in these organisms are detectable after cell lysis by bio-
conjugation of fluorescently tagged alkynes with azido-pante-
theine 1. After visualization by PAGE, these labeled proteins
can be readily identified from LC–MS/MS analysis of excised
gel fragments. Alternatively, cell lysate from organisms that
were grown with 1 can be subjected to copper-catalyzed reac-
tion with biotin-alkyne 5, and their CPs can be isolated. The
metabolic incorporation of 1 shows minimal toxicity and is
compatible with CoA and PPTase pathways from a variety of
different natural-product-producing organisms. This new ability
to selectively label and affinity purify endogenous CPs from

Figure 4. Identification of a carrier protein from an unsequenced organism.
A) Metabolic labeling of B. brevis 8246 by 1 gives a band around 10 kDa that
is not present in the negative control. B) Tryptic MS analysis of this band by
using a database of 200 known bacterial ACP sequences identified a peptide
fragment matching an ACP sequence. C) Degenerate and arbitrary PCR al-
lowed for sequencing of the gene that encodes this peptide and its identifi-
cation as the fatty acid ACP.

Figure 5. Alignment of Bacillus ACP sequences. Alignment of the new ACP
sequence from B. brevis shows high homology with known Bacillus ACP se-
quences.
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native organisms should allow for the discovery of novel CPs
as well as their associated biosynthetic systems.

We have also demonstrated the metabolic labeling of an
ACP from a type I FAS. This indicates that our methodology is
also applicable to type I modular biosynthetic systems and
could provide a means for isolation and identification of the
analogous type I PKS and NRPS megasynthases, which are re-
sponsible for the production of diverse natural products. Inter-
estingly, whereas 1 was effective in modifying type II fatty acid
ACPs in prokaryotes, it did not appear to be efficiently pro-
cessed by the same pathway in the human SKBR3 cell line. Our
previous work has demonstrated that turnover of an analogue
in both the CoA biosynthetic pathway and the phosphopante-
theinylation reaction can be greatly influenced by small
changes in the structure of the particular analogue, and it has
been observed previously that the human PanK isoform shows
a very low sequence homology to those that are used by
many prokaryotes.[35] One explanation for the extremely robust
uptake of fluorescent pantetheine 2, as was observed by FACS
and HPLC analysis, could be that 2 possesses greater activity
with the human PanK enzyme than 1. Efficient processing of 2
by the PanK enzyme would lead to production of a phosphory-
lated, cell-impermeable intermediate. Because there are no cur-
rently annotated import or export mechanisms for pantetheine
analogues in human cells, continued passive diffusion of the
compound into the human cells could result in increasingACHTUNGTRENNUNGaccumulation of this cell-impermeable intermediate, a finding
consistent with the increased cell death observed in cells
grown with 2 for longer periods of time. With such a concen-
tration mechanism in place, it seems credible that despite its
low turnover by the PPAT/DPCK enzyme, a small amount of 2
is converted to CoA and shuttled to the ACP by the human
PPTase; this leads to the observed modest labeling of human
FAS. This preliminary observation of the differential activity of
pantetheine analogues 1 and 2 in bacteria and humans could
eventually prove useful for the specific tuning of the CP-label-
ing method to different organisms, or for the in vivo labeling
of specific CPs in complex mixtures of organisms. With further
refinement this technique may prove practical for the study of
symbiotic natural-product-producing communities by allowing
for time-dependent CP-labeling in an organism-specific fash-
ion.[36]

In addition to possessing compatibility with several different
biosynthetic enzymes, a useful metabolic label must also com-
pete with the natural substrate without inducing cell death. In
this study pantetheine analogues 1 and 2 have been shown to
be compatible with three CoA biosynthetic enzymes and the
CP post-translational modification process in a full spectrum of
prokaryotic and eukaryotic organisms, including Gram-positive
and Gram-negative prokaryotes and eukaryotes. These ana-
logues show model properties in terms of their ability to suc-
cessfully compete with the natural substrates for the CoA bio-
synthetic enzymes and PPTases without any genetically or
media-based advantages. One disadvantage of this technique
from the perspective of its use in proteomic identification of
CPs is that this competition likely results in only intermediate
to low-level labeling of CPs by our unnatural CoA precursors.

However, metabolic labeling of CPs offers an advantage com-
pared to genetic methods (RT-PCR) or post-lysis protein iden-
tification techniques in its ability to detect proteins throughout
all stages of growth, rather than representing a single tempo-
ral snapshot of the dynamic proteome.[33] This characteristic
should prove valuable to the study of the synthesis and degra-
dation of biosynthetic enzymes.

Finally, the use of native metabolic pathways as a means of
in vivo modification of CPs has enabled the identification of a
previously unknown CP. Especially in systems with large or un-
sequenced genomes, a protein-based approach allows for a di-
rected search for CP-dependent biosynthetic pathways without
the use of laborious techniques such as genomic library con-
struction and screening. No genetic information is required,
and complications arising from silent biosynthetic gene clus-
ters are removed. Furthermore, because this method depends
only on the activity of a protein to be phosphopantetheinylat-
ed, it should hold no obvious bias against CP-containingACHTUNGTRENNUNGsystems that are not readily identifiable by homology alone,ACHTUNGTRENNUNGincluding those belonging to orphan gene clusters.[37] We have
initially developed this methodology by using type I and II
fatty acid biosynthetic CPs that are constitutively expressed in
growing cultures. In these studies no effort was made to corre-
late polyketide or nonribosomal peptide production with CP
labeling by 1 or 2. However, the demonstrated compatibility of
this method with uptake, CoA biosynthesis, and PPTase activity
in a wide range of organisms should allow for its similar appli-
cation to PKS and NRPS-producing organisms when correlated
with small-molecule production or antibiotic activity. In the
future, we believe that in vivo labeling of native CPs should
prove highly complementary to existing methods and add
greatly to the knowledge of natural product producing syn-
thases.

Conclusions

A significant number of these biologically relevant natural
products are produced in systems that tether the growing
product to a 4’-phosphopantetheine modified CP. Selective la-
beling of these enzymes could allow for a better understand-
ing of these proteins in their native environments and provide
a platform for discovery of natural product synthases from un-
sequenced organisms. Here we have demonstrated a new set
of tools for investigation and discovery of natural-product-pro-
ducing systems. Using native metabolic pathways as a means
of in vivo modification of endogenous CPs has allowed for the
identification of a previously unknown CP. Because CPs and CP
domains are found in fatty acid, polyketide, nonribosomal pep-
tide, and other metabolite biosynthetic pathways, the ability to
specifically modify these peptides in vivo allows one to probe
numerous biochemical pathways. We have demonstrated for
the first time the modification of native CPs by reporter-
labeled CoA precursors in both prokaryotic and eukaryotic or-
ganisms; this gives access to the full range of CP-dependent
systems.
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Experimental Section

Experimental procedures

See Table 1.

Primers used in this study :
ARB1 5’-GGCCACGCGTCGACTAGTACNNNNNNNNNN-

GATAT-3’
ARB2 5’-GGCCACGCGTCGACTAGTAC-3’
ARB6 5’-GGCCACGCGTCGACTAGTACNNNNNNNNN-

NACGCC-3’
Internal frag 5’-CGCCTGGGCGTAGAAGAAACGGAA-3’
External frag 5’-CGCCTGGGCGTAGAAGAAACGGAA-3’
B. brevis acpp F 5’-ATGGAATGGCAGCTGTTTTAGAGCGCGT-3’
B. brevis acpp R 5’-TAGATGACTCTCTATGTAAGTCACAGCATCGC-3’
In primers ARB1 and ARB6 N is an equimolar mix of A/T/G/C bases.

Media : Luria Broth (LB) was purchased from Fisher Scientific (Wal-
tham, MA). M9 was made according to the standard procedure.[42]

Rich media (RM) contained 1% bactopeptone, 1% beef extract,
0.25% NaCl. McCoy’s 5A media (Invitrogen) was modified to con-
tain a final concentration of 10% fetal bovine serum. E. coli knock-
out strains were grown in LB.

In vivo carrier protein labeling : Bacteria were grown in the
above-noted media with or without 1 (1 mm) for 12–17 h in anACHTUNGTRENNUNGorbital shaker at 378C. Cells were harvested by centrifugation at
20000 rpm for 5 min and resuspended in lysis buffer (100 mm
NaCl, 25 mm potassium phosphate pH 7.0). For small culturesACHTUNGTRENNUNG(<10 mL), cells were lysed by addition of lysozyme (3 mgmL�1,
Worthington Biochemical Corporation, Lakewood, NJ) incubated at
258C for 1 h and sonicated (3�30 s with a microtip at low power).
For large cultures (>10 mL) cells were resuspended in lysis buffer
(10 mL per liter of culture) with lysozyme (0.1 mgmL�1). After 1 h
incubation with shaking on ice, cells were lysed by two passes
through a French pressure cell. The lysate was then subjected to
reaction with fluorescent alkyne 3 or 4 as previously reported.[3443]

Determination of kinetic parameters of pantetheine analogues
with PanK : Analogues were assayed for turnover with E. coli PanK
in a coupled enzyme assay as previously described.[34]

Identification of B. brevis ACP : Cultures of B. brevis were grown in
the presence of 1 as described above. MS identification of a la-
beled protein gave a single peptide that matched the B. cereus
AcpP protein. By using this sequence, primers were designed
(ARB1,2,6, internal frag, external frag), and arbitrary PCR was carried
out by following the procedure of Caetano-Anolles.[31] Amplified
bands were ligated into Taq-amplified (TA) vectors (Invitrogen) and
sent for sequencing. The resulting sequence allowed for the
design of specific primers and the cloning of the full acpp gene
(B. brevis F and R). (Table 1).

Tissue culture : SKBR3 human breast cancer cells were grown in
McCoy’s 5A medium (Invitrogen) supplemented with FBS (10%,

HyClone, Logan, UT, USA) and penicillin–streptomycin-glutamine
(2%, Invitrogen). Cells were plated at ~25% confluency on day 0.
On day one, the media was changed to a media that contained
either fluorescent pantetheine 2 (1 mm), or DMSO (0.5%) as a con-
trol. On day three cells were trypsinized and washed twice with
cold PBS. Cells were lysed by incubation in lysis buffer and Triton-
X 100 (0.1%) on ice. Protein was recovered by centrifugation.

FACS analysis : 106 cells were trypsinized and washed once in cold
PBS containing 1% FBS (HyClone). Cells were resuspended in PBS
containing 1% FBS (1 mL) and analyzed by flow cytometry. Live
cells, as determined by forward and side scatter profile, wereACHTUNGTRENNUNGanalyzed by using a FACScalibur (Becton Dickinson) for uptake of
compound 2.

Large-scale in vivo carrier protein labeling and affinity purifica-
tion : Lysate from MR-1 culture (1 L) grown with or without com-
pound 1 (1 mm) was subjected to the bioconjugation reaction as
previously reported with alkyne 5 as the conjugate probe.[3443] Re-
actions (1 mL) were diluted to 3 mL in RIPA buffer (10 mm Tris
pH 7.5, 100 mm NaCl, 1 mm EDTA, 0.5% deoxycholate, 0.1% SDS,
1% TritonX 100) and run over two desalting columns (Econo-
Pac 10 DG, Bio-Rad) to remove unreacted 5. The reaction was
eluted in lysis buffer and incubated with streptavidin agarose resin
(Thermo Sci, Waltham, MA, USA) for 2 h at room temperature. The
resin was collected by centrifugation and washed in RIPA buffer
(5� ). The bound protein was then recovered from the resin by the
addition of SDS-PAGE loading buffer and incubation at 958C for
10 min. After brief centrifugation to remove the melted agarose,
the supernatant was loaded onto a SDS-PAGE gel (12%) for analy-
sis.

Mass spectroscopic analysis, 1D SDS-PAGE, and in-gel digestion :
The proteins were separated by 1D SDS-PAGE by using Bis-Tris
NuPAGE gels (10%, Invitrogen). The gel was fixed overnight in
MeOH (50%)/H2O (43%)/AcOH (7%), washed twice with H2O
(200 mL) for 10 min, and stained overnight with Gel Code Blue
(Pierce, Rockford, IL, USA). Subsequently, the gel was washed with
H2O (200 mL) for 1 h. Excised gel bands were washed with 50%
acetonitrile (MeCN) and 50% DTT (5 mm)/NH4HCO3 (25 mm) (2�
200 mL) with vortexing for 10 min, and finally washed with MeCN
(200 mL). The dehydrated gel piece was rehydrated by addition of
ice-cold trypsin (20 mL, 10 ngmL�1, Promega) in DTT (5 mm)/
NH4HCO3 (25 mm), and incubated on ice for 30 min, and the re-
maining trypsin solution was removed and replaced with fresh DTT
(5 mm)/ NH4HCO3 (25 mm). The digestion was allowed to continue
at 37 8C overnight. The peptide mixture was then acidified with tri-
fluoroacetic acid (2%, 2 mL; TFA; Sigma), vortexed for 30 min, and
the supernate was extracted. Finally, MeCN (20%)/TFA (0.1%)
(20 mL) was added, and the mixture was vortexed to extract theACHTUNGTRENNUNGremaining peptides and combined with the previous fraction. The
combined extractions are analyzed directly by nanobore LC–MS/
MS.

Mass spectrometry : The samples were analyzed by electrospray
ionization by using a QSTAR-Elite hybrid mass spectrometer (Ap-
plied Biosystems/MDS Sciex) interfaced to a Tempo nanoscaleACHTUNGTRENNUNGreversed-phase HPLC (Eksigent/Applied Biosystems) by using a
75 mm�15 cm column (Grace Davison, Columbia, MD, USA) that
was packed with Vydac MS C18 (300 A, 5 mm) packing material.
The buffer compositions were as follows: buffer A: H2O (98%),
MeCN (2%), acetic acid (0.1%, Fluka), heptafluorobutyric acid
(0.005%, Fluka); buffer B: MeCN (98%), H2O (2%), acetic acid
(0.1%), heptafluorobutyric acid (0.005%). Samples (10 mL) were in-
jected by the Tempo autosampler onto a C18 PepMap pre-column

Table 1. Strains and cell lines used in this study.

Organism Medium Ref.

E. coli K12 LB/M9 [38]

B. subtilis 168 LB [39]

B. subtilis 6051 LB ATCC 6051
B. brevis 26A1 RM ATCC 8246
S. oneidensis MR-1 RM [40]

human SKBR3 McCoy’s 5A [41]
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(5 mm�300 mm, LC Packings, Sunnyvale, CA, USA) by using the
channel 1 loading pump at a flow rate of 15 mLmin�1 buffer A.
After washing for 5 min, the peptides were transferred onto the
analytical column and eluted directly into the mass spectrometer
with a 25 min linear gradient from 5 to 40% buffer B at a flow rate
of 300 nLmin�1 by using channel 2. LC–MS/MS data were acquired
in a data-dependent fashion by selecting the most intense peak
with charge state 2–4 that exceeds 40 counts with exclusion of
former target ions set to “always” and the mass tolerance for exclu-
sion set to 100 ppm. TOF MS were acquired at m/z 500–1800 Da
for 0.5 s with 20 time bins to sum. MS/MS are acquired from m/z
65–2000 Da by using “enhance all” and 20 time bins to sum, Dy-
namic Background Subtract, Automatic Collision Energy, and Auto-
matic MS/MS Accumulation with the Fragment Intensity Multiplier
set to 12 and Maximum Accumulation set to 3 s before returning
to the survey scan.

Database search : The MS/MS were analyzed by Analyst 2.0 (Ap-
plied Biosystems) and subjected to database search by using
Mascot 2.2.1 (Matrix Science, Boston, MA, USA) with Mascot
Daemon 2.2 (Matrix Science) data import filter parameters set as
follows: default precursor charge state 2–4; precursor and MS/MS
data centroiding by using 50% height and 0.05 amu merge distan-
ces. MS/MS peaks with intensity less than 1% of the base peak
were discarded, as were MS/MS spectra with fewer than 22 peaks
remaining. Data were searched against the Swissprot databaseACHTUNGTRENNUNGobtained at ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/ containing
237168 sequences. The search identified tryptic peptides with up
to two missed cleavages and used mass tolerances of 100 ppm
(MS) and 0.10 Da (MS/MS), with variable modifications as follows:
deamidation (NQ), oxidation (M), pyro-Glu (N-term Q). The search
results indicated that individual ion scores >42 indicate identity or
extensive homology (P<0.05).

Growth-inhibition assay : Assays were modified from reported pro-
cedure.[35] A single colony of K12 was picked into M9 media for
overnight growth and the resulting culture was diluted 1:10000.
This diluted culture was plated into 96-well tissue culture plates
that contained dilutions of pantetheine analogues in M9 medium.
The plate was incubated overnight at 37 8C, and the wells wereACHTUNGTRENNUNGassessed for growth.

HPLC analysis of SKBR3 lysate : Cytosolic extract from the growth
of SKBR3 cells with 2 was precipitated by trichloroacetic acid, cen-
trifuged, and the supernatant was analyzed by reversed-phase
HPLC by using a Burdick and Jackson OD5 column (4.6 mm by
25 cm, Morristown, NJ, USA) with monitoring at 254 and 360 nm.
The solvents that were used were TFA (0.05%) in H2O (solvent A)
and TFA (0.05%) in MeCN (solvent B). Compounds were eluted at a
flow rate of 1 mLmin�1. The method used an isocratic step from 0
to 5 min with 100% A, followed by a linear gradient to 45% B over
15 min, followed by an increasing gradient with solution B until at
25 min the solvent composition was 100% solution B. Under these
conditions, 2 and its CoA analogue intermediates eluted between
17 and 21 min. For comparison of the fluorescent compounds ob-
served in SKBR3 lysate to authentic CoA analogue intermediates of
2, 2 was incubated in a stepwise manner with the recombinant
E. coli biosynthetic enzymes PanK, PPAT, and DPCK as previously
described.[25] The product of the reaction of 2 and PanK was com-
bined with a small amount of SKBR3 lysate to verify co-elution of
the two peaks.

General synthetic procedures and materials : All commercial re-
agents (Sigma–Aldrich, Alfa Aesar, TCI America) were used asACHTUNGTRENNUNGprovided unless otherwise indicated. The 5-isomer of Rhodamine-

Red X NHS Ester was purchased from Molecular Probes (Carlsbad,
CA, USA). Azido-pantetheine 1, fluorescent pantetheine 2, biotin
alkyne 5, and 7-dimethylaminocoumarin-4-acetic acid were pre-
pared as previously described.[2534] All reactions were carried out
under an argon atmosphere in dry solvents with oven-dried glass-
ware and constant magnetic stirring unless otherwise noted. Tri-ACHTUNGTRENNUNGethylamine (TEA), and ethyl-N,N-diisopropylamine (DIPEA) were
dried over Na and freshly distilled. 1H NMR spectra were taken at
300, 400, or 500 MHz and 13C NMR spectra were taken at 100.6 or
75.5 MHz on Varian NMR spectrometers and standardized to the
solvent signal as reported by Gottlieb.[44] TLC analysis was per-
formed by using silica gel 60 F254 plates (EM Scientific) and visuali-
zation was accomplished with UV light (l=254 nm) and/or the ap-
propriate stain (iodine, 2,4-dinitrophenylhydrazine, cerium molyb-
date, ninhydrin). Silica gel chromatography was carried out with
Silicycle 60 � 230–400 mesh according to the method of Still.[45]

TLC prep plate purification was performed with EMD silica gel 60
F254 precoated plates. Electrospray (ESI) and fast atom bombard-
ment (FAB) mass spectra were obtained at the UCSD Mass Spec-
trometry Facility by Dr. Yongxuan Su by using a Finnigan LCQDECA
mass spectrometer and a ThermoFinnigan MAT- 900XL mass spec-
trometer, respectively.

Synthesis of fluorescent 2-(7-(dimethylamino)-2-oxo-2H-chro-
men-4-yl)-N-(prop-2-ynyl)acetamide (3): 7-dimethylaminocoumar-
in-4-acetic acid (250 mg, 1.01 mmol), DIPEA (440 mL, 2.53 mmol),
propargyl amine (70 mL, 1.01 mmol), and 1-hydroxybenzotriazole
(484 mg, 3.16 mmol) were dissolved in DMF (25 mL) with stirring
and cooled to 08C. N-(3-Dimethylaminopropyl)-N’-ethylcarbodi-ACHTUNGTRENNUNGimide (485 mg, 2.53 mmol) was added in one portion, and the re-
action was allowed to slowly warm to RT and followed by TLC.
After 20 h the solvent was removed under reduced pressure and
the sparingly soluble crude reaction mixture was taken up in
EtOAc with heating. After filtration the soluble portion was purified
by column chromatography (1:1 EtOAc/hexanes to EtOAc to 5%
MeOH/CH2Cl2). This procedure was repeated several times on the
EtOAc-resuspended filter cake to afford propargyl-DMC 3 (87 mg,
30%) as an orange solid. 1H NMR (500 MHz, CDCl3): d=7.43 (d, J=
9.0 Hz, 1H), 6.61 (dd, J=2, 9.0 Hz, 1H), 6.51 (d, J=2 Hz, 1H), 6.05
(s, 1H), 5.92 (br s, 1H), 4.02 (dd, J=2.0, 4.5 Hz, 2H), 3.64 (s, 2H),
3.06 (m, 7H); 13C NMR (75.5 MHz, [D6]DMSO): d=168.4, 161.4,
156.1, 153.5, 151.7, 126.7, 110.1, 109.7, 108.8, 98.2, 81.5, 74.0, 41.0,
39.1, 28.9; HRMS (EI): m/z calcd for C16H16N2O3: 284.1155 [M]+ ;
found: 284.1154.

Synthesis of fluorescent alkyne 2-(6-(diethylamino)-3-(diethyl-ACHTUNGTRENNUNGiminio)-3H-xanthen-9-yl)-5-(N-(6-oxo-6-(prop-2-ynylamino)hexyl)-
sulfamoyl)benzenesulfonate (4): Rhodamine Red-X NHS Ester
(10 mg, 0.013 mmol), DIPEA (10 mL, 0.06 mmol), and propargyl
amine (5 mL, 0.07 mmol), were dissolved in DMF (0.5 mL), covered
with aluminum foil, and allowed to stir for 1 h. After removal of
the solvent under reduced pressure, the bright-red residue was re-
dissolved in MeCN (1.4 mL) and purified by RP-HPLC. The solvents
used were TFA (0.05%) in H2O (Solvent A) and TFA (0.05%) in
MeCN (solvent B). Compounds were eluted at a flow rate of
1 mLmin�1 with monitoring at 560 nm. The method used an iso-
cratic step from 0 to 5 min with 40% B, followed by a linear gradi-
ent to 58% B over 15 min, followed by an increasing gradient with
solution B until at 16 min the solvent composition was 100% solu-
tion B. Under these conditions 4 eluted around 11.3 min. Pooling
and lyophilization of multiple HPLC runs yielded 4 (6.5 mg, 72%)
as a red solid. 1H NMR (500 MHz, [D6]DMSO): d=8.39 (s, 1H), 8.20
(br t, J=5.0 Hz, 1H), 7.91, (d, J=8.0 Hz, 1H), 7.90 (br s, 1H), 7.45 (d,
J=8.0 Hz, 1H), 7.03 (d, J=9.5 Hz, 2H), 6.94 (d, J=9.5 Hz, 2H), 6.91
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(s, 2H), 3.79 (d, J=2.5 Hz, 2H), 3.62 (q, J=7.5 Hz, 8H), 3.01 (s, 1H),
2.83 (q, J=6.5 Hz, 2H), 2.04 (t, J=7.5 Hz, 2H), 1.42 (p, J=8.0 Hz,
2H), 1.37 (p, J=7.5 Hz, 2H), 1.19 (t, J=7.0 Hz, 12H), 1.15 (t, J=
7.0 Hz, 2H). MS (ESI): m/z calcd for C36H44N4O7S2: 708.26 [M]+ ;
found: 731.25 [M+Na]+ .
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Mascot Reports from MS/MS Analysis 
 
 
 
 

Figure S1. Mascot search report of labeled band from E. coli K12 lysate. 
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Figure S2 Mascot search results for labeled band from B. subtilis 6051 lysate 

 
 
 

Figure S3 Mascot search results for labeled band from B. subtilis 168 lysate 
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Figure S3 Mascot search results for labeled band from S. oneidensis MR-1   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure S4 Mascot search result for labeled band in B. brevis 26A1 lysate. 
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Figure S5 Mascot search results for labeled band in SKBR3 lysate.  
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Figure S6  Fluorescent SDS-PAGE analysis of pan KO’s 

 
 
E.coli lacking the genes panF (2), panC (3), and panD (4), were incubated overnight with 
compound 1. After lysis, the lysate was subjected to the conjugation reaction with 
fluorescent alkyne 3. In each of the knockout strains, fatty acid ACP was labeled 
similarly as ACP in the native organism (1).  
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Complete gel images 

Figure S7 In vivo ACP labeling in bacteria. 
 

 

 
  E. coli lysate from treated and untreated cultures (lanes 1&2).  B. subtilis 6051 lysate 
from treated and untreated cultures (3&4). B. brevis 26A1 lysate from treated and 
untreated cultures (5&6). B. subtilis 168 lysate from treated and untreated cultures (7&8). 
S. oneidensis MR-1 lysate from treated and untreated cultures (9&10).  
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Figure S8 SKBR3 lysate. 
 
      1     2            1         2                     

 
 
Human FAS detected by western blotting with Anti-FAS (Left). Lysate from treated (2) 
and untreated cultures (1) 
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HPLC traces for all compound 2 CoA pathway intermediates 
Figure S9 HPLC trace for compound 2  
 

 
 
Figure S10 HPLC trace for compound 2 + PanK 
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Figure S11 HPLC trace for compound 2 + PanK + PPAT 

 
 
Figure S12 HPLC trace for compound 2 + PanK + PPAT + DPCK 
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Figure S13 HPLC trace of SKBR3 lysate. 

 
 
 
Figure S14 HPLC trace showing co-elution of phospho-2 and SKBR3 lysate  
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Kinetics for pantetheine analogs  

Table S1 Kinetic values of pantetheine analogues with E. coli PanK 

Compound # Km Vmax Kcat Kcat/Km
1 36.04±6.05 0.31±0.02 0.77±0.04 21.38±2.1
2 28.40±6.92 0.12±0.01 0.32±0.01 11.25±1.4

N5-Pan 33.98±7.11 0.34±0.02 0.84±0.05 24.59±2.9
Pantothenic acid 28.56±1.76 0.21±0.00 0.52±0.02 18.25±1.9

 
 
.  
Figure S15 Structure of N5-Pan 
 

 
 
 
 
Scheme for synthesis of fluorescent alkynes 3 and 4  
 
Synthesis detailed in main text. 
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Natural products compose a wide-ranging milieu of antibiotic
and anticancer drug leads, virulence factors, and signaling
molecules. Many of these small molecules are produced by
highly versatile and modular polyketide synthases (PKS),
nonribosomal peptide synthetases (NRPS), or PKS-NRPS
hybrids1 that are structurally and functionally analogous to fatty
acid synthase (FAS) systems.2 The past 25 years have seen
significant progress in the isolation and structure elucidation of
PKS and NRPS small molecule metabolites and the genetics
and enzymology of the modular synthases which produce them.3

Proteomic studies of natural product producers have lagged
behind, in part because of increasingly streamlined genomic
approaches which allow access to natural product gene clusters
and recombinant enzymes. However, some of these enzymes,
particularly multidomain PKS and NRPS systems, are resistant
to study as recombinant enzymes both due to their large size
and the intractability of their producer organisms to genetic
manipulation and heterologous expression.4 Direct profiling of
microbial proteomes could prove highly complementary to
genetic approaches by allowing us to understand the activity,
transcriptional control, and post-translational modification of
theseenzymesintheirnativeanddynamicproteomicenvironments.

A common feature of PKS, NRPS, and FAS systems is the
use of carrier protein (CP) domains as a scaffold for the tethering
and elongation of biosynthetic intermediates.5 The site of this
enzymatic tethering is the thioester of a post-translationally
appended, coenzyme A (CoA) derived 4′-phosphopantetheine
group. We have described two methods which utilize this unique
post-translational modification for fluorescence/affinity labeling
of CP domains in proteomic environments, first through an in
vitro chemoenzymatic approach in which CoA analogues such
as 1 along with the promiscuous phosphopantetheinyltransferase
(PPTase) Sfp6 are used to label and enrich CPs in crude cell
lysate (Figure 1A), and more recently through the cellular uptake
and in vivo metabolic pathway incorporation of fluorescent (2)
or bioorthogonally tagged CoA precursors (Figure 1B).7,8 While
the specificity of these methods for the labeling of CP domains
is ideal in many respects, it also restricts the information CP
labeling methodologies can offer in terms of the type (PKS,
NRPS, or FAS), identity, or alternate activities present in the
labeled modular synthase. CP labeling methods are also reliant
on a lack of either endogenous CP-phosphopantetheinylation
or substrate promiscuity in an organism’s CoA biosynthetic
pathway, both of which represent potential limitations.

The focus of the present study is the supplementation of these
CP based protein profiling approaches with activity based protein
profiling (ABPP).9 ABPP is a proteomic method which utilizes
irreversible enzyme inhibitors, specific for a given enzyme class,
labeled with fluorescent or affinity reporters to divide and

classify a proteome based on enzyme activity. While such probes
are not specific for PKS or NRPS enzymes, type I modular
synthases of this type are uniquely susceptible to such a method
of interrogation due to the presence of multiple active sites on
a single polypeptide, each of which can be potentially targeted
by an activity based probe (Figure 1C). The combination of
CP-specific labeling methods with the proteome wide reactivity
of activity based probes offers a powerful method for the
identification, domain characterization, and inhibitor discovery
of these biosynthetic enzymes.

To test the feasibility of this approach, we first generated a
panel of fluorescently labeled activity based probes (Figure 2,
3–8) and tested them for in vitro reactivity against a number of
purified PKS, NRPS, and FAS hydrolytic enzymes. The fluoro-

Figure 1. Methods for the proteomic analysis of FAS, PKS, and NRPS
enzymes (PKS pictured). For probe structures, see Figure 2. (A) Chemoen-
zymatic labeling of apo-CP domains by CoA analogue 1 and Sfp in
crude cell lysate. (B) Metabolic labeling of CP domains by uptake,
biosynthetic processing, and in vivo labeling by fluorescent pantetheine
analogue 2. (C) Activity based protein profiling of KS and TE domains
by probes 3 and/or 7.
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phosphonate warhead of probe 3 is a specific inhibitor of serine
hydrolases which has been extensively applied toward a
multitude of ABPP applications in eukaryotic systems.10 Mul-
timodular PKS enzymes utilize two distinct serine hydrolases
during biosynthesis, an acyltransferase (AT) domain for substrate
loading, and a thioesterase (TE) domain for chain termination.
To test the specificity of 3, we incubated it with recombinant
enzymes from the pikromycin PKS and found it showed strong
labeling of only TE containing domains (PikAIV, Figure 3A).11

Probe 3 also showed strong labeling of the excised NRPS TE
domain from the tyrocidine synthase. In both cases, this signal
was lost upon active-site disruption by addition of detergent
(SDS). This indicates the reactivity of 3 with modular biosyn-
thetic enzymes should be limited to the labeling of terminal
TE containing modules (Figure 3A).

For the labeling of PKS ketosynthase (KS) cysteine esterases,
we synthesized 4, a duel bioorthogonal/fluorescently labeled
analogue of the well-known KS inhibitor cerulenin.12 Unfor-
tunately, this probe showed low levels of labeling of KS
enzymes at concentrations up to 300 uM, as did a similarly
labeled chloroacrylamide13 5, making them technically unfea-
sible for use as activity based reagents (Supporting Information
Figure S1). While chloroacetamide 6 showed slightly higher
levels of labeling, it was haloacetamides 7 and 8 which showed
the greatest SDS and cerulenin-sensitive labeling of KS enzymes
at low (<25 μM) probe concentrations.14 Although these
reagents are known as nonspecific cysteine alkylating reagents
at high concentrations, we found that performing our labeling

reactions with 12.5 μM 7 or 8 in the presence of high (10 mM)
concentrations of the scavenging nucleophile DTT led to active-
site-directed labeling of the KS domain of PikAIV, as inferred
from SDS-sensitive labeling and the decrease in labeling
intensity observed upon preincubation of PikAIV with KS-
reactive agents cerulenin or diacetyl cystamine (Ac-NAC)
(Figure 3B).15

With these ABPP tools in hand, we first tested the compat-
ibility of our duel labeling strategies in a proteomic context by
applying them to a model system for PKS labeling, the
eukaryotic FAS. The human breast cancer cell line SKBR3 is
known to produce FAS at high levels, a characteristic phenotype
associated with aggressive tumor growth.16 SKBR3 cells were
grown under standard tissue culture conditions in the presence
of either 1 mM metabolic label 2 or vehicle DMSO for 48 h.
Workup and analysis of the cytosolic fraction showed that, in
contrast to the DMSO treated control, cells grown in the
presence of fluorescent pantetheine analogue 2 show specific
labeling of a high molecular weight (HMW) band corresponding
to the approximate size of the human FAS (Figure 4A).
Fluorophosphonate 3 and haloacetamide 7 showed SDS-
sensitive labeling of the same band, confirmed as FAS by LC
MS/MS analysis and treatment with an anti-FAS antibody,
although 7 suffered from higher levels of nonspecific back-
ground than 2 and 3 (Figure 4A). Notably, FAS was the only
protein which appeared to possess labeling with 2, 3, and 7,
demonstrating the complementarity of the probe set. We also
performed competitive ABPP10b by preincubating SKBR3 lysate
with known FAS inhibitors orlistat and cerulenin prior to
administration of 3 or 7. The results showed that orlistat
decreased FAS labeling by 3 but not 7, while cerulenin
decreased FAS labeling by 7 but not 3 (Figure S2).17 This is
indicative of the ability of these probes to delineate the domain
specificity of inhibitors of modular synthases in complex
proteomes.

Finally, we sought to apply these probes directly to the
analysis of natural product producer proteomes. Bacillus subtilis
was the first sequenced Gram-positive bacteria and represents
a model organism which is known to produce small molecule
natural products characteristic of multidomain PKS and NRPS
synthases.18 Strain 168 of this organism contains a mutation in
the allele coding for its secondary metabolism PPTase, lowering
the amount of endogenous CP-phosphopantetheinylation and
making it susceptible to our chemoenzymatic CP labeling
technique (Figure 1A). Strain 6051 contains the wild-type allele,
whose endogenous PPTase activity is necessary for metabolic

Figure 2. Chemoenzymatic tag (1), metabolic label (2), and activity based
probes (3-8) utilized in this study.

Figure 3. (A) In vitro labeling of purified recombinant PKS and NRPS
acyltransferase (AT) and thioesterase (TE) domains by fluorophosphonate
3 (25 uM). (B) In vitro labeling of purified recombinant PikAIV PKS by
bromoacetamide 7 (12.5 uM). PikAIII ) module 3 of pikromycin PKS
containing AT, CP, KR, and KS domains. PikAIV ) module 4 containing
AT, CP, KS, and TE domains. Tyc-TE ) excised tyrocidine NRPS TE
domain.

Figure 4. Metabolic labeling, chemoenzymatic labeling, and ABPP of
eukaryotic and prokaryotic type I modular synthases. (A) FAS labeling of
SKBR3 by metabolic tag 2, probe 3, or probe 7. Top: fluorescence. Bottom
left: anti-FAS blot. Bottom middle/right: Coomassie. (B) Chemoenzymatic
and activity based labeling of Bacillus subtilis strain 168 by 1/Sfp and 3.
Top: 532 nM excitation of probe 1. Middle: UV excitation with 437 nM
emission filter for visualization of probe 3. Bottom: Coomassie. Note the
SrfAC signal observed on coadministration of Sfp, 1, and 3.

J. AM. CHEM. SOC. 9 VOL. 130, NO. 16, 2008

C O M M U N I C A T I O N S

153



labeling by CoA precursor 2 (Figure 1B). Both strains in turn
should be accessible by our activity based labeling strategy
(Figure 1C).

Accordingly, B. subtilis 168 and 6051 were grown up to late
log phase, lysed, and labeled chemoenzymatically by 1 and Sfp.
The Sfp-dependent labeling of several HMW bands was
observed in strain 168 but not strain 6051 (Figure 4B and Figure
S3). Since labeling by our chemoenzymatic method can be
blocked by endogenous phosphopantetheinylation in wild-type
strain 6051, we also grew 6051 in the presence of metabolic
label 2 and observed no fluorescent labeling of the HMW bands
characteristic of multidomain modular synthases (Figure S4).

Having thus profiled the carrier proteome of B. subtilis, we
sought to use ABPP to further characterize the CP labeling in
strain 168. Significantly, none of the HMW bands showed
active-site-dependent labeling by KS probe 7, leading us to
tentatively assign them the role of NRPS proteins. Administra-
tion of 3 to strain 168 showed strong denaturation-sensitive
labeling of a ∼150 kD protein corresponding to a band also
labeled by 1 (Figure 4B). Inspection of the B. subtilis genome19

led us to identify this protein as SrfAC, the terminal module of
the surfactin synthase, on the basis of size, presence of CP and
TE domains, and apparent absence of a KS domain. Band
excision and MS/MS analysis confirmed this hypothesis,
demonstrating 22% sequence coverage of the 144 kD polypep-
tide. MS analysis also provided evidence as to the site-specific
nature of these probes as S1003, which represents the unmodi-
fied catalytic serine of the CP domain, and was found in MS
spectra of samples treated with 3 but not 1. Applying 3 to wild-
type 6051 lysate, we did not observe similar labeling of this
∼150 kD band, a finding which combined with the lack of CP
labeling and differences in the Coomassie stain (Figure S5) led
us to conclude this strain did not produce Srf proteins under
the two growth conditions examined.

In summary, we have shown that metabolic and chemoen-
zymatic methods of CP labeling can be used in combination
with ABPP to probe inhibitor specificity, assign domain
structure, and assign identity of natural product producing
modular synthases in vitro and in vivo. Of particular significance
is the highly complementary nature of the methods used, which
together provide a level of information not available to either
of these methods of analysis alone. The results of our protein
profiling of B. subtilis indicate this technology should be
immediately useful for the analysis of natural product gene
expression at the protein level. Using ABPP metabolic labeling
as a link between genomic analysis and natural product isolation
would help obviate one of the common difficulties of natural
product genome mining by providing a simple and general assay
for the expression of PKS and NRPS gene clusters.20 While
this is commonly followed by RT-PCR, since ABPP probes are
not specific for PKS and NRPS enzymes, they may be useful
in identifying other enzymes upregulated during natural product
expression and delineating signaling pathways involved in
secondary metabolite production. Such associations could prove
highly valuable in terms of engineering biosynthetic pathways
and providing new targets for the inhibition of production of
PKS and NRPS virulence factors.21 A current limitation of our
activity based probe set is the small number of domains (KS
and TE) targeted, which are absent in many modular biosyn-
thetic enzymes; the design and synthesis of ABPP reagents
targeting additional domains should be aided by growing

knowledge of structure and inhibition of FAS and NRPS
proteins.22,23 The methods presented here should also lend
themselves readily to enrichment and coupling to online tandem
MS strategies which have demonstrated significant advantages
in the detection and resolution of low-abundance proteins in
proteomic samples.9,24 Such technology has already been shown
to be a powerful and highly compatible method for the analyses
of purified modular synthases.25 We are currently applying these
complementary methods toward studies of secondary metabo-
lism in a variety of natural product producer organisms.
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Mycolactone is a polyketide natural product secreted by Mycobacterium ulcerans, the organism

responsible for the tropical skin disease Buruli ulcer. The finding that this small molecule

virulence factor is sufficient to reconstitute the necrotic pathology associated with Buruli ulcer

suggests that a better understanding of mycolactone biosynthesis, particularly the processes which

are distinct from those in human metabolism, may provide a unique avenue for the development

of selective therapeutics. In the present study we have cloned, expressed, and biochemically

characterized the putative macrocycle forming thioesterase for mycolactone, MLSA2 TE. We

have evaluated the enzyme both as the truncated thioesterase domain and as a carrier protein-

linked didomain construct. The results of these analyses distinguish MLSA2 TE from traditional

fatty acid and polyketide synthase TE-domains in terms of its sequence, kinetic parameters, and

susceptibility to traditional active-site directed inhibitors. These findings suggest that MLSA2 TE

utilizes a unique biochemical mechanism for macrocycle formation.

Introduction

Buruli ulcer is a skin disease caused by Mycobacterium ulcer-

ans associated with the necrosis of subcutaneous tissue leading

to massive skin ulcerations.1 Incidences of the disease have

been reported in over 30 countries with the highest incidence

occurring in tropical, humid areas of Africa. M. ulcerans now

stands as the third most prevalent mycobacterial infection,

behind M. tuberculosis and M. leprae.2 In clinical trials the

disease has shown some response to contemporary anti-my-

cobacterial antibiotics such as rifampicin, but the occurrence

of the disease in rural communities with limited medical

facilities and delayed diagnosis have led to surgical excision

of infected tissue being the most common treatment.3,4

M. ulcerans is unique among mycobacterial pathogens in

that it secretes a polyketide toxin, mycolactone 1, which has

been shown to reproduce the pathology associated with infec-

tion in a guinea pig model.5 This small molecule virulence

factor has cytotoxic, immunosuppressive, and analgesic prop-

erties, which result in the unusual painless nature of Buruli

ulcer lesions. Mycolactone consists of an ester-linked polyke-

tide chain attached to a 12-membered macrolide core and is

produced by three giant plasmid-encoded polyketide synthase

(PKS) enzymes: MLSA1 and MLSA2, which are responsible

for production of the core, and MLSB, which synthesizes the

southern chain (Fig. 1).6

PKS enzymes are structurally and functionally similar to the

type I fatty acid synthase (FAS) which is responsible for fatty acid

biosynthesis in animals, but differ in substrate utilization, number

of steps, degree of reduction, and mechanism of chain release in

important ways which lead to the structural diversity seen in PKS

natural products such as mycolactone.7 These differences repre-

sent unique druggable targets, an increased understanding of

which would complement the steady advances in the genomic

understanding,8 diagnostic methods,9 and investigations into

mode of transmission10 of this neglected tropical disease.

The plasmid-encoded polyketide synthase (PKS) responsible

for the biosynthesis of mycolactone closely follows the canonical

multimodular PKS paradigm but has some unusual features, such

as the large size of MLSA1 and MLSB (1.8 and 1.2 MDa,

respectively) and an unusually high interdomain sequence iden-

tity.6 The large size of the enzymes responsible for the biosynthesis

of mycolactone make them prohibitively difficult to characterize

structurally or functionally as recombinant enzymes. To date only

the discrete recombinant KR domain has been studied, with

results indicating a lack of substrate promiscuity for the discrete

enzyme and underlining the importance of substrate tethering and

acyl carrier protein (ACP) interactions.11

With this in mind we have turned our attention towards the

terminal thioesterase (TE) domain of MLSA2. MLSA2 TE is

presumed to catalyze the formation of the mycolactone core (2)

by intramolecular attack of the C-11 hydroxyl group on an

appropriately activated acyl–enzyme intermediate (Fig. 1). This

process is of interest therapeutically as it represents a mode of

chain release distinct from that catalyzed by the mammalian FAS

TE, a better understanding of which will aid efforts at construct-

ing inhibitors designed to inactivate the biosynthetic machinery

responsible for producing mycolactone. Past structure–activity

relationship studies of mycolactone have shown that the
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macrolide core produced by MLSA1 andMLSA2 is sufficient for

cytopathicity, while the hydrolyzed open chain seco-acid is bio-

logically inactive, demonstrating the importance of the macrolide

core to the molecule’s mode of action.12 Here we explore the

biosynthetic mechanism of mycolactone TE-catalyzed macrocy-

clization by describing the heterologous expression, purification,

kinetic characterization, and substrate specificity of a previously

unstudied TE from the mycolactone synthase MLSA2. Our

findings differentiate the MLSA2 TE from traditional FAS and

PKS TE-domains in terms of its kinetic parameters and vulner-

ability to traditional active-site directed inhibitors, suggesting that

MLSA2 TE utilizes a non-canonical mode of macrocyclization in

the biosynthesis of this polyketide virulence factor.

Results

Primary sequence analysis of MLSA2 TE

Initial BLAST analysis of the MLSA2 TE sequence revealed

strong homology with other polyketide TE domains which

catalyze similar macrolactonization reactions. However se-

quence comparison with six disparate macrocycle-forming

TE domains demonstrated several interesting differences

(Fig. 2). In each of these TE domains, two of which have

published crystal structures, a serine hydrolase fold is present,

and a Ser-His-Asp catalytic triad is observed.13 Our analysis

revealed that MLSA2 lacks the terminal Gly residue of the

consensus Gly/Ala-X-Ser-X-Gly. This motif, characteristic of

thioesterases, is associated with the nucleophilic elbow of the

a/b hydrolase family.14 Perhaps even more strikingly, while

candidate residues S126 and D153 corresponding to the

catalytic Ser and Asp of the catalytic triad were readily

identified by alignment, a candidate for the catalytic His was

not observed within the sequence. Overall, the region of the

protein C-terminal to Y192 gave poor alignment. Only two

His residues are present in this region of the protein, H208 and

H212, and neither of these could be confidently aligned with

the catalytic His of the other TE domains due to excessive gap

lengths that would disrupt the putative fold.

To improve the alignment of the C-terminus, we turned to

secondary structure prediction to identify motifs that may be

used to anchor the sequence. This identified an a-helical
structure spanning P223 to M242. This region contained a

conserved AxxxAxxhxxWh motif that was not apparent from

the initial analysis. Subsequently, this motif was anchored with

DIALIGN and used to give the final alignment shown in

Fig. 2. The finalized alignment suggests a Pro residue has

replaced the His of the catalytic triad, a mutation that could

occur by a single base mutation at the DNA level. Analysis of

the conserved regions within MLSA2 clearly defines putative

secondary structures, except for a7, which has recently been

reported to be involved in linear ketide interaction and

macrocyclization.13,15 In addition sequence comparison of

the MLSA2 and MLSB TE domains themselves (presumed

to catalyze macrolactonization and hydrolysis, respectively)

showed 100% sequence identity in the first 244 residues of the

domain, differing only in the terminal 24 residues of MLSA2

and 10 residues of MLSB (data not shown).

Cloning, expression, and purification of MLSA2 ACP-TE

didomain

To explore the questions raised by the sequence data and probe

what effect, if any, interdomain communication may play in the

mycolactone macrolactonization mechanism, the ACP-TE dido-

main and discrete TE monodomain were cloned out of mlsa2

using genomic DNA fromM. ulcerans with primers based on the

previously reported sequence.6 Gene products were amplified by

PCR and digested with NcoI and HindIII before ligation into

pET28b expression vectors in frame with a C-terminal 6x histidine

tag. To account for the high occurrence of rare codons, constructs

were expressed in Rosetta 2 E. coli cells (Strategene). While the

discrete monodomain MLSA2 TE was attained in good yield

using standard growth in LB medium at 37 1C with IPTG

induction, similar conditions yielded only small quantities of

Fig. 1 Domain and module organization of the mycolactone core biosynthetic enzymes MLSA1 and MLSA2. MLSA2 TE is presumed to

catalyze the cyclization of the macrolactone core by intramolecular formation of an ester bond. The structure of the mycolactone core has been

color coded to specify the module responsible for each cycle of chain extension.
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soluble MLSA2 ACP-TE didomain protein, leading us to pellet

and collect the insoluble fraction for purification from inclusion

bodies. A brief survey of the literature revealed refolding condi-

tions for an esterase from M. tuberculosis with 37% sequence

identity to MLSA2 TE.16 After resuspension, centrifugation, and

Ni-NTA purification of the insoluble fraction, it was found that

slow dilution of the urea denatured protein into 50 mM Tris-HCl

pH 8.0 resulted in pure MLSA2 ACP-TE didomain (Fig. 3). This

refolded protein was of equal hydrolytic activity to the small

quantities of MLSA2 ACP-TE originally obtained as soluble

protein, indicating that our purification protocol did not disrupt

activity. For comparison studies the discrete monodomain TE

from the 6-deoxyerythronolide (DEBS) PKS system was also

overexpressed and purified as previously described.17,18

Kinetic characterization and substrate specificity of MLSA2

ACP-TE didomain

TE activity was monitored by the hydrolysis of p-nitrophenyl

propionate (pNPP) using a variation of the procedure

of Leadlay et al. for the assay of the DEBS ACP-TE

didomain.19,20 PNP esters are well known substrates of serine

esterases which lend themselves to continuous spectrophoto-

metric monitoring and avoid the use of thiol-modifying re-

agents such as 5,50-dithio-bis-2-nitrobenzoic acid, which have

been shown in the past to rapidly inactivate oxidation sensitive

thioesterases.21

The observed steady state parameters are summarized in

Table 1. MLSA2 ACP-TE didomain displayed saturation

kinetics with pNPP, giving a Km of 1.63 mM and kcat/Km of

0.20 min�1 mM�1 with pNPP (Table 1 and Fig. 3). While

similar to values previously reported in the literature,22,23

comparison with DEBS monodomain showed that MLSA2

TE catalyzed substrate hydrolysis nearly 20� slower than

DEBS TE. To verify that this effect was not a result of

misfolding or interference due to linkage of the ACP to

MLSA2 TE, kinetic analyses were also performed using the

monodomain TE, which demonstrated similar behavior,

although the protein did not display saturable catalysis at

the limit of substrate solubility (Supplementary Informationz).
We investigated this phenomenon further via gel filtration

chromatography and found that the monodomain TE exists

Fig. 2 Partial sequence alignment between MLSA2 TE, MLSB TE, and various macrolactonization catalysts from annotated polyketide

synthases. The MLSA2 TE sequence was aligned with seven disparate polyketide-terminating thioesterase domains and colored for homology as

follows: catalytic residues red; conserved identity, yellow; conserved similarity at 80% to consensus, pink; and conserved similarity at 60%, green.

Secondary structural information was extracted from the DEBS-TE crystal structure (PDB identifier: 1KEZ) and demonstrates that regions of

high conservation are contained within secondary structural elements. Notable variances in the MLSA2 TE include the absence of glycines

flanking the nucleophilic serine S147 (positions 145 and 149 of the MLSA2 TE sequence), the latter of which constitutes the oxyanion hole.

Sequences above are abbreviated, and their PubMed accession numbers follow: MLSA2 TE (YP_025561); ECO-02301(AAX98192); Chloroere:

chloroeremomycin (ABM47024); Filipin (BAC68125); Vicenistat: vicenistatin (BAD08360); PICS-TE: picromycin (AAC69332); DEBS-TE:

6-deoxyerythronolide A (X56107).
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as a homodimer, consistent with the commonly observed

multimerization state for PKS thioesterases. This indicated

that the kinetic performance of MLSA2 TE in the pNPP assay

did not result from interruption of the dimerization interface

by improper choice of an N-terminal domain boundary point.

Further differences between the MLSA2 and DEBS TEs

were displayed in the substrate specificity and pH profile of the

two enzymes (Tables 2 and 3). While neither enzyme showed

any significant hydrolytic activity toward the p-nitrophenyl

anilide substrate, MLSA2 TE showed a modest selectivity

toward shorter chain pNP esters, while DEBS showed a

distinct preference for pNP caproate. Both TE domains

showed little activity with pNP laurate, although this observa-

tion may be skewed by the low solublility of the substrate in

this case.

The pH profile of pNPP hydrolysis was examined for both

TEs over a limited range (Table 3). As previously reported,

DEBS showed increasing activity at alkaline pH, with a four-

fold increase in activity at pH 9.0 compared with neutral pH.

MLSA2 ACP-TE didomain meanwhile demonstrated an op-

posite trend, demonstrating a 50% decrease in apparent kcat
over the same range. This is contrary to the trend observed in

canonical serine proteases, in which acidic pH decreases the

nucleophilicity of the catalytic serine.21,24

Phosphopantetheinylation of the recombinant carrier protein

active site of MLSA2 ACP-TE didomain

An advantage to studying the MLSA2 TE as the didomain

construct is the opportunity to analyze the activity and

influence of the carrier protein domain on TE activity. A

typical assay for carrier protein folding and activity is PPTase

modificiation.25 To investigate whether the carrier protein of

MLSA2 was properly folded for native activity, we assayed for

post-translation modification of recombinant apo-carrier pro-

tein (Fig. 4). Upon incubation of purified MLSA2 ACP-TE

didomain with a fluorescent BODIPY-CoA analogue and the

promiscuous PPTase Sfp (under previously described condi-

tions), we verified the PPTase-dependent active site labeling of

MLSA2 ACP.26 The ability of the carrier protein domain to be

phosphopantetheinylated by CoA analogues provides further

evidence as to the competent folding of the MLSA2 ACP-TE

didomain and suggests that this protein may be amenable to

mechanistic analyses by recently proposed ACP-TE crosslink-

ing strategies.27,28

Affinity labeling studies of the thioesterase active site

In addition to labeling of the ACP active site of the ACP-TE

didomain, we also sought to verify the presence of serine

esterase activity by affinity labeling of the TE active site. Small

molecule fluorophosphonates are well-known class-wide inhi-

bitors of serine hydrolases and have been utilized in the past to

irreversibly modify and identify the active site Ser of both type

I FAS and PKS TE domains.17,29 This reactivity has proven

itself amenable to gel-based activity assays,30 as the attach-

ment of a fluorophore to the fluorophosphonate active site

Table 1 Kinetic parameters

Protein kcat/min�1 Km/mM kcat/Km/min�1 mM�1

MLSA2 ACP-TE 0.33 � 0.02 1.63 � 0.21 0.20
DEBS TE 6.4 � 0.3 1.46 � 0.03 4.40

Kinetic parameters for MLSA2 and DEBS TE-domains observed with

pNPP at 405 nm.

Fig. 3 Purification of the heterologously expressed MLSA2 ACP-TE didomain. (A) Lane 1 molecular weight markers; lane 2 purified MLSA2

ACP-TE didomain after purification from inclusion bodies. (B) Saturation kinetics of recombinant MLSA2 ACP-TE didomain with pNPP.

Table 2 Substrate specificity

Protein pNP propionate pNP caproate pNP laurate pNA (aniline)

MLSA2 ACP-TE 0.025 � 0.001 0.022 � 0.005 No activity No activity
DEBS TE 5.33 � 0.37 3071 � 55 0.31 � 0.04 No activity

Apparent kcat (min�1) of turnover of 280 mM ester substrates observed at 405 nm (aniline observed at 382 nm). Apparent kcat values were generated

at non-saturating concentrations of pNP substrates due to the low solubility of caproate and laurate substrates respectively.
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‘‘warhead’’ allows a functional readout of serine hydrolase

activity based on fluorescent labeling (Fig. 5A). In such assays

intact active-sites are fluorescently labeled by the affinity probe

while inhibitor-blocked or denatured active-sites are not.31

Consequently, we synthesized fluorescent fluorophospho-

nate 3 and tested the susceptibility of the MLSA2 ACP-TE

and DEBS-TE to affinity labeling by this well-known covalent

inhibitor. DEBS-TE showed strong labeling by 3, which was

disrupted upon denaturation by pre-heating of the sample at

80 1C for 5 minutes (Fig. 5C, bottom row). In stark contrast,

MLSA2 ACP-TE showed only low-level labeling even at high

enzyme concentrations, with no heat-dependence. To verify

this unanticipated lack of reactivity, MLSA2 was preincu-

bated with 50� fluorophosphonate for 1 hour and submitted

to pepsin digest and MALDI-TOF-TOF analysis. No mod-

ification of the putative TE active site serine 126 was observed

(Supplementary Informationz). Since the fluorescent nature of
3 interferes with our kinetic assay, we also tested the effect of

preincubation of MLSA2 ACP-TE with phenylmethylsulfonyl

fluoride (PMSF, 4), another well-known small molecule in-

hibitor of thioesterases,20 on pNPP turnover by this enzyme.

Consistent with the results of the fluorophosphonate activity

assay, no significant inhibition was observed.

Discussion

The secondary biosynthetic capacities of virulent organisms

are often distinct from those of eukaryotes and represent an

attractive target for therapeutics.32 Such an approach would

greatly benefit from a knowledge of the structure and enzy-

mology of prospective enzyme targets. This strategy, along

with our interest in the biosynthesis of PKS natural products,

led us to study the thioesterification mechanism of the PKS

virulence factor mycolactone. Our studies of the MLSA2 TE

commenced with cloning and overexpression of the

C-terminal TE monodomain and the ACP-TE didomain from

M. ulcerans.

Our choice to study the ACP-TE didomain was influenced

by the previously inferred importance of ACP interactions in

mycolactone biosynthesis,11 as well as by studies of PKS TE

domains which showed that covalent connection of the TE

domain and ACP could both enhance the rate of polyketide

chain release by as much as 100� compared to that observed

with the excised TE domain33 and avoid cleavage of important

ACP-TE linker regions which may result in a loss of hydrolytic

activity.21 While MLSA2 TE monodomain proved attainable

using standard protein overexpression and purificaiton condi-

tions, we were forced to devise a refolding strategy for the

purification of the ACP-TE didomain from inclusion bodies.

This agrees with recent studies which have suggested that

incorporation of an apo-ACP domain can result in insolubility

of multidomain PKS proteins, presumably due to loss of the

stabilizing effect of the 40-phosphopantetheine posttransla-

tional modification.34 The protein purification and refolding

methods demonstrated here may be useful for the preparation

of apo-ACP domains for applications which utilize their site-

specific labeling properties as mechanistic and structural

probes.27,34

Table 3 Limited pH profile

Protein pH 7.0 pH 7.5 pH 8.0 pH 8.5 pH 9.0

MLSA2 ACP-TE 0.13 � 0.01 0.112 � 0.002 0.09 � 0.01 0.08 � 0.01 0.07 � 0.01
DEBS TE 10.3 � 0.4 11.1 � 0.2 13.8 � 0.2 35.3 � 0.8 46.6 � 1.3

Apparent kcat (min�1) of turnover of 280 mM substrate observed at the isobestic point of the p-nitrophenol/p-nitrophenoxide couple (l= 346 nm,

e = 4800 M�1 cm�1).

Fig. 4 Fluorescent labeling of MLSA2 ACP-TE ACP active site.

Treatment of MLSA2 ACP-TE didomain (20 mM) with Sfp (0.5 mg),
MgCl2 (11 mM) and BODIPY-CoA (200 mM), results in fluorescent

labeling of the carrier protein domain. Upon omission of Sfp, no

labeling is observed.

Fig. 5 Affinity labeling of MLSA2 ACP-TE TE active site. (A)

Active-site directed inhibitors examined in this study, and (B) mode

of action of fluorophosphonate labelling of nucleophilic serines. (C)

Fluorescent gel image generated on treatment of MLSA2 ACP-TE

didomain (20 mM) with fluorophosphonate 3 (50 mM) before or after

denaturation. The equivalent labeling observed indicates that 3 does

not label MLSA2 TE in an active-site dependent manner. DEBS-TE

(2 mM) treated with fluorphosphonate 3 (50 mM) demonstrates the

expected pattern for labeling of the catalytic serine of a thioesterase.
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The purified ACP-TE didomain was an active, natively

folded protein as verified by several criteria. This protein

showed saturation kinetics in the pNPP assay and the ability

to be phosphopantetheinylated by a fluorescent BODIPY

CoA analogue and Sfp. Although interference of the confor-

mationally flexible pendant ACP domain hindered multimer-

ization studies of the didomain, a monodomain TE construct

which demonstrated similar kinetic values in the pNPP assay

was shown to form a discrete dimer. All of these properties are

consistent with those observed in typical PKS thioesterases.13

However, upon comparison with the monodomain DEBS TE,

it was found that MLSA2 ACP-TE catalyzes the release of the

p-nitrophenoxide anion at a rate nearly 20� lower than DEBS.

Similarly, the pH profile and substrate specificity of MLSA2

ACP-TE differ from those usually observed, showing increas-

ing activity at acidic pH and a slight preference for shorter

alkyl pNP esters.

These findings were coherent with the overall picture of

MLSA2 TE generated from sequence analyses. Sequence

alignment revealed that MLSA2 TE lacks several normally

conserved features of macrolactonization catalyzing thioes-

terases, including a Gly-X-Ser-X-Gly consensus sequence

around the catalytic serine or a plausible candidate residue

for the His of the catalytic triad. The finalized alignment

suggests a proline residue has replaced the histidine of the

catalytic triad, a mutation that could occur by a single base

mutation at the DNA level. However, while past studies have

suggested that the extreme level of sequence identity found in

the mycolactone gene locus is indicative of a high level of

genetic instability,6,35 a single mutation seems insufficient to

explain the gaps in primary and secondary structure observed

in the C-terminus of MLSA2 TE.

One effective method for comparing the activity of proteins

with divergent sequences is to examine their susceptibility to

active-site directed inhibitors.30 Since the reactivity of such

inhibitors is promoted by conserved enzymatic motifs, they

provide a direct report of enzyme activity which may not be

immediately apparent from sequence alignment or traditional

substrate turnover assays. Therefore in an attempt to further

probe the mechanism and identify the active site residues that

are important in the formation of the mycolactone core, we

examined the reactivity of MLSA2 ACP-TE with the fluor-

escent fluorophosphonate activity based probe 3. In contrast

to the DEBS-TE monodomain, MLSA2 ACP-TE showed no

signs of active-site dependent labeling as determined by sensi-

tivity to heat or SDS treatment. Furthermore tandem MS

analysis of MLSA2 ACP-TE treated with 3 showed no mod-

ification of Ser126, the presumed catalytic serine as identified

by sequence alignment.

These results indicate that MLSA2 TE differs in important

ways in both its kinetic and inhibitory profile from canonical

PKS and FAS thioesterases. This finding is notable in itself, as

it challenges the currently held dogma of mycolactone ring

formation and highlights a biosynthetic process which is of

potential medicinal relevance and currently poorly under-

stood. Recent elucidation of cryptic cyclization methods in

PKS biosynthesis has shown the value of crystallographic

information, mutational analysis, and the study of hydrolysis

of natural substrate NAC esters, and these will be the subject

of future inquiry.36–39 The preparation of linear substrate

analogues should be greatly simplified by the recent publica-

tion of multiple modular syntheses of the mycolactone

core.40,41 Such studies are the first step toward developing

chemotherapeutic strategies targeted directly at the biosyn-

thetic capabilities of the microbe responsible for this fascinat-

ing and destructive disease.

Experimental procedures

Strains, culture, media and general materials

M. ulcerans DNA was a generous gift from Dr Pamela Small.

Oligonucleotides were purchased from Allele Biotechnology

(San Diego, CA). Standard protocols were applied for all

DNA manipulations. Rosetta 2 E. coli were purchased from

Stratagene. The T7-derived expression vector was obtained

from Novagen. MALDI mass spectrometry was conducted at

the UCSD Chemistry and Biochemistry Mass Spectrometry

Core Facility by Justin Torpey.

Primary sequence analysis

A homology tree generated by alignment of the MLSA2,

DEBS, and pikromycin/methymycin (PICS) TE sequences

was used to guide selection of seven disparate sequences for

alignment to avoid biasing from highly similar genes. Se-

quence analysis was performed using ClustalW.42 Due to poor

homology of the C-terminal portion of MLSA2 TE to other

sequences, the MLSA2 TE sequence was submitted to the

PsiPred43 and J-Pred44 servers to assess the secondary struc-

ture of the protein, and these were compared to outputs

yielded for the DEBS-TE and PIK TE sequences. Predicted

secondary structure for the C-terminal region of MLSA2 TE

was used to identify disparately conserved motifs of a9–10.
These were anchored and aligned using DIALIGN45 and

homologous regions colored using GeneDoc.46 Secondary

structural data was loaded into GeneDoc from the DEBS

TE crystal structure (PDB identifier: 1KEZ),18 and secondary

structure designations follow the conventions from this report.

Construction of expression plasmids

The gene fragment encoding for MLSA2 ACP-TE (1200 bp)

and MLSA2 TE monodomain (1000 bp) were amplified by

PCR from genomic DNA of M. ulcerans MU1615 using Taq

polymerase with primers based on the gene sequence reported

by Cole et al.6 A 1.2 kb gene product was produced for the

MLSA2 ACP-TE didomain using the following primers: 50-
CAACAAGTTGGTACCAAACCATGGGCTCCACACT-

GGCC-30 (50 primer) and 50-GTCCAGAAGCTTCCTCCTC

ATG TTGAC-30 (30 primer). The N-terminal domain bound-

ary for MLSA2 TE mondomain was based on primary

sequence analysis as described above. A 1.1 kb gene product

was produced for the MLSA2 TE monodomain using the

primers: 50- CCGTGCCGGCCGTGACCTATCCATGG-

CCGC -30 (50 primer) and 50-GTCCAGAAGCTTCCTCCTC

ATG TTGAC-3 0 (30 primer). The PCR products were cloned

into the HindIII/NcoI site of pET28B (Novagen). All

inserted fragments were confirmed by sequencing (Eton

Biotechnology).
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Expression and purification of recombinant enzymes

DEBS-TE was cloned and overexpressed from E. coli BL21

cells as previously reported.18 For expression of MLSA2 TE

monodomain E. coli BL21 cells were transformed with the

desired plasmid and grown in Luria Bertani medium at 37 1C
to OD 0.5 (600 nm). Protein expression was induced at 17 1C
using 1 mM isopropyl b-D-thiogalactopyranoside and cultured

for approximately 16 hr. Cells were pelleted and resuspended

in lysis buffer (100 mM potassium phosphate, 300 mM NaCl

[pH 8.0]) and incubated with lysozyme (1 mg mL�1) for 1 hr

followed by treatment with DNase and sonication. The

cellular debris was separated from solublized MLSA2 TE by

centrifugation and the supernatant was loaded onto a Ni-NTA

column and eluted with a gradient of imidazole (5–300 mM).

Similar expression conditions yielded only a small amount of

protein when applied to the MLSA2 ACP-TE didomain

plasmid. Due to the high occurrence of rare codons, the

MLSA2 ACP-TE didomain was expressed in Rosetta 2 E. coli

cells (Stratagene). Cells were transformed with the desired

plasmid and grown in Luria Bertani medium at 37 1C to OD

0.6 (600 nm). Protein expression was induced using 1 mM

isopropyl b-D-thiogalactopyranoside and cultivated for ap-

proximately 16 hr. Cells were pelleted and resuspended with

three volumes of lysis buffer (100 mM potassium phosphate,

300 mM NaCl [pH 8.4]) before being frozen at �80 1C.
Thawed cells were lysed by two passes through a french

pressure cell, treated with DNaseI for 30 min at 0 1C, and
the pellet was collected for purification of the didomain from

inclusion bodies. The pellet was resuspended (6 M urea,

50 mM potassium phosphate, 300 mM NaCl [pH 8.4]) and

incubated for 30 minutes at room temperature. Cell debris was

separated from the solublized inclusion bodies by centrifuga-

tion and the supernatant was loaded onto a Ni-NTA column.

The unfolded didomain was refolded by slow dilution into 50

mM Tris-HCl, pH 8.0. This protein was then extensively

dialyzed against 100 mM Tris-HCl (pH 8.0) to remove excess

urea and imidazole. For all enzymes purity was determined by

SDS PAGE, and concentration was estimated using the

Bradford assay.47

Native molecular weight evaluation of MLSA2 TE monodomain

The multerimization state of the standalone MLSA2 TE was

determined by gel filtration chromatography performed with

an FPLC system on a 1.6� 60 cm Sephacryl S-100 column at a

flow rate of 0.25 mL min�1 with a mobile phase consisting of

100 mM Tris-HCl (pH 8.0) and 300 mM NaCl. The column

was calibrated with standards (Sigma-Aldrich # MW-GF-200)

immediately prior to chromatography. Separation of MLSA2

TE in this fashion yielded a peak with a retention time

corresponding to an apparent molecular weight of 62 000

Da, with no leading peak (corresponding to higher order

multimerization or aggregate) or peak eluting with apparent

molecular weight of 32 000 Da observed.

Determination of the kinetic parameters for TE-catalyzed

hydrolysis

Hydrolysis of the p-nitrophenyl laurate, caproate, and pro-

pionate (pNPP) was monitored by following the rate of

formation of the p-nitrophenoxide anion (lmax = 400 nm, e
= 8570 M�1 cm�1) at 30 1C. Hydrolysis of p-nitrophenyl

anilide (pNA) substrates were monitored by following the rate

of formation of p-nitrophenyl aniline (lmax = 382 nm, e =

13500 M�1 cm�1). In all cases substrate turnover was mon-

itored on a Perkin-Elmer HTS 7000 Bio-Assay Reader. Each

assay contained (in a total volume of 150 mL) 19.2 mM Tris-

HCl (pH 8.0), 20 mM MLSA2 ACP-TE didomain or DEBS-

TE, 1% ethanol, and a variable concentration of substrate in

CH3CN. Stock solutions of all substrates were 250 mM in

CH3CN. In all cases, the total content of CH3CN in the

reaction was adjusted to 1.3%. Reactions were carried out in

triplicate and the rate of hydrolysis calculated from the initial

linear portion of the curves. In all cases, the rates were

corrected for the background rate of chemical hydrolysis in

the absence of enzyme and analyzed by least squares analysis

of the data. Hydrolysis rates for pNPP were measured over the

concentration range 0.05–3.3 mM. Hydrolysis rates for laurate

and caproate derivatives and pNA were measured at 0.28 mM

using 0.1% Triton-X to aid substrate solubility. The pH

dependence of the reaction was monitored at 1.25 mM pNPP

in Tris-HCl buffer adjusted to the appropriate pH with

NaOH or HCl and measured at the isobestic point of the

p-nitrophenol/p-nitrophenoxide couple (l = 346 nm,

e = 4800 M�1 cm�1).

Determination of carrier protein active site labeling by

BODIPY-CoA

BODIPY-CoA was prepared as previously described.26

MLSA2 ACP-TE didomain (20 mM) was incubated with

MgCl2 (11 mM), BODIPY-CoA (200 mM), and Sfp (0.5 mg)
in Tris-HCl pH 8.0 (64 mM) at 37 1C for 1 hour before

quenching with 5� SDS loading buffer and separation by 1D

SDS-PAGE with visualization by fluorescence and Coomasie

Brilliant Blue.

Thioesterase active site affinity labeling experiments

The synthesis of fluorophosphonate 3 is detailed in the Sup-

plementary Information.z MLSA2 ACP-TE didomain

(20 mM) was incubated with 3 (50 mM) in Tris-HCl pH 8.0

(64 mM) at room temperature for 30 minutes. As a control this

procedure was also performed on DEBS-TE monodomain

(2 mM). Labeling reactions were quenched with 5� SDS

loading buffer (strong reducing) and subjected to SDS-PAGE

with visualization by fluorescence and Coomassie Brilliant

Blue.

MS analysis of MLSA2 ACP-TE active site labeling

experiments

MLSA2 was treated with 50� fluorophosphonate 3 (1000 mM)

or DMSO (control) in Tris-HCl pH 8.0 at room temperature

for 1 hour after which the reaction was quenched and the

enzyme subjected to proteolytic digest by pepsin or trypsin or

chymotrypsin. LC-MALDI was acquired on a Tempo LC

MALDI spotter (MDS Sciex). A Chromolith CapRod mono-

lithic capillary column (150 � 0.1 mm) (EMD, VWR Inter-

national) packed with endcapped RP-18 was run at 3 mL
min�1 on channel 1 using 98% buffer A (98% H2O–2%
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acetonitrile (ACN, Fisher Optima) with 0.1% acetic acid

(AcOH, Fluka) and 0.005% heptafluorobutyric acid (HFBA,

Fluka)) and 2% buffer B (98% ACN–2% H2O with 0.1%

AcOH and 0.005% HFBA). 5 mL were injected onto a 3 mL
loop and after holding initial conditions for 3 min, a linear

gradient was run with increasing buffer B from 2–30% over

10 min. The eluant was mixed with channel 2 running matrix

solution at a flow rate of 3 mL min�1. A matrix was made by

mixing 2.0 mL a-cyano-4-hydroxycinnamic acid (Agilent) with

480 mL of H2O and 60 mL of 5 mg ml�1 ammonium hydrogen

citrate (Sigma) to give the required volume and concentration.

LC MALDI spots were acquired at a rate of 4 s spot�1 for

8–16 minutes. 120 spots were obtained in the run in 3 rows. A

plate model and default calibration were performed for re-

flector positive mode as well as a default calibration for 2 kV

positive mode on the 4800 MALDI TOF/TOF Anaylzer

(Applied Biosystems). Reflector positive spectra were obtained

by acquiring 500 shots from m/z 1000–4000 amu. Tandem

mass spectra (MS/MS) were acquired in 2 kV positive mode

with CID on at resolution 200 (FWHM) for 3000 shots. Peaks

occurring with minimum chromatogram peak width of 2

fractions, a minimum S/N filter of 40, and a fraction-to-

fraction precursor mass tolerance of 100 ppm were submitted

for MSMS acquired in the order of strongest precursors first

with a max. precursors/fraction of 8. Sodium and potassium

adducts were excluded with an adduct tolerance of �0.03 Da,

and precursors o200 resolution were excluded.

The MSMS were analyzed by Global Proteome Server 3.0

(Applied Biosystems) and subjected to a database search using

Mascot 2.1.1 (Matrix Science). Data were searched against the

recombinant MLSA2 ACP-TE sequence of interest. The

search employed up to 2 missed cleavages and used mass

tolerances of 100 ppm (MS) and 0.20 Da (MSMS), with

variable modifications as follows: fluorophosphonate labeling

of serine (S), deamidation (NQ), oxidation (M), pyro-Glu

(N-term Q). The search results indicated that individual ion

scores442 indicate identity or extensive homology (Po 0.05).
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General synthetic procedures and materials 
 
All commercial reagents (Sigma-Aldrich, Spectrum, MP Biomedicals, Alfa Aesar, TCI 
America, Acros) were used as provided unless otherwise indicated. BODIPY-CoA,1 7-
dimethylaminocoumarin-hexanediamine HCl,2 and 4-(diethoxyphosphinyl)-butanoic 
acid3 were prepared according to published literature procedures.  All reactions were 
carried out under argon atmosphere in dry solvents with oven-dried glassware and 
constant magnetic stirring unless otherwise noted. Triethylamine (TEA), N-methyl 
morpholine (NMM), and ethyl-N,N-diisopropylamine (DIPEA) were dried over sodium 
and freshly distilled. 1H-NMR spectra were taken at 300, 400, or 500 MHz and 13C-NMR 
spectra were taken at 100.6 or 75.5 MHz on Varian NMR spectrometers and standardized 
to the NMR solvent signal as reported by Gottlieb.4 Multiplicities are given as s=singlet, 
d=doublet, t=triplet, q=quartet, p=pentet, dd=doublet of doublets, bs=broad singlet, 
bt=broad triplet, m=multiplet using integration and coupling constant in Hertz. TLC 
analysis was performed using Silica Gel 60 F254 plates (EM Scientific) and visualization 
was accomplished with UV light (λ=254 nm) and/or the appropriate stain (iodine, 2,4-
dinitrophenylhydrazine, cerium molybdate, ninhydrin). Silica gel chromatography was 
carried out with Silicycle 60 Angstrom 230-400 mesh according to the method of Still.5 
TLC prep plate purification was performed with EMD Silica Gel 60 F254 pre-coated 
plates. Electrospray (ESI) and fast atom bombardment (FAB) mass spectra were obtained 
at the UCSD Mass Spectrometry Facility by Dr. Yongxuan Su using a Finnigan 
LCQDECA mass spectrometer and a ThermoFinnigan MAT- 900XL mass spectrometer, 
respectively.

196



 
Synthetic Procedures and Spectroscopic Data for Fluorophosphonate 3 
 

 

 
 

4-(diethoxyphosphinyl)-butanoic acid (220 mg, 0.98 mmol), DIPEA (677 uL, 3.88 
mmol), 7-dimethylaminocoumarin-hexanediamine HCl (368 mg, 0.970 mmol), and 
HOBt (558 mg, 3.71 mmol) were dissolved in DMF (20 mL) with stirring and cooled 
to 0oC. EDC (558 mg, 2.91 mmol) was added in one portion and the reaction was 
allowed to slowly warm to RT and stirred overnight. The solvent was removed under 
reduced pressure to yield a crude oil which was taken up in EtOAc (150 mL) and 
washed with water (1x100 mL), saturated NaHCO3 (2x125 mL), and brine (1x100 
mL). The organic layer was dried over Na2SO4, filtered, and evaporated under 
reduced pressure to yield the diethylphosphonate amide as a fluorescent oil (405 mg, 
76%). 1H-NMR (500 MHz, CDCl3) δ 7.48 (d, J=8.5 Hz, 1H), 6.95 (bt, J=6.0 Hz, 1H), 
6.55 (dd, J=2.5 Hz, 9.0 Hz, 1H), 6.48 (bt, J=6.0 Hz, 1H), 6.39 (d, J=2.5 Hz, 1H), 6.03 
(s, 1H), 4.01 (q, J=7.5 Hz, 4H), 3.57 (s, 2H), 3.13 (m, 4H), 2.99 (s, 6H), 2.26 (t, J=7.5 
Hz, 2H), 1.86 (p, J=7.5 Hz, 2H), 1.73 (m, 2H), 1.37 (m, 4H), 1.26 (t, J=7.5 Hz, 6H), 
1.21 (m, 4H). 13C-NMR (100.6 MHz, CDCl3) δ 172.4, 168.5, 162.3, 156.1, 153.2, 
151.0, 126.1, 110.0, 109.3, 108.8, 98.2, 61.8 (d, J=6.8 Hz), 40.5, 40.3, 39.6, 39.1, 
36.6 (d, J=13.8 Hz), 29.6, 29.3, 26.3, 25.5, 24.1, 19.2 (d, J=4.6 Hz), 16.6 (d, J=6.1 
Hz). HRMS (EI) (m/z) [M]+ calcd for C21H48N3O7P1, 551.2755 found 551.2757. 

 

 
 

The product of the above reaction (350 mg, 0.635 mmol) was dissolved in DCM 
(6.5 mL) and bromotrimethylsilane (0.418 mL, 3.24 mmol) was added dropwise 
at 0°C. The reaction was allowed to slowly attain RT and stir for 2.5 hrs. The 
reaction was quenched with H2O and the solvent was removed under reduced 
pressure via rotovap with an inline base (NaOH) trap. The crude monophosphinic 
acid was carried forward as a low Rf oil as observed by TLC. This 
monophosphinic acid residue, was then dissolved in dry DMF (5 mL), transferred 
to a plastic reaction vial, and cooled to –78°C with stirring. DAST (50 uL, 0.39 
mmol) was added dropwise via microsyringe. After 10 minutes the reaction was 
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allowed to slowly attain RT and diluted with EtOAc (250 mL). This solution was 
washed with H2O (1x100 mL) and brine (1x100 mL), and the H2O layer saved 
and lyophilized to recover the crude monophosphinic acid (282 mg, 85%). The 
organic layer was then dried over Na2SO4, filtered, and evaporated under reduced 
pressure to yield the crude fluorophosphonate. This residue was redissolved in 
CHCl3 and purified by flash chromatography (CHCl3 to 1:3 CHCl3:acetone to 
1:3:0.1 CHCl3:acetone:MeOH) to give 1 as a fluorescent oil. This procedure was 
repeated on the recovered monophosphinic acid an additional time to provide a 
total of 22.5 mg (6.5 % yield for two steps) of fluorophosphonate 3 (estimated 
90% purity by 1H-NMR). 1H-NMR (400 MHz, CDCl3) δ 7.47 (m, 1H), 6.60 (m, 
2H), 6.48 (m, 1H), 6.23 (bs, 1H), 6.04 (s, 1H), 3.60 (m, 2H), 3.18 (m, 4H), 3.03 (s, 
6H), 2.31 (t, J=7.0 Hz, 2H), 1.99 (m, 4H), 1.40 (m, 4H), 1.25 (m, 7H). 13C-NMR 
(100.6 MHz, CDCl3) δ 171.9, 168.1, 160.7, 155.1, 153.3, 153.2, 150.9, 126.1, 
113.8, 110.2, 109.5, 98.3, 53.4 (d, J=6.9 Hz), 43.5, 41.7, 40.4, 39.5, 36.0 (d, 
J=15.7 Hz), 29.5, 29.2, 26.1, 24.0, 22.6, 18.5 (d, J=4.6 Hz), 14.5. 19F-NMR (282 
Hz, CDCl3) δ -66.9 (d, Jp=1071 Hz, F-P). 31P-NMR (162 Hz, CDCl3) δ 33.3 (d, 
JF=1071 Hz, P-F). HRMS (EI) (m/z) [M]+ calcd for C25H37N3O6F1P1, 525.2399, 
found 525.2398. 
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Complete Gel Image for Purification of MLSA2 TE Monodomain. MLSA2 TE was 
cloned and expressed as detailed in the main text. Gel lanes depict fractions taken during 
Ni-NTA chromatography and are as follows: 1) flow through, 2) wash, 3) 10 mM 
imidazole wash, 4) 50 mM imidazole, 5) 100 mM imidazole, 6) 200 mM imidazole. 
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Kinetic Plot of MLSA2 TE Monodomain: Kinetics of recombinant MLSA2 TE 
monodomain with pNPP. Initial values allowed estimation of Kcat/Km for the 
monodomain at 0.16 ± 0.00041 (compared to 0.20 for the didomain).
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Complete Gel Data from Figure 4. Sfp dependent labeling of MLSA2 ACP-TE by 
BODIPY CoA and the PPTase Sfp.  
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Complete Gel Data from Figure 5. Top: Labeling of DEBS-TE and MLSA2 ACP-TE in 
one-pot with fluorophosphonate 3. Heat dependent labeling is observed with DEBS-TE 
but not MLSA2. Bottom: Concentration dependence of MLSA2 labeling by 
fluorophosphonate 3. In contrast to the DEBS labeling in the top gel no clear ± labeling is 
observed.
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Compiled MS Data from fluorophosphonate treated MLSA2 ACP-TE 
 
MLSA2 ACP-TE Didomain – Fluorophosphonate Treatment and Chymotrypsin Digest 
 
1     MKHHHHHHHHHGGLESTSLYKKAGSTLATLVAAATATVLGHHTPESISP A 
51   TAFKDLGIDSLTALELRNTLTHNTGLDLPPTLIFDHPTPT ALTQHLHTRL 
101 TQSHTPVGPIASLLSHAIDEGKFRAGADLLMAASNLNQSFSNMAELNQLP 
151 AVTDIADASPDGLLTLICISTSENEYARLAAANIHSTFAEIAAPGFYDA 
201 QLPNSIETSA EALATAITGA YANTSIVLVA HSIVCELAQA TMTRLQDADI 
251 DLVGLVLLDPLEGTNSTEDYVETVLTRIEHINAPRVGVDGYLAALGRYLQ 
301 FHEDRRIPIPETRHMTLHSDTKIDRAQTPMNLLQDEAALALKIGNWMND 
351 TGSIAVTLRD GPVFLGRARSVNMR 
 
Purple = peptide sequence coverage received for chymotrypsin digest of MLSA2 ACP-
TE treated with 1 
Green = peptide sequence coverage received for chymotrypsin digest of untreated 
MLSA2 ACP-TE 
Red = overlapping peptide sequence coverage received from both proteome treatments 
 
 
 
MLSA2 ACP-TE Didomain – Fluorophosphonate Treatment and Pepsin Digest 
 
1   MKHHHHHHHHHGGLESTSLYKKAGSTLATLVAAATATVLG HHTPESISPA 
51 TAFKDLGIDSLTALELRNTLTHNTGLDLPPTLIFDHPTPTALTQHLHTRL 
101TQSHTPVGPIASLLSHAIDEGKFRAGADLLMAASNLNQSFSNMAELNQLP 
151AVTDIADASPDGLLTLICISTSENEYARLAAANIHSLTFAEIAAPGFYDA 
201 QLPNSIETSA EALATAITGA YANTSIVLVA HSIVCELAQA TMTRLQDADI 
251DLVGLVLLDPLEGTNSTEDYVETVLTRIEHINAPRVGVDGYLAALGRYL 
301FHEDRRIPIPETRHMTLHSDTKIDRAQTPMNLLQDEAALTALKIGNWMND 
351TGSIAVTLRD GPVFLGRARS VNMR 
 
Purple = peptide sequence coverage received for pepsin digest of MLSA2 ACP-TE 
pretreated with 1 
Green = peptide sequence coverage received for pepsin digest of untreated MLSA2 ACP-
TE 
Red = overlapping peptide sequence coverage received from both proteome treatments 
 
Peptide sequence coverage received upon chymotyrpsin or pepsin digest of MLSA2 
ACP-TE treated with fluorophosphonate 3. In both digests the proposed catalytic serine 
(residue 232 following the convention of the report above) is observed unmodified after 
treatment with 50x fluorophosphonate. No evidence of the fluorophosphonate modified 
or dehydroalanine eliminated Ser232 was observed. Note: the above report differs in 
numbering from that of the sequence analysis (in which the above S232 is referred to as 
S126) due to incorporation of the CP domain in the above analysis. 
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A Mechanism Based Protein Crosslinker for Acyl Carrier Protein Dehydratases 

 

Introduction 

Fatty acid synthase (FAS) and polyketide synthase (PKS) biosynthetic enzymes 

are modular, multienzymatic biosynthetic catalysts responsible for the production of a 

large array of biologically relevant primary and secondary metabolites.1,2 The modular 

nature of these enzymes, in which the sequence and identity of the FAS or PKS active 

sites dictates the final structure of the small molecule formed, has long made them an 

attractive target for metabolic engineering.3 However, despite much effort, the full 

potential of combinatorial biosynthetic approaches to produce polyketides remains to be 

realized. One major obstacle to rational reengineering of PKS biosynthesis is the scarcity 

of structural information available for these enzymes, which makes it difficult to predict 

how changes to the primary sequence of PKS enzymes will effect tertiary and quaternary 

structure.4,5 

 While much of the difficulty in generating structural data for multienzyme 

fragments of FAS and PKS enzymes can be attributed to the large size (often > 200 kDa), 

another major challenge in the structural study of these enzymes is the acyl carrier protein 

(ACP). ACPs are small (~ 9 kDa), highly acidic proteins to which biosynthetic 

intermediates are tethered throughout all stages of the FAS and PKS biosynthetic cycles.6 

Since this necessitates interaction of the ACP with multiple enzymatic partners, the ACP 

is inherently flexible, relying on specific protein-protein interactions to recognize and 

channel biosynthetic intermediates to the proper partner enzyme. While a better 

understanding of these ACP-partner protein interactions would greatly aid efforts towards   
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Figure 8.1 General strategy for site-specific mechanism-based crosslinking of ACP and DH domains. (a) 
Apo-ACPs can be modified with electrophilic 4’-phosphopantetheine arms by utilizing the CoA 
biosynthetic enzymes (PanK, PPAT, and DPCK) and the PPTase Sfp. Upon addition of an ACP partner 
protein, the native protein-protein interactions of the pair result in a transient interaction which is captured 
by the electrophile. (b) Dehydration and isomerization reactions catalyzed by the E. coli FAS DH enzyme 
FabA, the subject of the current study. (c) Structures of electrophilic pantetheine analogues (1-8) and a 
fluorescent FabA probe (9) used in this study.
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the rational reengineering of these enzyme systems, their transient nature presents a 

challenge to traditional methods of protein structure analysis. 

To date, the only multimodular FAS or PKS crystal structure in which electron 

density corresponding to the ACP has been clearly observed has been in the yeast FAS.7 

While this study relied on the fortuitous formation of a disulfide bond between the 

terminal thiol of the ACP 4’-phosphopantetheine (4’-PPant) and active site cysteine of 

the ketosynthase (KS) domain to stall the ACP, a more ideal approach would be to 

develop a toolbox of molecular probes enabling predictable, reproducible crosslinking of 

the ACP to any FAS or PKS partner domain. With this approach in mind, we first 

reported a strategy for site-specific, mechanism-based crosslinking of ACP and KS 

domains.8 This strategy utilized the promiscuous PPTase Sfp together with electrophilic 

CoA analogues to install mechanism-based inhibitor moieties on the 4’-PPant arm of the 

ACP.9,10 When these electrophile containing crypto-ACPs were treated with KS domains 

possessing protein-protein interactions complementary to the ACP, the modified 4’-PPant 

arm was found to irreversibly modify the KS active-site, resulting in formation of an 

ACP-KS complex (Figure 8.1a).8 This approach was first applied to the ACP and KS 

domains of type II bacterial fatty acid biosynthesis, and has since been extended to both 

multimodular (type I) and trans-acting (type II) FAS and PKS enzymes.8,11,12 In addition 

to its potential utility in facilitating structural analysis of FAS and PKS enzymes, such 

crosslinking reactions provide a direct gel-based readout of the complementarity of ACP-

partner protein interactions, providing a powerful tool for the determination of suitable 

partner proteins for use in combinatorial biosynthetic approaches.12 Similar technologies 

have also been developed to probe the interactions of peptidyl carrier proteins (PCPs)  
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Figure 8.2  Evaluation of ACP-DH crosslinking reagents 1-8. (a) Thioesters 1-2 and 6 and oxo-ester 3 
demonstrate the ability to block the FabA active site from labeling by FabA probe 9, indicating potential 
utility in crosslinking applications (b) ACP-DH crosslinking of the E. coli FAS enzymes AcpP and FabA. 
The crosslinked species is sensitive to inactivation of FabA by 9 as well as pre-denaturation of the DH 
domain by heat. (c) ACP-DH crosslinking is dependent on the presence of 1, with decreasing amounts of 
crosslinking observed as the amount of 1 is decreased. A persistent FabA disulfide is observed in the 
negative controls (lanes 1 and 2) which is not observed using higher film exposure times. (d) Reaction of 
FabA with purified apo-ACP (lane 1), 2-octynoyl-ACP (lane 2), and 3-decynoyl-ACP (lane 3). (e) ACP-
DH crosslinking of the GFP AcpP fusion and FabA. (f) Reaction of FabA with purified apo-GFP AcpP 
(lane 1), 2-octynoyl GFP AcpP (lane 2), and 3-decynoyl GFP AcpP (lane 3).
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with partner domains in nonribsomal peptide synthetase (NRPS) biosynthetic systems.13-

15 In this report we extend the repetoire of chemoenzymatic ACP crosslinking to study 

the interactions of ACP and acyl carrier protein dehydratase (DH) domains in FAS and 

PKS systems. DH domains catalyze the dehydration of β-hydroxyacyl-ACP substrates to 

α,β-unsaturated acyl-ACPs during the reductive steps of fatty acid and polyketide 

biosynthesis (Figure 8.1b).16,17 In addition, DH domains play a key role in initiation of 

bacterial unsaturated fatty acid biosynthesis by isomerizing trans-2-decenoyl-ACP to cis-

3-decenoyl-ACP. These reactions were first studied in the context of the E. coli FAS, 

where they are catalyzed by the prototypical DH enzyme FabA. (Figure 8.1b).18,19 These 

studies also yielded the discovery of the first mechanism-based inhibitor of a fatty acid 

biosynthetic enzyme, 3-decynoyl N-acetyl-cystamine (NAC), a suicide substrate that 

undergoes α-deprotonation in the FabA active site to form an electrophilic allene, which 

then modifies the active site histidine of FabA to irreversibly inactivate the enzyme.20-22 

To explore the possibility of using this historical inhibitor scaffold together with 

more recently developed ACP modification techniques to develop an ACP-DH 

crosslinking strategy, a small panel of pantetheine analogues was synthesized 

incorporating well-known inhibitor scaffolds of DH and other α-deprotonation utilizing 

enzymes (Figure 8.1c, 1-8). These pantetheine analogues can be transformed into CoA 

analogues and site-specifically incorporated into ACPs using the one-pot 

chemoenzymatic method depicted in Figure 8.1a.10 In addition to the well-known 3-

decynoyl and 2,3-decadienoyl thioester inhibitors (1-2), we also examined the utility of 

hydrolysis resistant 3-deycnoyl oxoester and amides (3-4), a transition state analogue (5), 

2-octynoyl thioesters and amides capable of forming reactive allenes upon γ-
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deprotonation (6-7), and a simple histidine reactive acyl-bromoacetamide affinity tag 

(8).23-25 These pantetheine analogues were quickly assayed for their relative abilities to 

modify the active site of recombinantally expressed FabA by testing their ability to block 

labeling by fluorescent probe 9, a 3-decynoyl-NAC derivative which reacts with FabA in 

an active-site dependent manner. As expected, pre-incubation of FabA with the 

denaturing agent SDS or known inhibitor scaffolds 1 or 2 each efficiently blocked 

labeling by 9 (Figure 8.2a). 3-decynoyl-oxoester 3 and 2-octynoyl thioester 6 showed 

decreased active site modification, blocking fluorescent labeling by 9 to a lesser degree, 

while pantetheine analogues 4-5 and 7-8 showed no effect. This is consistent with 

previous studies on mechanism-based inhibition of FabA by 3-decynoic acid analogues, 

which found enzyme inactivation to be strongly dependent on the pKa of the α-proton of 

the suicide substrate (thioester > oxoester >> acid/amide). This lead us to focus on the 

use of thioesters 1, 2, and 6 as ACP-DH crosslinking reagents.20,26 

First, the ability of analogues 1, 2, and 6 to modify the E. coli FAS ACP (AcpP) 

was demonstrated. Using the CoA biosynthetic enzymes PanK, PPAT, and DPCK along 

with the permissive PPTase Sfp, modification of AcpP by 1, 2, and 6 could be observed 

by MALDI-TOF or SDS-PAGE, in which a characteristic gel shift to lower molecular 

weight was observed upon AcpP-incorporation of fatty acyl pantetheines 1, 2, or 6 

(Figure 8.2b).27,28 Upon addition of FabA to AcpP modified by 1, a faint new band 

appearing at ~ 45 kDa corresponding to a putative AcpP-FabA complex was observed 

(Figure 8.2b). While this band co-migrated with a persistent FabA disulfide, it could be 

clearly visualized using strongly reducing SDS-PAGE conditions and/or high film 

exposure times. This putative AcpP-FabA complex was observed to be dependent upon 
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the presence as well as amount of 1 added to the reaction mix (Figure 8.2c). ACP, PanK, 

and Sfp were each also judged to be necessary components for this crosslinking to occur 

(Figure 8.S1). In addition, complex formation was highly sensitive to the integrity of the 

FabA active site, and was not observed in reactions in which FabA had been pre-

denatured by boiling or inactivated by high concentrations of 9 (Figure 8.2b). 

Replacement of pantetheine analogue 1 with 2 resulted in approximately equivalent 

results, while analogue 6 produced a noticeably fainter crosslinked species (Figure 8.S2). 

For the unambiguous identification of the crosslinked species we first applied an 

orthogonal purification strategy to isolate crypto-AcpP modified by 1 or 6 from the CoA 

biosynthetic enzymes and Sfp.29 These crypto-ACPs could then be incubated with FabA, 

allowing a clear gel-shift to be observed in each case which was not observed when 1 or 

6 was omitted (Figure 8.2d). A similar result was seen upon repetition of the same 

experiment, this time substituting a GFP-tagged AcpP construct for AcpP.30 The GFP 

AcpP construct appears to maintain the necessary interactions for both ACP-KS and 

ACP-DH crosslinking, and removes the crosslinked species from the molecular weight 

region of the earlier noted FabA disulfide, facilitating visualization of the AcpP-FabA 

complex (Figure 8.2e-f). Both the GFP AcpP and native AcpP-FabA complexes were 

excised and subjected to tryptic digest, and identified by MALDI-TOF/TOF and peptide 

mass fingerprinting (Figure 8.S3). 

One consideration when applying Michael acceptors 2 and 6 to ACP-DH 

crosslinking of multidomain synthases is their potential reactivity with KS domains. 

Indeed, when crypto-AcpPs generated from 1, 2, and 6 were incubated with the E. coli 

KS enzyme FabB each demonstrated ACP-KS crosslinking activity (Figure 8.S3). 
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Figure 8.3  Effect of carrier protein-dehydratase protein-protein interactions on CP-FabA crosslinking. 3-
decynoyl pantetheine 1 was used to modify the carrier proteins AcpP (FAS), Fren (PKS), Otc (PKS), and 
EntB (NRPS). Upon addition of FabA, crosslinking is observed only with AcpP, Fren, and Otc, indicating 
the preferential interaction of FabA with 3-decynoyl ACPs.  
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This could be abrogated by pre-incubation of FabB with the KS-selective reagent 

cerulenin, a strategy which may prove similarly useful for achieving ACP-DH specific 

crosslinking in multidomain synthases. Additionally, the finding that 3-decynoyl thioester 

1 promotes ACP-KS crosslinking suggests some non-enzymatic allenic isomerization of 

this reagent occurs during AcpP loading of 1. 

Finally, we tested the abiilty of the ACP-DH crosslinking reaction to discriminate 

between native and non-native carrier protein-DH pairs.8,12 In addition to the FAS carrier 

protein AcpP, the PKS carrier proteins Otc and Fren, as well as the NRPS carrier protein 

EntB were posttranslationally modified by 1 and incubated with FabA. While the limited 

progress of these crosslinking reactions necessitated high exposure times to discriminate 

CP-DH complexes from background, FabA appears to crosslink preferentially with 3-

decynoyl ACPs from FAS and PKS systems compared to the PCP EntB. This is strong 

evidence that, as with ACP-KS crosslinking, the formation of ACP-DH complexes is 

driven by the inherent compatability of the protein-protein interactions of the ACP-DH 

pair. 

One limitation to this ACP-DH crosslinking approach is the modest degree of 

AcpP-FabA complex observed. The finding that crosslinking yield was not dramatically 

improved by purification 3-decynoyl crypto-ACP (Figure 8.1d) could be an indication the 

inhibitor moiety of 1 is inactivated, most likely through non-enzymatic allenic 

isomerization and nucleophilic addition to the 2,3-didecenoic thioester. This is supported 

by the observation that purification of 3-decynoyl-AcpP prior to FabB addition resulted 

in less ACP-KS crosslinking compared to FabB addition to the corresponding crude 

reactions (Figure 8.S3). Alternately, the observed crosslinking may reflect the inherent 
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equilibrium of the Acp-FabA pair. The extension of this technique to alternate ACP-DH 

pairs will be necessary to further probe this phenomenon.  

This study demonstrates the first site-selective protein crosslinking of ACP and 

DH domains from a FAS system. The crosslinking requires an intact FabA active site, 

and is dependent on complementary protein-protein interactions of the 3-decynoyl carrier 

protein-FabA pair, with FAS and PKS carrier proteins being favored over NRPS carrier 

proteins. The AcpP-FabA complex formed by 1 is stable, with little hydrolysis observed 

after 24 hrs or upon treatment with hydroxylamine; this may be explained by the crystal 

structure of FabA in complex with 3-decynoyl-NAC, which found the fatty acyl inhibitor 

was efficiently sequestered from bulk solvent in the hydrophobic FabA active site.31 

Through their skillful application in concert with refined methods for the structural 

analysis of FAS and PKS enzymes,32 such carrier protein crosslinking techniques have 

the potential to provide snapshots of these elusive and fascinating biosynthetic catalysts 

at work. 
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Figure 8.S1 Evaluating necessity of reaction components (AcpP, PanK, Sfp) for AcpP-FabA (ACP-DH) 
crosslinking. Each of these reaction components is necessary to formation of crosslinked complex. Lanes 2-
3: FabA. Lanes 4-8: positive crosslinking. Lane 9: pantetheine analogue 1 omitted. Lane 10: Sfp omitted. 
Lane 11: PanK omitted. Lane 12: AcpP omitted. 
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Figure 8.S2 Comparison of AcpP-FabA crosslinking using chemoenzymatic labels 1, 2, and 6. Pantetheine 
analogues 1 and 2 show approximately equivalent crosslinking (based on density of crosslinked band) 
while analogue 6 produces a crosslinked species that is notably more diffuse. 
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Figure 8.S3  MALDI-TOF analysis of crosslinked complex. Peptides from both AcpP and FabA were 
identified in the crosslinked sample, while peptides containing the known active site residues of these two 
enzymes were not observed, consistent with their covalent crosslinking. (a) Data for digestion of AcpP-
FabA crosslinked complex. Highlighted residues were identified by in gel tryptic digest and analysis by 
MALDI-TOF/TOF of the SDS-PAGE gel slice specified. (b) Because of the low number of peptides 
formed upon tryptic digest of AcpP, the GFP AcpP-FabA crosslinked complex was subjected to an 
identical analysis. Highlighted residues were identified by tryptic digest and analysis by MALDI-TOF/TOF 
of the SDS-PAGE gel slice specified. All highlighted residues were found in peptides identified with 
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General synthetic procedures and materials 
 

 All commercial reagents (Sigma-Aldrich, Spectrum, MP Biomedicals, Alfa Aesar, 

TCI America, Acros) were used as provided unless otherwise indicated. 2-octynoyl-N-

pantetheine 7,12 2-bromo-hexanoyl-N-pantetheine 8,12 3-decynoic acid 12,33 3-decynoyl 

chloride 14,26 acetonide protected-S-pantetheine 13,34 p-methoxybenzylidene (PMB) 

protected pantothenic acid 16,28,35 PMB-protected N-pantetheine 20,28 and 7-dimethyl-

aminocoumarin-4-acetic acid-cystamine 2336were each prepared according to published 

literature procedures. 2-octynoyl chloride 21 was prepared from the commercially 

available 2-octynoic acid using oxalyl chloride in a procedure analogous to that for 

preparation of 3-decynoyl chloride.26 All reactions were carried out under argon 

atmosphere in dry solvents with oven-dried glassware and constant magnetic stirring 

unless otherwise noted. Triethylamine (TEA), N-methyl morpholine (NMM), and ethyl-

N,N-diisopropylamine (DIPEA) were dried over sodium and freshly distilled prior to use. 

1H-NMR spectra were taken at 300, 400, or 500 MHz and 13C-NMR spectra were taken 

at 100.6 or 75.5 MHz on Varian NMR spectrometers and standardized to the NMR 

solvent signal as reported by Gottlieb37. Multiplicities are given as s=singlet, d=doublet, 

t=triplet, q=quartet, p=pentet, dd=doublet of doublets, bs=broad singlet, bt=broad triplet, 

m=multiplet using integration and coupling constant in Hertz. TLC analysis was 

performed using Silica Gel 60 F254 plates (EM Scientific) and visualization was 

accomplished with UV light (λ=254 nm) and/or the appropriate stain (iodine, 2,4-

dinitrophenylhydrazine, cerium molybdate, ninhydrin). Silica gel chromatography was 

carried out with Silicycle 60 Angstrom 230-400 mesh according to the method of Still.38 
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Electrospray (ESI) and fast atom bombardment (FAB) mass spectra were obtained at the 

UCSD Mass Spectrometry Facility using a Finnigan LCQDECA mass spectrometer and a 

ThermoFinnigan MAT- 900XL mass spectrometer, respectively. 

 

Synthetic Procedures and Spectroscopic Data for Chemoenzymatic Crosslinking 

Probes 1-9 

 

 

Synthesis of 3-decynoyl-S-pantetheine (1) 

 

 

 D-pantethine monohydrate 10 (1144 mg, 2.0 mmol was dissolved in DMF (20 

mL) with stirring at room temperature. To this mixture was added p-anisaldehyde 

dimethyl acetal (0.68 mL, 4.0 mmol) followed by a solution of 4M HCl in dioxanes (0.1 

mL). After stirring overnight the solvent was removed under reduced pressure to yield a 

crude oil which was further purified by flash chromatography (CH2Cl2 to 5% MeOH/ 

CH2Cl2) to yield PMB-pantethine-disulfide (948 mg, 60% for first step) as a white foam. 

In order to access the reduced thiol, this product was dissolved in distilled MeOH (50 

mL) and cooled to 0oC. Sodium borohydride (1.0 g, 27 mmol) was then carefully added 

in four portions producing vigorous bubbling. After this initial stage of the reaction had 

subsided, the reaction vessel was placed under argon and stirred for two hours at room 
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temperature. The reaction was quenched by dropwise addition of water using an addition 

funnel, and neutralized with HCl. The reaction mixture was then combined with brine 

(100 mL) and extracted three times with ethyl acetate (200 mL). The extracts were 

combined, washed again with brine, and the solvent removed under reduced pressure 

giving the free thiol 11 as a white foam (929 mg, 59% over two steps) with a 

characteristic faint, putrid odor. 1H-NMR (400 MHz, CDCl3) δ 7.40 (d, J= 8.4 Hz, 2H), 

7.06 (bt, 1H), 7.00 (bt, 1H), 6.88 (d, J=8.4 Hz, 2H), 5.42 (s, 1H), 4.03 (s, 1H), 3.78 (s, 

3H), 3.67 (d, J=11.2 Hz, 1H), 3.61 (d, J=11.2 Hz, 1H), 3.47 (m, 4H), 2.71 (t, J=6.0 Hz, 

2H), 2.41 (t, J=6.4 Hz, 2H), 1.06 (s, 3H), 1.04 (s, 3H). 13C-NMR (100.5  MHz, (CDCl3) δ 

172.0, 169.9, 160.5, 130.2, 127.6, 113.7, 101.3, 83.8, 78.4, 55.4, 42.0, 36.2, 34.4, 33.2, 

24.5, 22.0, 19.4. HRMS (EI) (m/z): [M+H]+ calcd for C19H28O5N2S1, 396.1719, found 

396.1714. 

 

 

 3-decynoic acid 12 (218 mg, 1.3 mmol) was dissolved in THF (4 mL) and cooled 

to 0oC with stirring. N,N’-dicyclohexylcarbodiimide (267 mg, 1.3 mmol) was then added 

and stirred for 10 minutes before addition of thiol 11 (126 mg, 0.32 mmol) The reaction 

was allowed to slowly warm to room temperature and stirred for 15 hours. The reaction 

was filtered twice to remove urea byproducts and the solvent removed under reduced 

pressure. Resuspension in CH2Cl2 followed by flash chromatography (CH2Cl2 to 2% 
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MeOH/ CH2Cl2) yielded the coupled, PMB-protected thioester as a brown oil 

contaminated with 3-decynoic acid (3:1 product:acid as judged by 1H-NMR). This 

material was dissolved in 1N HCl:THF, 1:8 (30 ml) and stirred until the starting material 

was consumed as shown by TLC (2,4-dinitrophenyl-hydrazine visualization). The 

reaction was then neutralized by addition of AG-1-X8 Strong Basic anionic exchange 

resin.  After filtration, the solvent was removed under reduced pressure, and the reaction 

mixture was resuspended and purified by flash chromatography (1:6 EtOAc/hexanes to 

2:1 EtOAc/hexanes) to afford compound 1 as an oil (120 mg, 88% over two steps). 1H-

NMR (500 MHz, CDCl3) δ 7.40 (bt, 1H), 6.40 (bt, 1H), 3.99 (s, 1H), 3.57-3.37 (m, 6H), 

3.03 (m, 2H), 2.42 (t, J=5.0 Hz, 2H), 2.21 (t, J=5.0 Hz, 2H), 1.53-1.24 (m, 8H), 1.00 (s, 

3H), 0.91 (s, 3H), 0.88 (t, J=7.0 Hz, 3H).13C-NMR (100.5  MHz, (CDCl3) δ 196.4, 173.9, 

171.9, 87.0, 77.8, 76.9, 71.1, 39.6, 35.9, 35.4, 35.1, 31.5, 29.0, 28.8, 28.7, 22.8, 22.8, 

21.8, 20.6, 19.0, 14.3. HRMS (EI) (m/z): [M]+ calcd for C21H36O5N2S1, 428.2339, found 

428.2342. 

 

Synthesis of 2,3-decadienoyl-S-pantetheine (2) 

 

 

 3-decynoyl chloride 14 (41 mg, 0.22 mmol) was added dropwise to a stirring 

solution of acetonide protected-S-pantetheine 13 (55 mg, 0.17 mmol) and triethylamine 

(0.082 mL, 0.6 mmol) in THF (5 mL) prechilled to 0oC. After stirring for 1 hour, the 
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reaction was diluted in EtOAc (50 mL) and washed with citric acid (1x50 mL), saturated 

NaHCO3 (2x50 mL), and brine (1x100 mL). The organic layer was dried over Na2SO4, 

filtered, and evaporated under reduced pressure. Resuspension and purification by flash 

chromatography (1:6 EtOAc/hexanes to 2:1 EtOAc/hexanes) afforded the protected 

allene 15 (50 mg, 63%). 1H-NMR (400 MHz, CDCl3) δ 7.03 (bt, 1H), 6.56 (bt, 1H), 5.79 

(m, 1H), 5.71 (q, J=6.8 Hz, 1H), 4.01 (s, 1H), 3.62 (d, J=11.6 Hz, 1H), 3.52-3.35 (m, 

4H), 3.21 (d, J=11.6 Hz, 1H), 2.96 (q, J=6.4 Hz, 2H), 2.38 (t, J=6.0 Hz, 2H), 2.12 (m, 

2H), 1.45-1.18 (m, 14H), 0.97 (s, 3H), 0.91 (s, 3H), 0.83 (bt, 3H). [M+H]+ calcd for 

C24H40O5N2S1, 468.2658, found 468.2652. 

 

 

 Allenic acetonide 15 was dissolved in 1N HCl:THF, 3:8 (6 ml) and stirred until 

the benzylidene protected starting material was consumed as shown by TLC (2,4-

dinitrophenylhydrazine visualization). AG-1-X8 Strong Basic anionic exchange resin was 

added to neutralize the solution. After removal of solvent under reduced pressure, the 

reaction mixture was purified by flash chromatography (1:1 EtOAc/hexanes to EtOAc to 

2%MeOH/EtOAc) to afford 2 as a mixture of diasteromeric allenes (38 mg, 63% over 

two steps). 1H-NMR (400 MHz, CDCl3) δ 7.44 (bt, 1H), 6.57 (bt, 1H), 5.83 (m, 1H), 5.76 

(q, J=5.2 Hz, 1H), 3.97 (s, 1H), 3.52-3.32 (m, 6H), 2.99 (m, 2H), 2.41 (m, 2H), 2.17 (m, 

2H), 1.49-1.26 (m, 8H), 0.97 (s, 3H), 0.89 (s, 3H), 0.862 (bt, 3H). 13C-NMR (100.5  

MHz, (CDCl3) δ 211.6, 191.2, 191.1, 174.1, 172.0, 98.8, 96.5, 77.7, 71.0, 40.0, 39.5, 
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35.9, 35.5, 31.7, 29.9, 28.9, 28.8, 28.3, 27.9, 22.8, 21.7, 21.6, 20.6, 19.0, 14.3. HRMS 

(EI) (m/z): [M+H]+ calcd for C21H36O5N2S1 428.2345, found 428.2348. 

 

Synthesis of 3-decynoyl-O-pantetheine (3) 

 

 

 PMB-pantothenic acid 16 (2.36 g, 7.0 mmol), ethanolamine (0.843 mL, 14.0 

mmol), DIPEA (16.3 mL, 14.0 mmol), and HOBt (2.63 g, 17.5 mmol) were dissolved in 

DMF with stirring and cooled to 0 oC. EDC (2.67 g 14 mmol) was added in one portion 

and the reaction was allowed to slowly warm to RT and stir for 24 hrs. The solvent was 

removed under reduced pressure, taken up in EtOAc (100 mL), and extracted w/ 

saturated NaHCO3 (3x75 mL), water (1x50 mL), and brine (1x75 mL). The organic layer 

was dried over Na2SO4, filtered, and the solvent removed under reduced pressure.to 

provide PMB-oxypantetheine 17 (2.37 g, 89%) as a white foam. 1H-NMR (400 MHz, 

CDCl3) δ 7.41 (d, J= 9.0 Hz, 2H), 7.09 (bt, 1H), 6.90 (d, J=8.5 Hz, 2H), 6.84 (bt, 1H), 

5.44 (s, 1H), 4.05 (s. 1H), 3.79 (s, 3H), 3.68 (d, J=11.5 Hz, 1H) 3.64-3.60 (m, 3H), 3.52-

3.49 (m, 2H), 3.33 (t, J=5.5 Hz, 2H), 2.42 (t,  J=6.5 Hz), 1.08 (s, 3H), 1.05 (s, 3H). 13C-

NMR (100.6  MHz, CDCl3) δ 172.1, 170.1, 160.5, 130.3, 127.8, 113.9, 101.5, 84.0, 78.6, 

61.9, 55.6, 42.6, 36.2, 35.4, 33.3, 22.1, 19.4. HRMS (EI) (m/z) [M]+ calcd for 

C19H28O6N2, 380.1942, found 380.1947. 
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 A solution of PMB-oxypantetheine 17 (200 mg, 0.53 mmol) and pyridine (0.05 

mL, 0.54 mmol) in CH2Cl2 (5 mL) was added dropwise to a stirring solution of 3-

decynoyl chloride 14 (50 mg, 0.27 mmol) in CH2Cl2 (5 mL) prechilled to 0oC. The 

addition step was visibly exothermic and caused the reaction to turn a deep brown/black 

color. After stirring for 1.5 hours, the reaction was quenched with MeOH (1 mL), diluted 

in EtOAc (75 mL) and washed with brine (1x100 mL), saturated NaHCO3 (2x75 mL), 

and brine again (1x100 mL). The organic layer was dried over Na2SO4, filtered, and 

evaporated under reduced pressure. Resuspension and purification by flash 

chromatography (1:1 EtOAc/hexanes to EtOAc) afforded a mixture the protected 

pantetheine analogue 18 (18.5 mg, 13%). 1H-NMR (400 MHz, CDCl3) δ 7.42 (d, J= 8.8 

Hz, 2H), 7.08 (bt, 1H), 6.91 (d, J=8.8 Hz, 2H), 6.18 (bt, 1H), 4.16 (t, J=4.8 Hz, 2H), 4.07 

(s, 1H), 3.82 (s, 3H), 3.70 (d, J=11.2 Hz, 1H), 3.66 (d, J=11.2 Hz, 1H), 3.54-3.51 (m, 

4H), 3.27 (t, J=2.8 Hz, 2H), 2.44 (t, J=6.2 Hz, 2H), 2.18 (m, 2H), 1.61-1.25 (m, 8H), 1.09 

(s, 6H), 0.88 (t, J=7.2 Hz, 3H). 13C-NMR (100.6  MHz, CDCl3) δ 171.3, 169.8, 168.3, 

160.4, 130.3, 127.7, 113.9, 101.5, 84.0, 78.6, 64.3, 63.8, 55.5, 38.9, 38.7, 36.2, 35.1, 33.3, 

31.8, 31.5, 29.2, 28.1, 26.2, 22.8, 22.1, 19.0, 14.3. HRMS (EI) (m/z): [M]+ calcd for 

C29H42O7N2, 530.2987, found 530.2993. 
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 Product 18 (18.5 mg, 0.03 mmol) was dissolved in 1N HCl:THF, 1:3 (6 ml) and 

stirred until the benzylidene protected starting material was consumed as shown by TLC 

(2,4-dinitrophenylhydrazine visualization). The reaction was neutralized by dropwise 

addition of 1M NaOH, diluted in brine (50 mL) and extracted with CH2Cl2 (3x50 mL). 

The organic layer was dried over Na2SO4, filtered, and evaporated under reduced 

pressure. Resuspension and purification by flash chromatography (EtOAc to 5% 

MeOH/EtOAc) afforded 3 as an oil (8.5 mg, 59%). 1H-NMR (500 MHz, CDCl3) δ 7.36 

(bt, 1H), 6.29 (bt, 1H), 4.27-4.17 (m, 2H), 4.00 (s, 1H), 3.63-3.41 (m, 6H), 3.28 (s, 2H), 

2.49-2.43 (m, 2H), 2.22-2.18 (m, 2H), 1.52-1.25 (m, 8H), 1.02 (s, 3H), 0.89 (s, 3H), 0.88 

(t, J=7.5 Hz, 3H). 13C-NMR (100.5  MHz, (CDCl3) δ 173.9, 171.9, 169.7, 84.6, 77.9, 

71.2, 64.3, 39.6, 39.0, 36.0, 35.3, 31.6, 29.9, 28.9, 26.2, 22.8, 21.9, 20.6, 19.0, 14.3. 

HRMS (EI) (m/z): [M]+ calcd for C21H35O5N2, 412.2568, found   412.2575. 

 

Synthesis of (Z)-2-decenoyl-3-imidazole-O-pantetheine (4) 
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 Carbonyl diimidazole (136 mg, 1 mmol) was added to a stirring solution of 3-

decynoic acid 12 (169 mg, 1 mmol) dissolved in dry DMF (10 mL). The reaction was 

heated at 50oC for 20 minutes, during which time the reaction mixture turned a pale 

orange. To this mixture was added dropwise a solution of PMB-oxypantetheine 17 (760 

mg, 2 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (101 mg, 1 mmol) in DMF (1 mL). 

After stirring overnight the solvent was removed under reduced pressure, and the reaction 

mixture resuspended and purified by flash chromatography (2:1 EtOAc/hexanes to 5% 

MeOH/EtOAc) to afford recovered PMB-oxypantetheine starting material (590 mg) as 

well as compound 19 as an oil (221 mg, 42%).1H-NMR (500 MHz, CDCl3) δ 7.82 (s, 

1H), 7.41 (d, J=8.1 Hz, 2H), 7.18 (s, 1H), 7.13 (s, 1H), 7.03 (bt, 1H), 6.90 (d, J=8.0 Hz, 

2H), 6.41 (bt, 1H), 6.92 (s, 1H), 5.44 (s, 1H), 4.19 (t, J=5.5 Hz, 2H), 4.05 (s, 1H), 3.80 (s, 

3H),  3.66 (d, J=15.5 Hz, 1H), 3.63 (d, J=15.5 Hz, 1H), 3.57-3.49 (m, 4H), 3.11 (t, J=8.0 

Hz, 2H), 2.44 (t, J=6.0 Hz, 2H), 1.51 (p, J=8.0 Hz, 2H), 1.37-1.22 (m, 6H), 1.21 (s, 3H), 

1.06 (s, 3H), 0.85 (t, J=6.5 Hz, 3H). 13C-NMR (100.5  MHz, (CDCl3) δ 171.2, 169.8, 

165.7, 160.5, 153.9, 135.5, 131.2, 130.3, 127.7, 117.0, 114.0, 107.1, 101.6, 84.0, 78.7, 

63.4, 55.6, 38.8, 36.3, 35.1, 33.3, 31.9, 29.9, 29.6, 29.2, 28.5, 22.8, 22.1, 19.3, 14.3. 

HRMS (EI) (m/z): [M+H]+ calcd for C32H46O7N4, 598.3367, found 598.3364. 
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 Product 19 (28 mg, 0.05 mmol) was dissolved in 1N HCl:THF, 1:4 (10 ml) and 

stirred until the starting material was consumed as shown by TLC (2,4-

dinitrophenylhydrazine visualization). The reaction was then neutralized by addition of 

AG-1-X8 Strong Basic anionic exchange resin.  After filtration, the solvent was removed 

under reduced pressure, and the reaction mixture was resuspended and purified by flash 

chromatography (EtOAc to 5% MeOH/EtOAc) to afford compound 4 as an oil (11 mg, 

49%). 1H-NMR (500 MHz, CDCl3) δ 7.86 (s, 1H), 7.46 (bt, 1H), 7.20 (s, 1H), 7.11 (s, 

1H), 6.87 (bt, 1H), 5.96 (s, 1H), 4.20-4.19 (m, 2H), 3.97 (s, 1H), 3.58-3.43 (m, 6H), 3.10 

(t, J=8.0 Hz, 2H), 2.45 (t, J=6.5 Hz, 2H), 1.50 (p, J=7.5 Hz, 2H), 1.37-1.24 (m, 6H), 0.97 

(s, 3H), 0.88 (s, 3H), 0.85 (t, J=6.5 Hz, 3H).13C-NMR (100.5  MHz, (CDCl3) δ 174.2, 

171.9, 165.8, 153.8, 136.2, 130.9, 117.8, 107.4, 77.7, 71.1, 63.4, 39.5, 38.9, 36.1, 35.4, 

31.9, 30.0, 29.6, 29.1, 28.5, 22.8, 21.6, 20.7, 14.3. HRMS (EI) (m/z): [M]+ calcd for 

C24H40O6N4, 480.2942, found  480.2941. 

 

Synthesis of 3-decynoyl-N-pantetheine (5) 

 

 PMB-pantetheine amine 20 (89 mg, 0.23 mmol), 3-decynoic acid 12 (116 mg, 

0.69 mmol), DIPEA (0.08 mL, 0.47 mmol), and HOBt (89 mg, 0.58 mmol) were 

dissolved in DMF (4 mL) with stirring and cooled to 0 oC. EDC (89 mg 0.47 mmol) was 

added in one portion and the reaction was allowed to slowly warm to RT and stir for 24 
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hrs. The solvent was removed under reduced pressure, taken up in EtOAc (75 mL), and 

extracted w/ water (1x50 mL), saturated NaHCO3 (3x75 mL), and brine (1x50 mL). The 

organic layer was dried over Na2SO4, filtered, and the solvent removed under reduced 

pressure. This material was resuspended and run through a silica gel plug (CH2Cl2 to 3% 

MeOH/ CH2Cl2) to afford the crude coupled material. compound 19 as an oil (78 mg). 

The coupled material (78 mg) was then dissolved in 1N HCl:THF, 1:1 (8 ml) and stirred 

until the starting material was consumed as shown by TLC (2,4-dinitrophenylhydrazine 

visualization). The reaction was then neutralized by addition of AG-1-X8 Strong Basic 

anionic exchange resin.  After filtration, the solvent was removed under reduced pressure, 

and the reaction mixture was resuspended and purified by flash chromatography (CH2Cl2 

to 3% MeOH/ CH2Cl2) to afford compound 5 as an oil (59 mg, 62% over two steps). 1H-

NMR (400 MHz, CDCl3) δ 7.45 (bt, 1H), 7.2 (bt, 1H), 7.15 (bt, 1H), 3.97 (s, 1H), 3.57-

3.27 (m, 6H), 3.15 (t, J=2.4 Hz, 2H), 2.41 (m, 2H), 2.20 (t, J=6.8 Hz, 2H), 1.49 (p, J=7.2 

Hz, 2H), 1.38-1.24 (m, 6H), 0.96 (s, 3H), 0.89 (s, 3H), 0.87 (t, J=6.8 Hz, 3H). 13C-NMR 

(100.5  MHz, (CDCl3) δ 174.4, 172.5, 169.7, 86.9, 77.6, 72.6, 70.9, 40.2, 39.9, 39.5, 36.2, 

35.5, 31.5, 28.9, 28.8, 27.9, 22.8, 21.6, 20.8, 19.0, 14.3. HRMS (EI) (m/z): [M]+ calcd for 

C21H37O5N3, 411.2728, found  411.2728. 
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Synthesis of 2-octynoyl-S-pantetheine (6) 

 

 

 A solution of reduced thiol 11 (300 mg, 0.76 mmol) and triethylamine (0.51 mL, 

3.7 mmol) in CH2Cl2 (5 mL) was added dropwise to a stirring solution of 2-octynoyl 

chloride 21 (150 mg, 0.94 mmol) in CH2Cl2 (5 mL) prechilled to 0oC. The addition step 

was visibly exothermic and caused the reaction to turn a pale orange/red color. After 

stirring for 1 hour, the reaction was quenched with MeOH (1 mL), diluted in EtOAc (75 

mL) and washed with brine (1x100 mL). The organic layer was dried over Na2SO4, 

filtered, and evaporated under reduced pressure. Resuspension and purification by flash 

chromatography (1:1 EtOAc/hexanes to 2:1 EtOAc/hexanes) resulted in recovery of 

PMB-pantetheine 22 (200 mg, 0.51 mmol) as well as isolation of 21 (40 mg, 10%) as a 

crude oil. 1H-NMR (400 MHz, CDCl3) δ 7.41 (d, J=8.8 Hz, 2H), 7.02 (bt, 1H), 6.90 (d, 

J=8.4 Hz, 2H), 6.35 (bt, 1H), 5.45 (s, 1H), 4.07 (s, 1H), 3.81 (s, 3H), 3.69 (d, J=11.6 Hz, 

1H), 3.64 (d, J=12.0 Hz, 1H), 3.54-3.36 (m, 4H), 3.02 (t, J=6.4 Hz, 2H), 2.42-2.35 (m, 

4H), 1.58 (p, J=7.2 Hz, 2H), 1.39-1.29 (m, 4H), 1.09 (s, 3H), 1.08 (s, 3H), 0.89 (t, J=7.6 

Hz, 3H). 13C-NMR (100.5  MHz, (CD3)2SO) δ 176.6, 171.4, 169.8, 160.4, 130.4, 127.7, 

113.9, 101.6, 97.0, 84.1, 78.8, 78.7, 55.6, 39.4, 36.1, 35.1, 33.3, 31.2, 29.5, 27.4, 22.3, 

22.1, 19.4, 19.3, 14.1. HRMS (EI) (m/z): [M]+ calcd for C27H38O6N2S1, 518.2451, found 

518.2455. 
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 Protected pantetheine 22 (28 mg, 0.06 mmol) was dissolved in 1N HCl:THF, 1:4 

(5 ml) and stirred until the starting material was consumed as shown by TLC (2,4-

dinitrophenylhydrazine visualization). The reaction was then neutralized by addition of 

saturated NaHCO3 (10 mL), and extracted with EtOAc (3x25 mL).  The organic layer 

was dried over Na2SO4, filtered, and evaporated under reduced pressure. Resuspension 

and purification by flash chromatography (1:1 EtOAc/hexanes to 1% MeOH/EtOAc) 

resulted in isolation of 6 as an oil (20 mg, 91%). 1H-NMR (400 MHz, CDCl3) δ 7.48 (bt, 

1H), 6.69 (bt, 1H), 4.1-4.03 (m, 1H), 3.99 (s, 1H), 3.57-3.36 (m, 6H), 3.13-3.04 (m, 2H), 

2.43 (t, J=6.0 Hz, 2H), 2.37 (t, J=6.8 Hz, 2H), 1.62-1.55 (m, 2H), 1.41-1.29 (m, 4H), 0.98 

(s, 3H), 0.94-0.88 (m, 6H). 13C-NMR (75  MHz, (CDCl3) δ 176.9, 174.2, 172.2, 97.5, 

78.7, 78.5, 39.5, 39.4, 35.8, 35.5, 31.2, 29.4, 29.3, 27.4, 22.3, 21.7, 20.6, 19.3, 14.1. 

HRMS (EI) (m/z): [M+H]+ calcd for C19H32O5N2S1, 400.2032, found 400.2026. 

 

Synthesis of 3-decynoyl-N-DMC-cystamine (9) 
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 A solution of 7-dimethylamino-coumarin thiol 23 (23 mg, 0.08 mmol) and 

triethylamine (0.011 mL, 0.08 mmol) in DMF (1 mL) was added to a stirring solution of 

3-decynoyl chloride 14 (70 mg, 0.375 mmol) in CH2Cl2 (5 mL) prechilled to 0oC. Care 

must be taken that only a small amount of triethylamine is added to the reaction, to 

prevent chemical isomerization to the allenic thioester. After stirring for 1 hour, the 

reaction was quenched with MeOH (1 mL), diluted in EtOAc (75 mL) and washed with 

saturated Na2HCO3 (1x25 mL) and brine (1x100 mL). The organic layer was dried over 

Na2SO4, filtered, and evaporated under reduced pressure. Resuspension and purification 

by flash chromatography (1:6 EtOAc/hexanes to 2:1 EtOAc/hexanes) resulted in isolation 

of fluorescent oil 9 (10 mg, 29%) as well as recovery of the disulfide of 22 (10 mg). 

Compound 9 can alternatively be prepared by coupling of 3-decynoic acid 12 and 22 by 

DCC without the addition of base (see synthetic notes for compound 1).1H-NMR (400 

MHz, CDCl3) δ 7.43 (d, J= 8.8 Hz, 1H), 6.61 (d, J= 9.2 Hz, 1H), 6.51 (s, 1H), 6.09 (bt, 

1H), 6.03 (s, 1H), 3.61 (s, 2H), 3.43 (t, J=5.6 Hz, 2H), 3.31 (s, 2H), 3.06 (s, 6H), 2.97 (t, 

J=6.0 Hz, 2H), 2.20 (m, 2H), 1.39-1.25 (m, 8H), 0.88 (m, 3H). 13C-NMR (100.5  MHz, 

(CD3)2SO) δ 195.3, 168.7, 161.4, 156.1, 153.5, 151.7, 126.7, 110.2, 109.7, 108.9, 98.2, 

86.2, 73.0, 45.1, 40.8, 40.2, 38.9, 31.7, 31.4, 28.9, 28.5, 22.7, 18.8, 14.6. HRMS (EI) 

(m/z): [M]+ calcd for C25H32O4N2S1, 456.2077, found 456.2073. 
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Protein Expression and Materials 

 Recombinant E. coli CoA biosynthetic enzymes (pantothenate kinase, 

phosphopantetheine-adenyltransferase, dephospho-CoA kinase) were expressed and 

purified as MBP-fusions as described previously.29 Recombinantally expressed Sfp 

(PPTase; B. subtilis) was overexpressed in E. coli as the native protein (untagged) and 

purified as described previously.29 The carrier proteins AcpP (E. coli FAS), Fren 

(frenolicin PKS; Streptomyces roseofulvus), Otc (oxytetracycline PKS; Streptomyces 

rimosus), and EntB (enterobactin NRPS; E. coli) were overexpressed and purified as the 

6xHis tagged constructs as described previously.8,39 FabA (E. coli DH domain) and the 

GFP-AcpP fusion were produced and isolated as the 6xHis tagged constructs using the 

respective E. coli overexpression strains from the ASKA collection, kindly provided by 

Dr. Hirotada Mori at Keio University, Japan.30 Briefly, proteins were expressed by 

growth of E. coli (K12, strain AG1) ASKA clones harboring the desired plasmid in Luria 

Bertani medium supplemented with 30 µg/ml chloramphenicol at 37°C. At OD 0.6 (600 

nm) protein expression was induced using 1mM isopropyl β-D-1 thiogalactopyranoside, 

and cells were cultured with shaking for approximately 16 hr. Cells were pelleted and 

resuspended in lysis buffer (100mM potassium phosphate, 300mM NaCl, pH 8.0) and 

incubated with lysozyme (1 mg/mL) for 1hr, then lysed by passage through a French 

pressure cell. After treatment with DNAse cellular debris was separated from 

overexpressed enzyme by centrifugation and the supernatant was loaded onto a Ni2+-

NTA column and eluted with a gradient of imidazole (5-300 mM). Ni-NTA affinity 

chromatography and all steps following growth were performed at 4°C. Eluted proteins 
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were visualized by SDS-PAGE with Blue-silver Coomassie stain40 and quantitated by the 

method of Bradford.41 

 

Procedures for ACP-DH Crosslinking 

 Crosslinking reactions consisted of two sequential steps. First, electrophilic 

pantetheine analogues (1, 2, or 6) were loaded onto AcpP through a one-pot 

chemoenzymatic reaction protocol which utilized the CoA biosynthetic enzymes (PanK, 

PPAT, DPCK) to form the corresponding CoA analogues in situ, followed by loading 

onto apo-AcpP by the promiscuous PPTase Sfp. Reagents and enzymes were added to 27 

µL reactions in sequential order as follows. Final reaction concentrations: 55 mM 

potassium phosphate (pH 7.0), 27 mM ATP, 47 mM MgCl2, 0.1 µg/µL MBP-PanK, 0.1 

µg/µL MBP-PPAT, 0.1 µg/µL MBP-DPCK, 0.08 µg/µL Sfp (native), 0.37 µg/µL AcpP, 

185 µM pantetheine analogue (1, 2, or 6). In negative controls pantetheine analogues 1-3 

were replaced with vehicle DMSO. In all reactions DMSO concentrations were 

maintained at a level ≤ 1 %. For affinity purification of crosslinked complex, reactions 

were performed similarly on a 570 µL scale. For crosslinking studies of alternate carrier 

proteins (GFP AcpP, Fren, Otc, EntB), the corresponding carrier protein was substituted 

for native AcpP. After addition of all components reactions were vortexed and incubated 

at 37°C for 1-3 hours. In the second step of the reaction FabA was added, and reactions 

were further incubated for 3-12 hours before quenching with 5x SDS loading buffer 

(strong reducing) and analysis by SDS-PAGE. Gels were fixed in destain solution 

(50:43:7 MeOH:H2O:AcOH) and washed twice with water prior to staining with blue-

silver Coomassie stain. 
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Procedure for Affinity Purification of ACP-DH Crosslinked Complex 

 AcpP-FabA and GFP AcpP-FabA crosslinking reactions were performed on a 570 

µL scale using pantetheine analogues 1 or 6 as described above. FabA was added after 3 

hours and reactions were incubated overnight. Reactions were then added to 60 µL Ni2+-

NTA resin (pre-washed with 50 mM sodium phosphate, pH 7.0) and rotated at room 

temperature for 1 hour. Reactions were centrifuged, supernatant removed, and 1000 µL 

washing buffer 1 (50 mM sodium phosphate, pH 7.0) added. After gentle mixing for 5 

minutes, reactions were centrifuged, the supernatant removed, and 1000 µL washing 

buffer 2 (5 mM imidazole, 50 mM sodium phosphate, pH 7.0) added. After gentle mixing 

for 5 minutes, reactions were centrifuged, the supernatant removed, and 100 µL elution 

buffer 1 (50 mM imidazole, 50 mM sodium phosphate, pH 7.0) added. After gentle 

mixing for 5 minutes, reactions were centrifuged, the supernatant removed, and 100 µL 

elution buffer 2 (400 mM imidazole, 50 mM sodium phosphate, pH 7.0) added. After 

gentle mixing for 5 minutes, reactions were centrifuged, the supernatant removed, and 

100 µL rinsing buffer  (2500 mM imidazole, 50 mM sodium phosphate, pH 7.0) added. 

After gentle mixing for 5 minutes, reactions were centrifuged, the supernatant removed. 

All fractions were analyzed by SDS-PAGE, fixed, and visualized by staining with Blue-

silver Coomassie stain. 

 

Procedures for ACP-KS Crosslinking 

 ACP-KS crosslinking of AcpP and FabB was performed in a similar fashion as 

above, using a slightly modified version of the previously reported protocol. Briefly, to a 
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buffered solution consisting of 55 mM potassium phosphate (pH 7.0), 50 mM MgCl2, and 

27 mM ATP was added 6xHis-PanK (0.1 µg/µL), 6xHis-PPAT (0.1 µg/µL), 6xHis-

DPCK (0.1 µg/µL), Sfp (native) (0.08 µg/µL), and AcpP (0.37 µg/µL) to bring the total 

reaction volume to 27 µL. Note that 6xHis tagged CoA biosynthetic proteins are used in 

this protocol (in contrast to the MBP-tagged proteins of the ACP-DH crosslinking 

reaction) to facilitate visualization of the AcpP-FabB crosslinked complex (~ 70 kDa). 

Electrophilic pantetheine analogues (1, 2, or 6) were then added to a final concentration 

of 185 µM. In negative controls pantetheine analogues 1-3 were replaced with vehicle 

DMSO. In all reactions DMSO concentrations were maintained at a level ≤ 1 %. 

Reactions were incubated for 30 minutes at 37 °C, followed by addition of ketosynthase 

enzyme FabB (0.1 µg/µL). Reactions were further incubated for another hour before 

quenching with 5x SDS loading buffer (strong reducing) and analysis by SDS-PAGE. 

Gels were fixed in destain solution (50:43:7 MeOH:H2O:AcOH) and washed twice with 

water prior to staining with blue-silver Coomassie stain. 

 

Procedures for Activity Based Labeling of DH Domains by Fluorescent Suicide 

Substrate 9 

 For FabA (DH) activity based labeling experiments, fluorescent probe 9 (25 µM) 

was added to a 27 uL reaction containing FabA (0.1 µg/µL), Tris-HCl pH 6.8 (100 mM), 

and DTT (10 mM). Controls were performed by pre-denaturation of FabA by addition of 

0.5% SDS. To assess the FabA active site modification properties of pantetheine 

analogues 1-8, FabA was preincubated with each analogue for 30 minutes at 1 mM 

before addition of 9. In all reactions DMSO concentrations were maintained at a level ≤ 
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3%. After reaction for 30 minutes FabA labeling reactions were quenched with 5x SDS-

loading buffer (strong reducing) and subjected to SDS-PAGE. Probe 9 showed high off-

site reactivity when heated prior to SDS-PAGE, so boiling of these samples was avoided. 

Fluorescent gel visualization was performed using a BioRad Fluor-S Gel Doc equipped 

with a 460 nm emission filter. 

 

Procedures for In Gel Digest of Crosslinked Complex 

 For MS analysis, proteins were separated by SDS-PAGE using 10% Bis-Tris 

NuPAGE Gels (Invitrogen). Gels were fixed in destain solution (50:43:7 

MeOH:H2O:AcOH) and washed twice with water prior to overnight staining with blue-

silver Coomassie stain. Subsequently, the gel was washed twice with water (30 min 

each). Excised gel bands were cut into 1 mm cubes and washed for 10 min with vortexing 

with 1:1 H2O/CH3CN (40 µL) followed by CH3CN (40 µL). After removal of the 

supernatant, 100 mM NH4CO3 (40 µL) was added and shaken for 5 min, followed by 

addition of CH3CN (40 µL) and shaking for 10 min. The gel slice was then dried on a 

speed vacuum concentrator system. The gel slice was then resuspended in 100 mM 

NH4CO3 (100 µL) and TCEP added to a concentration of 10 mM and incubated at 55°C 

for 30 minutes. The supernatant was removed and the gel slice resuspended in 100 mM 

NH4CO3 (100 µL) and iodoacetamide added to a concentration of 15 mM. The reaction 

was covered with foil and shaken at room temperature for 30 minutes. After removal of 

the supernatant, 100 mM NH4CO3 (40 µL) was added and shaken for 5 min, followed by 

addition of CH3CN (40 µL) and shaking for 10 min. The gel slice was then dried on a 

speed vacuum concentrator system. The gel slice was then resuspended by addition of 20 
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µL 10 ng/µL trypsin (Promega) in a 5 mM DTT, 25 mM NH4CO3, 5 mM CaCl2 solution 

and incubated on ice 45 minutes. Additional trypsin was added if necessary, and the 

digest allowed to continue at 37°C overnight. The supernatant was then extracted and the 

gel slice washed multiple times (1:1 25 mM NH4CO3:CH3CN, 1:1 5% formic acid: 

CH3CN) with vortexing. Combining each wash provided ~ 100 µL post-digest 

supernatant. This material was then dried on a speed vacuum concentrator system and 

resuspended in 15 µL 5% formic acid for MALDI TOF/TOF analysis. 

 

MALDI TOF/TOF Analysis of Crosslinked Bands 

 Each sample from the in gel digest (prepared above) was mixed 1:1 with -cyano-

4-hydroxycinnamic acid (Agilent) and spotted on a MALDI target plate. Peptides were 

identified by matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) on 

a 4800 MALDI tandem time-of-flight mass spectrometer (Applied Biosystems). Briefly, 

peptide mass fingerprints were acquired with 500 shots in reflector positive mode from 

m/z 1000 – 3000.  Peptide tandem mass spectra were acquired with 2000 shots in 2 kV 

positive MSMS mode. Peaks occurring with Minimim Chromatogram Peak Width of 2 

fractions, a Minimum S/N filter of 40, and a Fraction-to-Fraction Precursor Mass 

Tolerance of 100 ppm were MSMS acquired in the order of Strongest Precursors First 

with a Max Precursors/Fraction at 8. Sodium and potassium adducts were excluded with 

an Adduct Tolerance at +/- 0.03 Da, and precursors < 200 resolution were excluded. A 

Plate Model and Default Calibration were performed for reflector positive mode as well 

as a Default calibration for 2 kV positive mode. MSMS spectra were assigned by 

database searching using Mascot 2.1 (Matrix Science) using Global Proteomics Sever 3.1 
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(Applied Biosystems). A custom database containing 57 sequences including the E. coli 

proteins AcpP, FabA, PanK, PPAT, DPCK, B. subtilis Sfp, the fusion tags GFPuv4 and 

MBP, and a number of commonly occurring protein contaminants (e.g. keratin) was 

searched. The MSMS ion search parameters identified tryptic peptides with up to 2 

missed cleavages and used mass tolerances of 100 ppm (MS) and 0.10 Da (MSMS), with 

the constant modification carbamidomethylation (C) due to reductive alkylation by 

iodoacetamide. Common non-specific variable modifications that occur as a result of the 

in-gel digest assay were also included in the search parameters: deamidation (NQ), 

oxidation (M), propionamide (C), and pyro-glu (N-term Q). The search results indicated 

that individual ion scores > 31 indicate identity or extensive homology (P < 0.05). 
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Figure 8.S4 Full gel data for figure 8.3. Effect of carrier protein-dehydratase protein-protein interactions on 
CP-FabA crosslinking. 3-decynoyl pantetheine 1 was used to modify the carrier proteins AcpP (FAS), Fren 
(PKS), Otc (PKS), and EntB (NRPS). Upon addition of FabA, crosslinking is observed only with AcpP, 
Fren, and Otc, indicating the preferential interaction of FabA with 3-decynoyl ACPs. 

241



 

References 

 

1. Smith, S.; Tsai, S. C. The type I fatty acid and polyketide synthases: a tale of two megasynthases. 
Nat Prod Rep 24, 1041-72 (2007). 

2. Fischbach, M. A.; Walsh, C. T. Assembly-line enzymology for polyketide and nonribosomal 
Peptide antibiotics: logic, machinery, and mechanisms. Chem Rev 106, 3468-96 (2006). 

3. Weissman, K. J.; Leadlay, P. F. Combinatorial biosynthesis of reduced polyketides. Nat Rev 
Microbiol 3, 925-36 (2005). 

4. Weissman, K. J.; Muller, R. Protein-protein interactions in multienzyme megasynthetases. 
Chembiochem 9, 826-48 (2008). 

5. Khosla, C.; Tang, Y.; Chen, A. Y.; Schnarr, N. A.; Cane, D. E. Structure and mechanism of the 6-
deoxyerythronolide B synthase. Annu Rev Biochem 76, 195-221 (2007). 

6. Mercer, A. C.; Burkart, M. D. The ubiquitous carrier protein--a window to metabolite 
biosynthesis. Nat Prod Rep 24, 750-73 (2007). 

7. Leibundgut, M.; Jenni, S.; Frick, C.; Ban, N. Structural basis for substrate delivery by acyl carrier 
protein in the yeast fatty acid synthase. Science 316, 288-90 (2007). 

8. Worthington, A. S.; Rivera, H.; Torpey, J. W.; Alexander, M. D.; Burkart, M. D. Mechanism-
based protein cross-linking probes to investigate carrier protein-mediated biosynthesis. ACS Chem 
Biol 1, 687-91 (2006). 

9. Quadri, L. E.; Weinreb, P. H.; Lei, M.; Nakano, M. M.; Zuber, P.; Walsh, C. T. Characterization 
of Sfp, a Bacillus subtilis phosphopantetheinyl transferase for peptidyl carrier protein domains in 
peptide synthetases. Biochemistry 37, 1585-95 (1998). 

10. Worthington, A. S.; Burkart, M. D. One-pot chemo-enzymatic synthesis of reporter-modified 
proteins. Org Biomol Chem 4, 44-6 (2006). 

11. Kapur, S.; Worthington, A.; Tang, Y.; Cane, D. E.; Burkart, M. D.; Khosla, C. Mechanism based 
protein crosslinking of domains from the 6-deoxyerythronolide B synthase. Bioorg Med Chem Lett 
18, 3034-8 (2008). 

12. Worthington, A. S.; Hur, G. H.; Meier, J. L.; Cheng, Q.; Moore, B. S.; Burkart, M. D. Probing the 
compatibility of type II ketosynthase-carrier protein partners. Chembiochem 9, 2096-103 (2008). 

13. Hur, G. H.; Meier, J. L.; Baskin, J.; Codelli, J. A.; Bertozzi, C. R.; Marahiel, M. A.; Burkart, M. 
D. Crosslinking studies of protein-protein interactions in nonribosomal peptide biosynthesis. 
Chem Biol 16, 372-81 (2009). 

14. Liu, Y.; Bruner, S. D. Rational manipulation of carrier-domain geometry in nonribosomal peptide 
synthetases. Chembiochem 8, 617-21 (2007). 

15. Qiao, C.; Wilson, D. J.; Bennett, E. M.; Aldrich, C. C. A mechanism-based aryl carrier 
protein/thiolation domain affinity probe. J Am Chem Soc 129, 6350-1 (2007). 

242



 

16. Heath, R. J.; Rock, C. O. Roles of the FabA and FabZ beta-hydroxyacyl-acyl carrier protein 
dehydratases in Escherichia coli fatty acid biosynthesis. J Biol Chem 271, 27795-801 (1996). 

17. Wu, J.; Zaleski, T. J.; Valenzano, C.; Khosla, C.; Cane, D. E. Polyketide double bond 
biosynthesis. Mechanistic analysis of the dehydratase-containing module 2 of the 
picromycin/methymycin polyketide synthase. J Am Chem Soc 127, 17393-404 (2005). 

18. Brock, D. J.; Kass, L. R.; Bloch, K. Beta-hydroxydecanoyl thioester dehydrase. II. Mode of action. 
J Biol Chem 242, 4432-40 (1967). 

19. Kass, L. R.; Brock, D. J.; Bloch, K. Beta-hydroxydecanoyl thioester dehydrase. I. Purification and 
properties. J Biol Chem 242, 4418-31 (1967). 

20. Endo, K.; Helmkamp, G. M., Jr.; Bloch, K. Mode of inhibition of beta-hydroxydecanoyl thioester 
dehydrase by 3-decynoyl-N-acetylcysteamine. J Biol Chem 245, 4293-6 (1970). 

21. Helmkamp, G. M., Jr.; Brock, D. J.; Bloch, K. Beta-hydroxydecanoly thioester dehydrase. 
Specificity of substrates and acetylenic inhibitors. J Biol Chem 243, 3229-31 (1968). 

22. Schwab, J. M.; Ho, C. K.; Li, W. B.; Townsend, C. A.; Salituro, G. M. Beta-hydroxydecanoyl 
Thioester Dehydratase - Complete Characterization of The Fate of the Suicide Substrate 3-
Decynoyl-NAC. J Am Chem Soc 108, 5309-5316 (1986). 

23. Powell, P. J.; Thorpe, C. 2-octynoyl coenzyme A is a mechanism-based inhibitor of pig kidney 
medium-chain acyl coenzyme A dehydrogenase: isolation of the target peptide. Biochemistry 27, 
8022-8 (1988). 

24. Freund, K.; Mizzer, J.; Dick, W.; Thorpe, C. Inactivation of general acyl-CoA dehydrogenase 
from pig kidney by 2-alkynoyl coenzyme A derivatives: initial aspects. Biochemistry 24, 5996-
6002 (1985). 

25. Haeffner-Gormley, L.; Cummings, J. G.; Thorpe, C. S-2-bromo-acyl-CoA analogues are affinity 
labels for the medium-chain acyl-CoA dehydrogenase from pig kidney. Arch Biochem Biophys 
317, 479-86 (1995). 

26. Morisaki, M.; Bloch, K. On the mode of interaction of -hydroxydecanoyl thioester dehydrase with 
allenic acid derivatives. Biochemistry 11, 309-14 (1972). 

27. Rock, C. O.; Cronan, J. E., Jr. Acyl carrier protein from Escherichia coli. Methods Enzymol 71 Pt 
C, 341-51 (1981). 

28. Meier, J. L.; Mercer, A. C.; Rivera, H., Jr.; Burkart, M. D. Synthesis and evaluation of 
bioorthogonal pantetheine analogues for in vivo protein modification. J Am Chem Soc 128, 12174-
84 (2006). 

29. Haushalter, R. W.; Worthington, A. S.; Hur, G. H.; Burkart, M. D. An orthogonal purification 
strategy for isolating crosslinked domains of modular synthases. Bioorg Med Chem Lett 18, 3039-
42 (2008). 

30. Kitagawa, M.; Ara, T.; Arifuzzaman, M.; Ioka-Nakamichi, T.; Inamoto, E.; Toyonaga, H.; Mori, 
H. Complete set of ORF clones of Escherichia coli ASKA library (a complete set of E. coli K-12 
ORF archive): unique resources for biological research. DNA Res 12, 291-9 (2005). 

243



 

31. Leesong, M.; Henderson, B. S.; Gillig, J. R.; Schwab, J. M.; Smith, J. L. Structure of a 
dehydratase-isomerase from the bacterial pathway for biosynthesis of unsaturated fatty acids: two 
catalytic activities in one active site. Structure 4, 253-64 (1996). 

32. Mueller, M.; Jenni, S.; Ban, N. Strategies for crystallization and structure determination of very 
large macromolecular assemblies. Curr Opin Struct Biol 17, 572-9 (2007). 

33. Schmieder-van de Vondervoort, L.; Bouttemy, S.; Padrón, J.; Bras, J. L.; Muzart, J.; Alsters, P. 
Chromium Catalyzed Oxidation of (Homo-)Allylic and (Homo-)Propargylic Alcohols with 
Sodium Periodate to Ketones or Carboxylic Acids. Synlett (2002). 

34. Bloom, J. D.; Dutia, M. D., 1991, Simplified thioester and isostere analogues of oleoyl coenzyme 
A as hypochloesterolemic agents. United States March 29 1990, Issued, October 1 1991. 

35. Meier, J. L.; Burkart, M. D. Chapter 9. Synthetic probes for polyketide and nonribosomal peptide 
biosynthetic enzymes. Methods Enzymol 458, 219-54 (2009). 

36. Alexander, M. D.; Burkart, M. D.; Leonard, M. S.; Portonovo, P.; Liang, B.; Ding, X.; Joullie, M. 
M.; Gulledge, B. M.; Aggen, J. B.; Chamberlin, A. R.; Sandler, J.; Fenical, W.; Cui, J.; Gharpure, 
S. J.; Polosukhin, A.; Zhang, H. R.; Evans, P. A.; Richardson, A. D.; Harper, M. K.; Ireland, C. 
M.; Vong, B. G.; Brady, T. P.; Theodorakis, E. A.; La Clair, J. J. A central strategy for converting 
natural products into fluorescent probes. Chembiochem 7, 409-16 (2006). 

37. Gottlieb, H. E.; Kotlyar, V.; Nudelman, A. NMR Chemical Shifts of Common Laboratory 
Solvents as Trace Impurities. J Org Chem 62, 7512-7515 (1997). 

38. Still, W. C.; Kahn, M. Rapid chromatographic technique for preparative separations with moderate 
resolution. Journal of Organic Chemistry 43, 2923-2925 (1978). 

39. Mercer, A. C.; La Clair, J. J.; Burkart, M. D. Fluorescent multiplex analysis of carrier protein post-
translational modification. Chembiochem 6, 1335-7 (2005). 

40. Candiano, G.; Bruschi, M.; Musante, L.; Santucci, L.; Ghiggeri, G. M.; Carnemolla, B.; Orecchia, 
P.; Zardi, L.; Righetti, P. G. Blue silver: a very sensitive colloidal Coomassie G-250 staining for 
proteome analysis. Electrophoresis 25, 1327-33 (2004). 

41. Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye binding. Anal Biochem 72, 248-54 (1976). 

 
 

244



Acknowledgments  

 

The text of chapter 8, in full, has been submitted for publication. I am the primary 

author of the manuscript. Robert Haushalter was responsible for the expression and 

purification of recombinant CoA biosynthetic enzymes. I designed and performed the 

experiments. All research was performed under the supervision of Professor Mike 

Burkart. 

 

245



 

 

 

 

Chapter Nine 

 

Global proteomic profiling of polyketide and nonribosomal peptide 

biosynthesis by orthogonal active site probes 

 

 

 

 

Adapted from: 

Meier, J. L.; Niessen, S.; Hoover, H.; Foley, T. F.; Cravatt, B. F..; Burkart, M. D. In 

preparation (2009). 

246



Global proteomic profiling of polyketide and nonribosomal peptide biosynthesis by 
orthogonal active site probes 
 

Introduction 

 

Polyketides and nonribosomal peptides constitute two classes of natural products 

which are well known for their therapeutic applications as antibiotic, antiparasitic, 

antifungal, and anticancer agents. Due to the significant role many of these compounds 

play in promoting human health and combating disease, the catalysts responsible for their 

biosynthesis, known as polyketide synthase (PKS), and nonribosomal peptide synthetase 

(NRPS) enzymes, have been the subject of intense biochemical, genetic, and structural 

characterization over the past three decades.1,2 These studies have lead to revolutionary 

advances in natural products research, ranging from the engineering of PKS pathways in 

heterologous hosts, to the small-scale production of polyketide and nonribosomal peptide 

analogues through combinatorial biosynthetic approaches.3,4 However, one area in which 

our knowledge and capabilities for studying these systems remain limited is at the 

proteomic level. Methods for the functional proteomic analyses of PKS and NRPS 

enzymes would advance our knowledge of natural product biosynthesis by providing 

insight into the dynamics and regulation of PKS and NRPS expression in the context of 

wild-type producer organisms. In unsequenced organisms such studies could facilitate 

discovery of natural product gene clusters on an LC-MS/MS time scale, while in 

sequenced natural product producers such technology would have applications in 

monitoring the expression of orphan gene clusters, improving fermentative 
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microorganisms, and analyzing pathogenic bacteria for the production of small molecule 

virulence factors. 5-7 

The many unique properties of PKS and NRPS enzymes present a technical challenge 

to traditional methods of proteomic analysis. For example, in type I PKS and NRPS 

systems, the multiple domains which catalyze each step of metabolite biosynthesis are 

found on a single massive polypeptide, presumably produced at tremendous metabolic 

cost to the cell.1,8 Accordingly such proteins are high molecular weight (>100 kDa) and 

often low abundance, two properties which impede their analysis by gel-based methods 

such as two-dimensional polyacrylamide gel electrophoresis (2DE).9 Similarly 

underrepresented in such analyses are the low molecular weight, highly acidic (pI ~ 3.0-

4.0) carrier protein (CP) domains which are central to type II PKS biosynthesis.10 Finally, 

the activity of these enzymes is dependent on posttranslational modification, requiring 

modification of their CP domains by a 4’-phosphopantetheinyltransferase (PPTase) to 

convert apo to holo-enzyme.11 Thus, an ideal proteomic method for the global analysis of 

PKS and NRPS enzymes would incorporate both a functional enrichment method, 

allowing separation of holo-PKS and NRPS enzymes from their more abundant 

proteomic background, as well as a gel-free analysis platform, unbiased against the 

biochemical properties of these biosynthetic catalysts. 

As a first step towards achieving the potential of natural product proteomics, here we 

investigate the utility of functional proteomic probes which directly target PKS and 

NRPS active sites for the analysis of modular biosynthetic enzymes from the model 

bacterium Bacillus subtilis (Figure 9.1). When applied in combination with the gel-free 

LC-MS/MS platform termed multidimensional protein identification technology 
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(MudPIT),12 these methods allow for isolation and detection of enzymes encoded by all 

four known PKS and NRPS gene clusters found in this organism, greatly expanding the 

dynamic range of analysis for these enzymes. The active site probes applied are 

complementary, resulting in isolation of both distinct and common PKS and NRPS 

proteins, and can be used for the relative quantitation of natural product synthase 

expression between strains and identification of specific PKS and NRPS peptides in 

complex proteomic mixtures. By assessing and comparing the utility of each of these 

methods, this study will guide future efforts at the proteomic study and characterization 

of these important biosynthetic assembly lines. 

 

Results 

 

Design of a high-content proteomic platform for PKS/NRPS proteomics 

 

PKS and NRPS systems produce their seemingly disparate chemical structures by 

a similar modular biosynthetic logic, in which multidomain enzymes activate, condense, 

and tailor a series of monomer units to produce the final natural product (Figure 9.1). The 

structural and functional homologies of the discrete enzymatic domains responsible for 

each biosynthetic step make it possible to establish a universal strategy for functional 

enrichment of both enzyme classes based on labeling of their commonly utilized active 

sites. In this initial study we have chosen to focus on the functional proteomic analysis of 

PKS and NRPS enzymes through their carrier protein (CP) and thioesterase (TE) 

domains. CPs are small enzymatic domains which serve to covalently tether biosynthetic 
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intermediates to the PKS or NRPS during biosynthesis.10 The site of tethering is the 

terminal thiol of a CoA derived 4’-phosphopantetheine prosthetic group, whose 

posttranslational introduction by a PPTase converts apo-PKS and NRPS enzymes to 

holo-enzyme (Figure 9.1).11,13 Substrate tethering through CP domains is a central feature 

of type I PKS and NRPS enzymes, with multiple CPs often found within a single 

polypeptide, making them attractive targets for proteomic enrichment. In contrast to the 

ubiquitous CP domain, TE domains are canonical serine hydrolases found in many PKS 

and NRPS termination modules which catalyze the hydrolysis or macrocyclization of CP-

bound polyketides and nonribosomal peptides at the end of the biosynthetic cycle (Figure 

9.1).14 Due to their more specialized activity, proteomic enrichment of PKS and NRPS 

TE domains may be used to target a subset of PKS and NRPS enzymes, in particular 

those responsible for the synthesis of macrocycles and cyclic peptides. 

Chemical probes capable of the isolation and functional analysis of each of these 

domains have been previously reported, and thus are only briefly introduced here (Figure 

9.1).15-18 CP domains can be labeled through metabolic incorporation of bioorthogonal 

CoA precursor 1. This compound is added as a component of the growth media of 

cultured bacteria, whereupon it exhibits uptake and transfer to CP domains through the 

action of the organism’s endogenous CoA biosynthetic pathway and PPTase enzymes 

(Supporting Information, Figure 9.S2).15,19 Modified proteins can then be visualized or 

enriched through chemoselective ligation of the azide group of 1 to a conjugate reporter 

alkyne using a Cu(I)-catalyzed [3+2] cycloaddition reaction (Figure 9.1).20 Alternately, 

biotinylated CoA analogue 2 can be used to label CP domains in proteomic samples by 
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application in combination with exogenously added promiscuous PPTase enzyme Sfp.16 

Notably, this chemoenzymatic approach is most effective in proteomes isolated from 

organisms deficient in PPTase activity. Finally, TE domains can be functionally enriched 

using fluorophosphonate 3, which modifies its catalytic serine residue through 

irreversible inhibition of the conserved α,β-hydrolase motif (Figure 9.1).17,21 This activity 

based protein profiling (ABPP) probe is well known for its class wide reactivity with 

serine hydrolase enzymes, and thus enriches not only terminal PKS and NRPS modules, 

but also the larger pool of cellular serine hydrolases.22,23 

In order to circumvent the limitations of gel-based strategies and expand the 

dynamic range of analysis for low abundance PKS and NRPS enzymes, we applied each 

of these probes in tandem with the gel-free protein identification platform known as 

MudPIT (Figure 9.2).12,24 This involves a two dimensional (strong cation and reverse 

phase) LC separation of peptides produced by proteolytic digest of enzymes enriched by 

probes 1-3, followed by identification by MS/MS analysis. The increased separation of 

this LC-MS/MS detection method facilitates both protein detection and relative 

quantitation between samples using spectral counting.25 Importantly, serine hydrolase 

probe 3 has been previously incorporated into this gel-free proteomics platform for the 

analysis of human samples in an approach known as ABPP-MudPIT.26 This is crucial, as 

it allows comparison of CP domain enrichment by probes 1 and 2 with a validated 

proteomic method. 

Finally, as a subject for the comparative evaluation of each of these methods for 

the global analysis of PKS and NRPS production we chose the gram-positive bacterium 

252



 
 
Figure 9.2  Schematic for functional proteomic enrichment and MudPIT analysis of PKS and NRPS 
peptides. Natural product producer proteomes are labeled with a biotin through metabolic labeling of CP 
domains followed by click chemistry (probes 1, 4), chemoenzymatic labeling of CP domains (probe 2), or 
activity-based labeling by fluorophosphonate (probe 3, depicted). Enrichment by avidin affinity 
chromatography followed by on-bead tryptic digest results in tryptic peptides of PKS and NRPS enriched 
samples. Proteins are then analyzed by multidimensional LC-MS (MudPIT) and the levels of enzyme 
activity estimated by spectral counting analysis. 
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Bacillus subtilis. This organism is well known for its production of the nonribosomal 

peptides surfactin, bacillibactin, and plipastatin, as well as the hybrid polyketide-

nonribosomal peptide natural product bacillaene.27,28 Notably, the terminal domains of 

the PKS and NRPS enzyme responsible for production of these compounds contain both 

CP and TE domains, allowing a direct comparison of PKS and NRPS labeling by 

orthogonal active site probes (Figure 9.3). We chose two strains of B. subtilis for 

profiling in this study, strain 6051 and 168.29 Strain 6051 is a wild type strain known for 

its sporulation and formation of surface-associated biofilms, while 168 is a domesticated 

laboratory strain of the organism in which multicellularity has been lost.30,31 The 

secondary biosynthetic capabilities of strain 168 also differ from wild type, due to its 

known incorporation of an in frame deletion in the gene encoding its secondary PPTase 

Sfp. This mutation halts antibiotic production by allowing for only the production of apo-

PKS and NRPS enzymes, and in turn facilitates labeling of CP domains by probe 2.17,32 

Finally, due to its role as the prototypical gram-positive endospore-forming bacteria, B. 

subtilis is one of the few natural product producers which has been well studied 

proteomically, providing a foundation for comparison of our functional proteomics 

approaches with previous studies of this organism.33  

 

Active site labeling, enrichment, and MudPIT of B. subtilis proteomes 

 

Due to our interest in natural product biosynthesis, we focused on examination of 

stationary phase proteomes isolated from B. subtilis, as earlier studies had observed PKS 

and NRPS secondary metabolism at this growth stage of growth.8,34 The wild-type strain 
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6051 was cultured in the presence of CoA precursor 1 for metabolic labeling of CP 

domains, while strain 168 was grown under identical conditions without 1. After initial 

verification of probe labeling by gel-based fluorescence profiling17,35 (Supplementary 

Figure 9.S3) isolated proteomes were biotinylated by probes 2, 3, and 4 for enrichment. 

For CP-domain enrichment, metabolically labeled proteomes of strain 6051 were 

subjected to Cu(I)-catalyzed [3+2] cycloaddition reaction with biotin alkyne 4, while 

proteomes of strain 168 were chemoenzymatically labeled with biotin CoA 2 using the 

PPTase enzyme Sfp.36 For global enrichment of serine hydrolases, including TE domains, 

both proteomes were separately incubated with fluorophosphonate 3. Each proteomic 

sample was then enriched on avidin-agarose, followed by tryptic digest and MudPIT 

analysis (Figure 9.2).26 Multiple replicate analyses were performed for each enrichment 

method (n ≥ 4), as well as for probe-free controls in which 2, 3, and 4 were not added to 

proteomes (n ≥ 2). The number of tandem mass spectra assigned to each identified 

protein (spectral counts) was used as a measure of relative abundance,25 and comparison 

of spectral counts of enzymes from enriched samples compared to probe-free controls 

was used to distinguish proteins specifically identified by CP and TE probes from 

endogenously biotinylated proteins. In addition, an ad hoc cutoff value of ≥ 15 spectral 

counts was employed to separate proteins showing probe-specific enrichment from  

background proteins.26 This value is similar to those used in previous studies, and was 

chosen based on the observation that with these criteria, >85% of fluorophosphonate 3 

enriched from B. subtilis showed annotation or strong homology to serine hydrolases. 

Replicate MudPIT data sets were averaged, and each method was assessed for number of 

PKS/NRPS proteins identified, total number of proteins observed,  
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and reproducibility. The results of these analyses are summarized in Table 9.1 (for 

individual protein identification data see Supporting Information, Tables 9.S1-S6). 

 

Comparative analysis of CP and TE probes for proteomic identification of PKS and 

NRPS enzymes 

 

We first examined each method for global identification of PKS and NRPS 

enzymes. Metabolic CP-probe 1 proved most effective in this regard, identifying 12 of 

the possible 16 PKS and NRPS CP-containing enzymes found in the B. subtilis genome, 

including hits from all four PKS and NRPS gene clusters (Table 9.1). This is especially 

remarkable given the mode of action of 1, which requires it to cross the cell membrane 

and compete with endogenous CoA for labeling of CP-domains in vivo. Chemoenzymatic 

CP-probe 2 proved similarly effective, enriching a distinct but overlapping set of modular 

biosynthetic enzymes. However, individual inspection of the proteins identified by each 

method reveals a common underrepresentation of the discrete, low molecular weight ( ~9 

kDa) CP domains of  bacterial FAS and type II PKS biosynthesis. This is likely due to the 

low number of peptides suitable for LC-MS/MS sampling which these CPs produce upon 

tryptic digest, effectively biasing the analysis method (spectral counting) against them. 

Indeed, our spectral counting criteria identified only a single type II CP, DltC (involved 

in cell wall biosynthesis), enriched only by metabolic probe 1 (Table 9.S1).37 For these 

reasons, MudPIT analyses using CP-enrichment will likely be most useful for the 

functional proteomic study of type I PKS and NRPS systems. 
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Figure 9.3  Domain organization for terminal modules of type I modular biosynthetic enzymes in B. 
subtilis. The depicted enzymes encode surfactin (SrfAD - NRPS), plipastatin (PpsE - NRPS), and 
bacillibactin (DhbF - NRPS), and bacillaene (PksR – hybrid PKS/NRPS). Each CP-containing module 
(responsible for a biosynthetic step) is color coded for clarity. Abbreviations: C, condensation domain; A, 
adenylation domain; PCP, peptidyl carrier protein; ACP, acyl carrier protein; TE, thioesterase; MT, 
methyltransferase; KS, ketosynthase; AT; acyltransferase.
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Hydrolase probe 3 also proved well-suited to the analysis of modular biosynthetic 

enzymes, identifying the TE-containing termination modules of 3 out of 4 PKS and 

NRPS enzymes in each B. subtilis strain, as well as SrfAD, a type II TE domain which is 

involved in editing of misprimed CP domains (Table 9.1).38 In strain 168 a non-TE 

containing NRPS, SrfAA, also showed specific enrichment by fluorophosphonate 3, but 

at greatly decreased spectral counts compared to CP-probe 2. This disparity suggests 

SrfAA is not a covalent target of 3, but rather is enriched due to non-covalent interaction 

with a partner enzyme biotinylated by 3, possibly SrfAC. This is remarkable, given the 

harsh denaturation and washing steps involved in our MudPIT enrichment protocol. 

Previous studies have use co-immunoprecipitation of modular biosynthetic enzymes in B. 

subtilis as evidence for the macromolecular organization of these enzymes.8 With further 

refinement, the functional proteomic probes may be able to provide similar insights into 

the affinity partners of PKS and NRPS enzymes in native organisms, an additional 

beneficial aspect of proteomic studies of natural product producers. 

 

Comparative analysis of active site labeling by metabolic CP and activity-based TE 

probes  

 

 One potential caveat to the use of CoA precursor 1 for visualization of PKS and 

NRPS enzymes is that it must compete with endogenous intracellular CoA for labeling of 

PKS and NRPS enzymes (Figure 9.S2).19 Furthermore, the non-toxic nature of metabolic 

probe 1 implies that it labels only a percentage of total cellular CP-domains, as inhibition 

of fatty acid biosynthesis (which would result from quantitative loading of fatty acid CP 
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domains by probe 1) is a validated antibiotic target. In contrast, activity-based probes 

such as fluorophosphonate 3 are applied post-lysis and are expected to label their cognate 

targets stochiometrically, provided the proteomic sample retains activity.22 In order to 

better gauge the relative labeling efficiencies of these two methods, we further examined 

the data obtained from the MudPIT analyses of 1 and 3-enriched enzymes from B. 

subtilis 6051. Previous studies have suggested spectral count based quantitation methods 

are most well-suited to analysis of higher abundance proteins, so we focused on the PKS 

termination module PksR (Figure 9.3) due to its position as the highest abundance 

PKS/NRPS target of probe 3 in B. subtilis 6051.39,40 

First, we compared the relative spectral counts observed for PksR upon 

enrichment of B. subtilis 6051 lysate with metabolic CP probe 1 (through click chemistry 

ligation – Figure 9.1) and  activity-based probe 3. This analysis indicates approximately 

equal enrichment by each method (Figure 9.4a); however, under closer scrutiny it is 

observed that much greater sequence coverage of PksR is observed after enrichment by 

CP-probe 1 than with TE-probe 3 (Figure 9.4b). Sequence coverage arising from 

enrichment with TE-probe 3 is concentrated around the TE active site (Figure 9.4b, blue 

sequences), an indication of proteolytic cleavage of some PksR enzymes in the sample. 

This is not entirely surprising, given that the labeling mechanisms of click chemistry 

probe 1 and hydrolase probe 3 prohibit the treatment of these proteomic samples with 

common protease inhibitors such as EDTA or PMSF. Our gel-based fluorescence 

analysis of probe-labeling also was suggestive of PKS/NRPS cleavage (Supporting 

Information, Supplementary Figure 9.S3).17 Correcting the spectral count data for 

sequence coverage (corrected = [spectral counts]/[sequence coverage]) leads to the 
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estimate that in vivo CP-labeling is about 25-30% as effective as TE-labeling for 

quantitative labeling of PksR active sites. However, the presence of three CP-active sites 

on PksR compensate for this overall labeling efficiency, resulting in the approximately 

equivalent spectral counts observed. Thus, despite its lower overall efficiency, the 

abundance of CP-domains in type I PKS and NRPS biosynthetic enzymes (> 1 CP 

domain per module) make metabolic labeling by 1 a comparably efficient method for 

enrichment and identification of many PKS and NRPS enzymes. 

 

Comparative analysis of specificity and reproducibility of CP and TE probes for 

functional enrichment PKS and NRPS enzymes 

 

In addition to enrichment of low abundance enzymes, one major advantage of 

metabolic and activity-based probes 1-3 in proteomic analyses is their ability to provide a 

functional readout of posttranslational modification and hydrolytic activity in PKS and 

NRPS biosynthetic pathways.41 Their utility in functional proteomics is therefore related 

to their ability to enrich targets based on a designated mode of action, in the cases of 

probes 1-2 reaction with apo-CP domains, in the case of probe 3 reaction with a 

nucleophilic serine residue. In order to assess the relative functional proteomics 

capabilities of each labeling method we inspected the targets of probes 1-3 to provide 

insight into the proteomic selectivity of each. ABPP probe 3 enriched the smallest total 

number of proteins, followed by chemoenzymatic probe 2, and metabolic label 1 (Table 

9.1). The majority of enzymes labeled by 3 in both samples are annotated or homologous 

to serine hydrolases, consistent with its mode of action.21,22 Analysis of sequence 
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coverage for the PKS and NRPS enzymes enriched by both CP and TE probes showed a 

lack of coverage for peptides corresponding to the known CP and TE active sites of these 

enzymes, a finding also in accord with the specific labeling of these proteins through 

their enzymatic activities. However, only ~20-25 % of the total proteins identified by CP-

probes 1 and 2 are annotated as CP-containing enzymes, indicating that these probes have 

substantial off-target reactivity. This is not unexpected, as the Cu(I)-catalyzed 

chemoselective ligation reaction used for detection of enzymes labeled by metabolic 

probe 1 is well-known to show some nonselective labeling of proteomic samples,20 while 

excess biotin-CoA 2 could result in enrichment of non CP-proteins which strongly bind 

the CoA or adenylate moiety.42 These non-CP protein hits also may represent authentic 

targets of the 4’-phosphopantetheine posttranslational modification which are not 

currently annotated as such, a phenomena previously observed in B. subtilis.43,44  

Finally, because probe targets were identified based on averaging of spectral 

count data generated from multiple data sets, we also performed a statistical analysis to 

assess the reproducibility of protein identifications between each individual MudPIT run 

for each enrichment method. Fluorophosphonate 3 showed reproducible spectral count 

measurements of a consistent pool of enzymes with a standard error of the means 

(S.E.M.) below 30%, consistent with previous reports (Table 9.1).26 Metabolic CP-probe 

1 showed similarly high reproducibility. In contrast, chemoenzymatic CP-probe 2 showed 

variability in the identification of one third (15/45) of its identified targets, possibly due 

to loss of activity of recombinant Sfp between sample preparations. This indicates probes 

1 and 3 may be better suited for spectral counting-based quantitation of PKS and NRPS 

enzymes in proteomic samples. 
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Spectral count-based quantitation of PKS and NRPS enzymes in Bacillus subtilis 

Next we applied these methods to analyze the relative expression of PKS and 

NRPS enzymes in B. subtilis strains 6051 and 168. Because CP probes 1 and 2 label their 

cognate PKS and NRPS enzymes by different mechanisms in these two strains, we 

focused on comparison of data generated by ABPP-MudPIT analysis using 

fluorophosphonate 3.26 As can be seen in Figures 9.5e and 9.6a, the terminal NRPS 

enzymes SrfAC and DhbF show strong upregulation in strain 168, demonstrating 

enrichment at levels 5-10 times observed in strain 6051 as estimated by spectral count 

analysis. This finding is consistent with the higher levels of SrfAC observed in strain 168 

during our previous gel-based proteomic studies of this organism.17 The overall 

upregulation of the Srf operon is also evidenced by the greater spectral counts observed 

for the type II TE domain SrfAD in strain 168. PksR, the PKS module responsible for 

chain termination in the biosynthesis of bacillaene, demonstrated the opposite 

relationship, with higher levels found in strain 6051 (Figure 9.5e).  

In addition to providing a readout of PKS and NRPS enzymatic activity in 

proteomic samples, enrichment by fluorophosphonate 3 also provides insight into the 

functional activity of ancillary hydrolases in this organism. In particular, strain 168 

showed higher expression levels of several serine hydrolases, including Isp and Bpr, 

which were not functionally enriched in strain 6051 despite growth under equivalent 

conditions (Figure 9.5e).45-47 Bpr is known to be ribosomally produced as a zymogen, and 

its enrichment by fluorophosphonate 3 provides strong evidence that this enzyme has 

been proteolytically processed to its holo-form in late stationary phase cultures of strain 
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168.48 In contrast strain 6051 showed identification of an overlapping but distinct pool of 

hydrolases after enrichment by 3, including several unannotated hydrolases (YjcH, YtaP) 

which were enriched at high abundance.49 In future studies these secondary hydrolase 

identifications may be helpful in delineating the regulatory pathways of secondary 

metabolism, or alternately may be used as biomarkers associated with production of  

specific natural products. 

 

Assessing the orthogonal nature of CP and TE active site probes for detection of 

PKS and NRPS enzymes 

 

One of the most unique properties of PKS and NRPS modular biosynthetic 

enzymes is their utilization of multiple active sites within the context of a single 

polypeptide. Potentially, this property could be used to facilitate enrichment of specific 

subsets of PKS and NRPS enzymes (i.e. those containing both a CP and TE domains) 

from complex proteomic mixtures based on the application of orthogonal active site 

probes (i.e. 1 and 3) followed by purification using orthogonal affinity purification 

methods. As a first step towards developing such a method, we assessed the orthogonal 

active site labeling properties of CP (1-2) and TE (3) probes by comparing the proteins 

identified from B. subtilis proteomic samples using each (Figure 9.5a and 9.5b). In B. 

subtilis strain 6051, four proteins (PksR, DhbF, HutI, and GatA) show enrichment by 

both probes 1 and 3 under the criteria applied. Probes 2 and 3 show similar orthogonal 

enrichment properties in strain 168, with five proteins (DhbF, SrfAA, SrfAC, AhbF, and 

Tuf), also being identified. Compared to the total pool of enzymes enriched by any single  
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Figure 9.5  Comparison of enzyme identifications and functional proteomics relationships revealed by by 
1-3. (a-d) Venn diagrams comparing protein identifications made by CP-probes 1-2 and TE-probe 3. Areas 
of overlap indicate proteins identified by both analyses, non-overlapping areas indicate distinct 
identifications.  (e) Truncated list of PKS/NRPS and non-PKS/NRPS proteases showing differential 
enrichment between strains 6051 and 168 using probe 3. For full list of identified proteins by each method 
see Supplementary Tables 9.S1-6.
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probe, these doubly identified enzyme pools are extremely rich in PKS and NRPS 

proteins, particularly those containing both CP and TE domains (Figure 9.5a-b). This 

observation highlights the unique susceptibility of modular biosynthetic enzymes to such 

bifunctional enrichment methods. 

We further explored this phenomenon on the peptide level. Identification of PKS 

and NRPS peptides may be used to facilitate cloning of natural product biosynthetic gene 

clusters, an approach we have previously demonstrated in studies focusing on labeling of 

fatty acid biosynthetic enzymes by 1.15 Here looked at individual rather than averaged 

MudPIT datasets, and analyzed the number of unique peptides which were identified in 

every dataset generated by MudPIT of the B. subtilis proteome following enrichment by 

probes 1 and 3, but were identified in none of the datasets generated by MudPIT of the B. 

subtilis proteome following enrichment using an identical protocol but with no probe 

applied. 

We first examined the impact of both the enrichment methods used (i.e. CP or TE 

targeting) as well as the number of data sets collected/contrasted on the total number of 

unique peptides identified. As can be seen in Table 9.2, collection of an increasing 

number of data sets reduces the size of the pool (total peptides, Table 9.2). As the peptide 

pool shrinks, the overall percentage represented by PKS and NRPS (% PKS/NRPS) 

increases, indicating reproducible isolation of a subset of PKS and NRPS peptides. 

Examining the proteins to which these peptides are assigned to indicates their enrichment 

accurately reflect the mechanism of the functional proteomic probes (1 and 3) utilized, as 

every PKS and NRPS peptide identified in the final two table entries originates from a  
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Figure 9.6  Comparison of NRPS levels in B. subtilis 168 and B. subtilis 6051 using hydrolase (TE) probe 
3. (a) Comparison of NRPS levels in B. subtilis 168 and B. subtilis 6051 using TE-probe 3. All three NRPS 
termination modules of B. subtilis as well as the type II thioesterase encoded in the srf gene cluster (SrfAD) 
are highly upregulated in strain 168. (b) Comparison of PksR levels in B. subtilis 168 and B. subtilis 6051 
using TE-probe 3. Wild-type organism 6051 shows higher levels of PksR than does 168 (<15 spectral 
counts). For complete tabulated data see Supplementary Tables 9.S3 and 9.S4. 
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Table 9.2  Analysis of the orthogonal enrichment properties of active site probes 1 and 3 on a peptide level. 
Collection of a greater number of MudPIT data sets using each enrichment method (1 or 3) decreases the 
total number of peptides (total peptides) uniquely identified in probe-labeled samples. The use of 
orthogonal active site probes biases the identified peptides towards PKS/NRPS enzymes (% PKS/NRPS 
increasing), particularly those containing CP-TE domains (% CP-TE). A list of peptides identified from the 
bottom row (consisting of 40 unique peptide identifications observed in all 9 probe 1/3 enriched samples 
but not in no probe datasets) is provided in Table 9.S7 (Supporting Information). 
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CP- and TE-containing terminal PKS or NRPS module. Unique peptides are observed 

from the terminal domains SrfAC, DhbF, PpsE, and PksR, which together make up every  

PKS and NRPS coded for in the B. subtilis genome.49 This is especially remarkable given 

the previously observed low abundance of the SrfAC and PpsE enzymes in B. subtilis 

6051 samples, as detailed above. Analysis of each of the 40 unique peptides observed in 

the final dataset (Table 9.2, bottom row; a full list of peptides is given in Supplementary 

Table 9.S7) using the error tolerant Basic Local Alignment Search Tool MS-BLAST 

showed PKS/NRPS homology only for annotated peptides from PKS and NRPS gene 

clusters among the top ten hits.50 While this is an extremely crude analysis given the 

presence of several other species of Bacilli in the searched database, this does suggest 

that homology based approaches may be useful in distinguishing PKS and NRPS peptides 

enriched by 1 and 3 from their non-specific background targets. An additional obstacle 

that must be addressed before this approach can be extended to unsequenced producer 

organisms of interest is that this preliminary study made mass spectral assignments based 

on database searching,51 while in unsequenced organisms no such database exists. For 

this reason we are currently in the process of assessing the utility of making peptide 

identifications using alternate assignment methods such as error tolerant database 

searching52 and de novo sequencing53 to perform a similar analysis. Here our B. subtilis 

analyses provide valuable datasets to further train and assess each of these bioinformatics 

methods. These studies are currently ongoing. 

 

Discussion 
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 Almost 40 years ago, the first investigations into the biochemistry of polyketide 

and nonribosomal peptide biosynthesis were performed utilizing PKS and NRPS 

enzymes purified from natural product producers such as Penicillium patulum and 

Brevibacillus brevis.54,55 These studies were essential in building the foundational 

hypotheses of what we now know as the modular biosynthetic paradigm, but were 

hindered by the laborious nature of traditional protein fractionation methods, often 

resulting in isolation of PKS and NRPS enzymes of varied activity. Since the advent of 

modern molecular biology, PKS and NRPS enzymes have been the subject of detailed 

enzymological study in vitro using recombinantally expressed enzyme preparations.1,56 

However, while such studies have greatly enhanced our understanding of the 

mechanisms, posttranslational modification, and substrate specificity of these enzymes, 

there remains a fundamental gap between our detailed understanding of these organisms 

in vitro and our less developed knowledge of their regulation, interaction, and activity in 

native natural product producers. Targeted proteomic study of natural product 

biosynthetic processes could help fill this gap, but require the development of new 

methods for their analysis, the subject of this report. 

 The proteomic study of PKS and NRPS biosynthetic enzymes presents several 

technical challenges, even in a well-characterized organism such as B. subtilis. These 

enzymes incorporate multiple posttranslational modifications and utilize varied 

enzymatic architectures with biochemical properties ranging the extremes of molecular 

weight and pI. Furthermore, while virtually no data exists investigating the relative levels 

of PKS and NRPS enzymes in natural product producers, their natural abundance is 

expected to be low. A survey of previous two-dimensional gel electrophoresis (2DE) 
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based proteomic studies of the B. subtilis cytosolic fraction finds only a single NRPS CP 

domain identification, the natural carrier protein-isochorismate lyase fusion protein 

DhbB.57 Not surprisingly, this enzyme is of intermediate size (~40 kDa) relative to most 

PKS and NRPS carrier proteins, a property which may have facilitated its identification.  

 To circumvent these obstacles and guide future efforts at the proteomic analysis 

of natural product producing organisms, we have performed a full study of the use of 

recently reported PKS and NRPS active site probes in combination with the 2D-LC-

MS/MS platform MudPIT for the identification of modular biosynthetic enzymes in B. 

subtilis. PKS/NRPS active site probes 1 and 2 label CP domains through their 

endogenous mechanism of posttranslational modification, while fluorophosphonate 3 is 

an activity-based probe which provides global enrichment of serine hydrolases including 

TE domains (Figure 9.1). In this initial study we sought to answer a variety of questions 

regarding the sensitivity, efficiency, specificity, and reproducibility of these techniques in 

the study of PKS and NRPS proteins. Metabolic CP-probe 1 provided the best overall 

coverage of PKS and NRPS enzymes of any probe used, facilitating identification of 

multiple proteins from all four PKS/NRPS gene clusters (srf, dhb, pps, pks) in this 

organism (Table 9.1). The increase in PKS/NRPS dynamic range provided by enrichment 

of CP domains using probe 1 prior to MudPIT analysis is emphasized by comparison to a 

previous gel-free study, which used MudPIT to analyze the unfractionated cytosolic 

proteome of B. subtilis 168.58 This previous study resulted in identification of only the Srf 

biosynthetic enzymes, despite the use of laboratory strain 168, which we have shown 

here to produce considerably higher levels of NRPS enzymes than wild type B. subtilis 

6051. Promisingly, we have previously demonstrated the utility of 1 in the labeling of CP 
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domains of a number of bacterial organisms, including Escherichia coli, Schewanella 

oneidensis, and Brevibacillus brevis,15 and a survey of genomes shows that a number of 

organisms, including several species of marine and terrestrial actinomycetes, contain 

CoA biosynthetic pathways compatible with metabolic labeling by 1. Future testing in 

our laboratory will aim to further outline the diversity of organisms and pathways which 

may be studied using this metabolic labeling strategy. 

 Chemoenzymatic CP label 2 showed similar coverage of PKS and NRPS enzymes 

with slightly decreased background labeling (Table 9.1). However, a subset of enriched 

enzymes showed high inter-dataset variation, a characteristic not observed with probes 1 

and 3 (Supporting Information, Table 9.S2). Another limitation to this method is also of 

narrower utility than metabolic label 1, as previous studies have shown that 

chemoenzymatic labeling by biotin-CoA and Sfp is effectively blocked by endogenous 

PPTase activity.16 Indeed, when applying this method to wild-type B. subtilis 6051 

proteomes we saw no evidence of CP-labeling above background. Therefore, enrichment 

of PKS and NRPS enzymes using chemoenzymatic label 2 may be most effective in 

combination with PPTase inhibitors or in mutant PPTase knockout organisms.  

Both CP probes 1 and 2 showed enrichment of many B. subtilis enzymes not 

currently annotated as polyketide, nonribosomal peptide, or fatty acid biosynthetic 

enzymes (Table 9.5c). While even the most reliable of chemical proteomic labeling 

methods are well-known to have instances of off-site reactivity (i.e. labeling of the 

human proteasome by 3), an alternate explanation for these enzyme identifications is 

their representation of non-canonical, 4’-phosphopantetheinylated targets of PPTase 

activity.59 This phenomenon was previously observed in B. subtilis during genomic 
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profiling of PKS and NRPS enzymes by phage display.43 Because such proteins would be 

expected to be identified by both probes 1 and 2, we compared non-PKS and NRPS 

proteins identified in these analyses, and found ten such enzymes (Supporting 

Information, Table 9.S5 a). These enzymes are excellent candidates for expression and 

future biochemical study, which will be necessary to validate these enzymes as true 

targets of the PPTase posttranslational modification. More important form the perspective 

of this study is the ability of such a functional proteomics approach to generate new 

hypotheses even in a well-studied organism such as B. subtilis.  

 The utility of activity-based probe 3 in the proteomic study of eukaryotic systems 

has been well-demonstrated in the past, and it proved a similarly privileged scaffold for 

analysis of natural product biosynthetic enzymes. Enrichment by 3 allowed for the 

expression-level dependent identification of the terminal TE-containing modules of all 

four type I PKS/NRPS in B. subtilis. Also identified was SrfAD, the discrete type II TE 

involved in editing of misprimed CP domains during PKS/NRPS biosynthesis, and YtpA, 

a hydrolase involved in biosynthesis of the phospholipid antibiotic bacilysocin (Tables 

9.S3-4).60 Taken together these data indicate the principal role hydrolases play in natural 

product biosynthesis, and the utility of profiling their varied activities with activity-based 

probes such as 3.  

 In addition to comparing the sensitivity, specificity, and reproducibility of each 

labeling method, we also used activity-based probe 3 to report on the relative PKS and 

NRPS activity between strains, comparing natural product biosynthetic enzyme 

production in strains 6051 and 168 of B. subtilis. Using this approach we observed strong 

upregulation of the surfactin and bacillibactin pathways in strain 168, while 
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undomesticated strain 6051 produced higher levels of the biosynthetic enzymes 

responsible for production of the hybrid PKS-NRPS natural product bacillaene (Figure 

9.6). The high levels of SrfAC observed in B. subtilis 168 are consistent with the known 

properties of this strain, which is highly competent relative to wild type strains such as 

6051 (one reason for its routine use in molecular biology applications).61 Competence, in 

turn, is under control of the transcription factor ComA, which is known to drive 

expression of the srf operon. Transcription of the dhb operon is iron regulated, and the 

lack of a functional PPTase required for biosynthesis of the siderophore bacillibactin is 

likely responsible for slight iron deficiency, leading to the observed upregulation in B. 

subtilis 168. In contrast, little is known about regulation of bacillaene production, and 

further study will likely be necessary to decipher the physiological basis for the higher 

levels of this enzyme observed in strain 6051. 

Additional content provided by proteomic profiling of B. subtilis using activity-

based probe 3 was the identification of non-PKS/NRPS hydrolases differentially 

expressed in the two strains. Interestingly, Isp and Bpr, two proteases which showed 

strong expression in strain 168, Isp and Bpr, are under control of the DegU regulon, 

which has been found to antagonize ComA-mediated transcription of the srf gene cluster 

under conditions of high protease production.62,63. Two uncharacterized hydrolases, YjcH 

and YtaP, were identified at high levels in strain 6051 but not in 168 cells grown under 

equivalent conditions (Figure 9.5e). While in this initial study we have focused mainly on 

method development rather than the physiological significance of individual protein 

identifications, the continued generation of such differential hydrolytic activity profiles 

have potential to provide proteomic biomarkers for the pathway-specific production of 
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natural products, and thus could be useful in the monitoring and facilitating the functional 

improvement of fermentative microorganisms. 

 Finally we assessed the orthogonal enrichment properties of CP and TE probes by 

comparing the protein and peptide identifications made by each. Analysis at the protein 

level provided strong evidence for the distinct mechanisms of action of these two probes, 

with very few proteins demonstrating enrichment by both probe sets (overlapping area, 

Figure 9.5a and 9.5b). Similar qualities were observed by contrasting peptide 

identifications made after enrichment with both probes 1 and 3 with those enriched in 

corresponding no probe controls. This subtractive approach facilitated identification of a 

small pool of peptides which showed consistent enrichment by both the CP probe 1 and 

TE probe 3, and in combination with homology-based analysis allowed discrimination of 

peptides originating from multifunctional CP-TE containing PKS and NRPS enzymes 

from the background targets of each individual probe. A similar approach may be useful 

in accelerating the identification of natural product gene clusters in unsequenced 

organisms, as knowledge of PKS and NRPS peptide sequences could be applied to the 

design of degenerate PCR-primers in a reverse-genetics approach to gene discovery. 

Further studies addressing the specific bioinformatic and technical challenges involved in 

this approach are currently underway. 

  

Conclusion 

 

 In this work we have performed the first detailed study of functional proteomic 

methods for the global analysis of bacterial PKS and NRPS biosynthetic enzymes, and 
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demonstrated the analytical power of the MudPIT platform when applied in combination 

with PKS and NRPS directed active site probes. The CP and TE-directed labeling 

strategies examined can be used for the highly sensitive detection and analysis of PKS 

and NRPS enzymes from wild-type natural product producer organisms, and each has 

corresponding advantages and limitations which have been outlined here. These methods 

are complementary to existing biochemical, genetic, and structural methods of analysis, 

and thus stand to complement and expand our knowledge of these molecular assembly 

lines. 
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Supporting Information 

 

Supplementary Figures 

 
 
Figure 9.S1  Completed list of probe structures used for profiling PKS and NRPS enzymes in this 
study. Structures for probes 1-3 are given in Figure 9.1. (a) Probe 4 is a biotin alkyne conjugate which 
can be appended to proteins metabolically labeled by azide 1 using Cu(I)-catalyzed [3+2] 
cycloaddition (click) chemistry. Biotinylated proteomes are then enriched by standard avidin affinity 
chromatography. On-bead tryptic digest followed by MudPIT and spectral count analysis is used for 
protein identification  (b) Probes 5-7 incorporate fluorescence which can be used for visualization of 
probe-labeled proteins by in gel fluorescence scanning following SDS-PAGE. This can be used as a 
facile check of probe-labeling prior to enrichment and MudPIT analysis (see Figure 9S3). 
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Figure 9.S2  Detailed mechanism of labeling by metabolic CP-probe 1 (process is abbreviated in 
Figure 1). In vivo labeling strategy. Cells are grown in the presence of azido-CoA precursor 1. After 
uptake, the native CoA biosynthetic enzymes (PanK, PPAT, and DPCK) convert 1 to the azido-CoA 
analogue (depicted in Figure 9.1), which is then transferred to PKS and NRPS CP domains by the 
endogenous PPTase enzyme. After cell lysis azide-modified CPs can be detected by click chemistry 
reaction with alkyne probes 4 (affinity) or 7 (fluorescence – see Figure 9S 1 for structures). 
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Figure 9.S3  Fluorescent gel images for B. subtilis 6051 and 168 samples labeled with probes 5-7. The 
number of bands labeled by CP probes 1 and 6 is considerably larger than the number of annotated CP 
containing PKS/NRPS/FAS enzymes, suggesting substantial proteolysis of these proteins occurs 
following cell lysis. For additional fluorescent profiling data for these two strains see reference 17. 
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Materials 

 

Pantetheine azide 1,18 Biotin CoA 2,16 fluorophosphonate biotin 3,21 Biotin alkyne 4,19 

TAMRA CoA 5, 16 fluorophosphonate TAMRA 6,35 and rhodamine alkyne 7 15 were 

synthesized as previously described. Recombinant Sfp was expressed and purified as 

previously described.16 Luria-Bertani (LB) media was purchased from Aldrich. Bis-Tris 

NuPage gels (4-12%) were purchased from Invitrogen. PD10 desalting columns were 

purchased from GE Healthcare. Avidin-agarose was purchased from Aldrich. Capillary 

columns were prepared by drawing 100 µm inner diameter deactivated, fused silica 

tubing (Agilent) with a Model P-2000 laser puller (Sutter Instruments Co.) and packed at 

~ 600 psi with the appropriate chromatography resin (Aqua C18 reverse phase resin 

[Phenomex] or Partisphere strong cation exchange resin [Whatman]) suspended in 

methanol. Desalting columns were packed with 3 cm C18 resin, while biphasic MudPIT 

columns were packed with 10 cm C18 and 3 cm strong cation exchange (SCX) resin. 

Fluorescent visualization probe-labeled proteins by SDS-PAGE was performed using a 

Typhoon Laser Flatbed Scanner (GE Healthcare) with excitation at 532 nm. Total protein 

content was visualized by Blue-silver coomassie stain made according the published 

procedures.65 LC-MS analysis was performed using an LTQ ion trap mass spectrometer 

(ThermoFisher) coupled to an Agilent 1100 series HPLC.  

 

Culture Conditions and Proteome Preparation 
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B. subtilis strains 168 and 6051 were streaked on LB-agar and incubated overnight at 37 

°C. A single colony of each strain was picked and used to inoculate individual 5 mL 

liquid LB starter cultures and rotated overnight at 37 °C. These starter cultures (2 mL 

each) were then used to inoculate 1 L of autoclaved LB media. Media was supplemented 

with 1 (1 mM; 1000 mM stock solution in DMSO) prior to inoculation of B. subtilis 

6051, while an equivalent amount of vehicle DMSO (0.1%) was added to B. subtilis 168 

cultures. These cultures were then grown aerobically at 37 °C with vigorous agitation and 

their growth curves plotted by analyzing optical density at 600 nm. Cells were harvested 

in stationary growth phase at an OD600 of 1.3. After centrifugation (8000xg for 20 min at 

4 °C) cell pellets were washed twice with lysis buffer (25 mM potassium phosphate, pH 

7.0, 100 mM NaCl) and again centrifuged. After resuspension in lysis buffer (50-100 

mL), cell lysis is performed by two passes through a French pressure cell, followed by treatment 

with DNase I for 30 minutes at 0 °C and clearing of cell debris by centrifugation (20,000xg for 

30 min at 4 °C). Protein concentration was determined by BCA assay, resulting in 

isolation of unfractionated proteomes of ~5-15 mg/mL. For long-term storage of 

proteomes for gel-based experiments, proteomic preparations are diluted with glycerol to 

a final concentration of 10% and stored -80 °C. Under these conditions proteomic 

proteins were found to retain activity over multiple (>10) freeze thaw cycles. For 

MudPIT analyses 1 mg aliquots of proteomes are stored at -80 °C without glycerol and 

thawed immediately prior to enrichment with probes 2-4, as the presence of glycerol was 

found to severely impede downstream analysis. 
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Fluorescent SDS-PAGE analysis of probe labeling 

 

Metabolic labeling by 1 was initially confirmed by SDS-PAGE and in-gel fluorescence 

scanning as reported previously.15,19 Briefly, to a 30 μL reaction mixture of B. subtilis 

6051 proteome (isolated from bacteria grown with 1; 1 mg/mL) in sodium phosphate, pH 

7.5 (50 mM) was added sequentially rhodamine-alkyne 7 (50 μM; 5 mM stock solution in 

DMSO), TCEP (1 mM; 100 mM stock in H2O), tris-(benzyltriazolylmethyl)amine ligand 

(100 μM; 1.7 mM stock in DMSO:t-butanol 1:4), and CuSO4 (1 mM; 50 mM stock in 

H2O). Samples were vortexed and incubated at room temperature for 1 hr. Cycloaddition 

reactions were quenched by addition of EDTA (5 mM; 0.5 M stock in H2O) and 5x SDS-

loading buffer (strong reducing) and subjected to SDS-PAGE (22 μL per well). Excess 

probe fluorescence was removed by destaining in a solution of 50% MeOH / 40% H2O / 

10% AcOH overnight. Gels were then washed with water and fluorescently visualized 

using a Typhoon Laser Flatbed Scanner (GE Healthcare) with excitation at 532 nm. A 

characteristic intense low molecular weight fluorescence signal ~ 20 kDa (previously 

identified as the fatty acid acyl carrier protein AcpP) is indicative of probe labeling. 

 

Chemoenzymatic labeling by 2 was initially confirmed by SDS-PAGE and in gel 

fluorescence scanning as reported previously.16,17 Briefly, to a 30 μL reaction mixture of 

B. subtilis 6051 proteome (isolated from bacteria grown with 1; 1 mg/mL) in sodium 

phosphate, pH 7.5 (50 mM) was added sequentially TAMRA-CoA 5 (10uM), MgCl2 (40 

mM), and Sfp. Samples were vortexed and incubated at room temperature for 1 hr. The 
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reaction was quenched with 5x SDS- loading buffer (strong reducing) and analyzed by 

SDS-PAGE with in-gel fluorescence scanning as above. 

 

Activity-based labeling by fluorophosphonate 3 was initially confirmed by SDS-PAGE 

and in gel fluorescence scanning as reported previously.17,35 Briefly, to a 30 μL reaction 

mixture of B. subtilis 6051 proteome (isolated from bacteria grown with 1; 1 mg/mL) in 

Tris-Cl, pH 8.0 (50 mM) was added fluorophosphonate-TAMRA 6 (2 μM). Samples 

were vortexed and incubated at room temperature for 1 hr. The reaction was quenched 

with 5x SDS- loading buffer (strong reducing) and analyzed by SDS-PAGE with in-gel 

fluorescence scanning as above. 

 

Metabolic labeling, click chemistry, and protein enrichment protocol for probe 1 

Whole cell proteomes of B. subtilis 6051 grown in the presence of metabolic probe 1were 

adjusted to a final protein concentration of 1 mg/mL and subjected to Cu(I)-catalzyed 

[3+2] cycloaddition with biotin alkyne 4 using a procedure analogous to previous 

reports.15,20  Briefly, to a 1000 μL reaction mixture of B. subtilis 6051 proteome (1 

mg/mL in 50 mM sodium phosphate, pH 7.5) was added sequentially SDS (0.1%, 10% 

stock in H2O), sodium acetate (43 mM, 1 M stock in H2O), biotin-alkyne 4 (29 μM; 56.5 

mM stock solution in DMSO), TCEP (1 mM; 100 mM stock in water), tris-

(benzyltriazolylmethyl)amine ligand (90 μM; 1.7 mM stock in DMSO:t-butanol 1:4), and 

CuSO4 (0.9 mM; 50 mM stock in H2O). Samples were vortexed and incubated at room 

temperature for 2 hr. Cycloaddition reactions were quenched by addition of EDTA (5 

mM; 0.5 M stock in H2O) and Triton-X added (1%, 10% stock in H2O) and the reactions 
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rotated at 4 °C for 1 hour.26 Reactions were loaded onto a pre-equilibrated PD10 

Desalting column (GE Healthcare) to remove excess biotin alkyne 4, collected, and 

denatured by addition of SDS to 0.5% and heating at 90 °C for 10 minutes. Samples were 

diluted to an SDS concentration of ~ 0.2% and allowed to cool to room temperature 

before addition of 50 μL pre-washed avidin-agarose, whereupon samples were rotated at 

4 °C for 1 hour to facilitate avidin binding of biotinylated proteins. Avidin-agarose bound 

samples were then washed sequentially with 1% SDS, 6 M urea, and 50 mM Tris-Cl pH 

8.0 (two washes each), and resuspended in 200 µL 8M urea, 50 mM Tris-Cl pH 8.0. 

Samples were then prepared for on-bead digest by reduction with 10 mM tris(2-

carboxyethyl)phosphine (TCEP) and alkylation with 12 mM iodoacetamide. Samples 

were diluted to 2 M urea with 50 mM Tris-Cl pH 8.0 (400 µL total volume), followed by 

addition of trypsin and 2 mM CaCl2. Digests were allowed to proceed overnight at 37°C 

overnight. After extraction, tryptic peptide samples were acidified to a final concentration 

of 5% formic acid and frozen at -80°C for MudPIT analysis. 

 

Chemoenzymatic labeling and protein enrichment protocol for probe 2 

Whole cell proteomes of B. subtilis 168 were adjusted to a final protein concentration of 

2 mg/mL and labeled with chemoenzymatic CP probe 2 using a procedure analogous to 

previous reports.16,17 Briefly, to a 500 μL reaction mixture of B. subtilis 168 proteome (2 

mg/mL in 50 mM Tris-Cl, pH 8.0) was added biotin-CoA 2 (25 μM; 1 mM stock in 

H2O), MgCl2 (10 mM; 0.5 M stock in H2O), and Sfp (8.8 μg). Samples were vortexed 

and incubated at room temperature for 1 hr, before addition of Triton-X and rotation at 4 
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°C for 1 hour. Samples were then desalted, denatured, avidin-affinity purified, and 

prepared for MudPIT as detailed in the protocol for metabolic probe 1 (above).26 

 

Activity-based labeling and protein enrichment protocol for probe 3 

Whole cell proteomes of B. subtilis 6051 grown in the presence of metabolic probe 1 

were adjusted to a final protein concentration of 1 mg/mL and labeled with activity-based 

probe 3 using a procedure identical to previous reports.22,26 Briefly, to a 1000 μL reaction 

mixture of B. subtilis 6051 proteome (1 mg/mL in 50 mM Tris-Cl, pH 8.0) was added 

fluorophosphonate-biotin 3 (5 μM; 1 mM stock in DMSO). Samples were vortexed and 

incubated at room temperature for 2 hr, before addition of Triton-X and rotation at 4 °C 

for 1 hour. Samples were then desalted, denatured, avidin-affinity purified, and prepared 

for MudPIT as detailed in the protocol for metabolic probe 1 (above). An identical 

procedure was employed for labeling of B. subtilis 168. 

 

Liquid chromatography – mass spectrometry (MudPIT) analysis  

Tryptic peptides enriched by each probe (1-3) were loaded onto a biphasic (strong cation 

exchange/reverse phase) capillary column and analyzed by 2D-LC separation in 

combination with tandem MS as previously described.26 Peptides were eluted in a five-

step MudPIT experiment and data were collected in an ion trap mass spectrometer 

(Finnigan LTQ) set in a data-dependent acquisition mode with dynamic exclusion turned 

on (60 s). Each full MS survey scan was followed by 7 MS/MS scans. Spray voltage was 

set to 2.75 kV and the flow rate through the column was 0.25 µL/min. 
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Analysis of MS Data 

RAW files were generated from mass spectra using XCalibur version 1.4, and ms2 

spectra data extracted using RAW Xtractor (version 1.9.1) which is publicly available 

(http://fields.scripps.edu /?q=content/download). Ms2 spectral data were searched using 

the SEQUEST algorithm66 (Version 3.0) against a custom made database containing 

72,177 sequences that were concatenated to a decoy database in which the sequences for 

each entry in the original database was reversed. In total the search database contained 

144,354 protein sequence entries (72,177 real sequences and 72,177 decoy sequences). 

SEQUEST searches allowed for oxidation of methionine residues (16 Da), static 

modification of cysteine residues (57 Da-due to alkylation), no enzyme specificity, and a 

mass tolerance set to ±1.5 Da for precursor mass and ±0.5 Da for product ion masses. 

The resulting ms2 spectra matches were assembled and filtered using DTASelect2 

(version 2.0.27). For this analysis, trypic, half-tryptic and fully-tryptic peptides were each 

individually evaluated using the DTASelect2 software.  In each of these sub-groups the 

distribution of Xcorr and DeltaCN values for a direct (to the direct database) and decoy 

(reversed database) were separated by quadratic discriminant analysis.  Outlier hits in the 

two distributions were removed.  Spectral matches were retained with Xcorr and deltaCN 

values that produced a maximum peptide false positive rate of 1% which was derived 

from the frequency of matches to the decoy reverse database (number of decoy database 

hits/number of filtered peptides identified× 100).67,68 This value is calculated by the 

DTASelect2 software.  In addition, a minimum peptide length of seven amino acids 

residues was imposed and protein identification required the matching of at least two 

peptides per protein.  Such criteria resulted in the elimination of most decoy database 
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hits.  In our dataset the identification non-tryptic peptides included half-tryptic peptides 

from the N- and C- terminus of the identified proteins. Other non-tryptic peptides which 

were identified may represent endogenous activities of cellular proteases or peptides 

generated by in-source fragmentation.  

Total spectral counts, protein sequences, and peptides were compiled into an 

Excel spreadsheet and manually sorted to filter proteins according to the designated 

spectral counting criteria and unique peptide criteria detailed in the text. Proteins 

identified at spectral counts greater than 15 and ratios greater than 10 in probe enriched 

versus non-enriched samples were designated functionally enriched probe targets. 

Manual comparison of these targets was used to identify proteins found in multiple 

datasets (Supplementary tables 9S 5-6). The Conserved Domains tool (NCBI) was used 

to estimate the percentage of B. subtilis proteins enriched by probe 3 which showed 

homology to serine hydrolases. 
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