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ABSTRACT OF THE DISSERTATION 

Co-opting CoA Biosynthesis for the In Vivo Modification of Carrier Proteins 

 

by 

 

Andrew Christopher Mercer 

Doctor of Philosophy in Chemistry 

University of California, San Diego 2008 

Professor Michael Burkart, Chair 

 

Polyketides and non-ribosomal peptides are a rich source of bioactive 

compounds. These natural products, as well as fatty acids, are made by carrier 

proteins dependant synthases. In these biosynthetic pathways the carrier protein 

functions to isolate building blocks from the cytoplasm and deliver growing 

intermediates to the proper enzyme active site. The carrier protein mediates this 

tethering via a posttranslationly attached 4’phosphopantetheine arm. This arm is 

derived from Co-enzyme A. Our goal was to manipulate the posttranslational 

modification of the carrier protein domain in order to modify, identify, and isolate 

carrier proteins and their synthases from natural product producing organisms.   

Initially we used CoA derivatives to modify carrier proteins in vitro. 

However, we have found that both in vitro and in vivo, pantetheine analogs can be 

  xvi



  xvii

converted into CoA analogs using the native CoA biosynthetic pathway. Using 

this knowledge we made a panel of pantetheine analogs and tested them for the 

ability to be processed by the CoA biosynthetic machinery as well as the ability to 

modify carrier proteins in vivo. We found that a wide range of pantetheine analogs 

can be converted into CoA analogs in vitro, but only analogs that have a good 

kinetic profile with the first enzyme in the CoA biosynthetic pathway, panK, are 

competitive enough with natural substrates to modify carrier proteins in vivo.   

From our studies of pantetheine analogs we were able to select analogs for 

in vivo labeling of carrier proteins in their native systems. A fluorescent 

pantetheine analog was used to modify the human fatty acid synthase in the 

SKBR3 cell line. Additionally, using a azide terminal pantetheine analog we were 

able to modify native carrier proteins from a number of bacteria. These in vivo 

modified carrier proteins can be visualized via gel or pulled-down via affinity 

label after reaction with an alkyne reporter. Mass spectral analysis of excised 

carrier proteins from SDS-PAGE allows for identification of the carrier proteins. 

This technique allowed us to identify and characterize the previously unreported 

acyl-carrier protein from Brevibacillus Brevis.  
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Introduction 

 

Natural products are a rich source of novel therapeutic compounds and leads. 

Once isolated and identified as a potential therapeutic molecule, a natural product must 

be produced in large enough quantities for pre-clinical studies and subsequent clinical 

trials. In many cases, the organisms responsible for production of highly bioactive natural 

products biosynthesize only small quantities of a given secondary metabolite, and 

alternative production mechanisms must be identified. Historically this shortfall has been 

addressed with total synthesis. However, with the difficulty and cost associated with large 

scale synthesis of complex natural products, other approaches are needed. Metabolic 

engineering, a discipline directed at the large-scale bioproduction of therapeutically 

useful compounds in heterologous hosts, may be a potential answer to this problem.  

While many advances have been made in both academia and industry, metabolic 

engineering has not yet lived up to its ambitious expectations.[1, 2] However, robust 

metabolic engineering should be possible once natural product enzyme systems are 

understood in greater detail. This understanding will only come through continued study 

of pathway biochemistry and the development of new tools to study, manipulate, and 

engineer these systems.  Many active natural products are produced by polyketide and 

non-ribosomal peptide synthases.[3, 4] These systems, as well as fatty acid biosynthesis, 

differ from other biosynthetic pathways in that they contain a modular architecture in 

which polymeric products are constructed via the repeated action of distinct enzymatic 

domains.  
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 Like molecular assembly lines, the modular structure of the synthase directs each 

new monomer to the growing natural product.[5] Within each module a carrier protein is 

present. This domain serves to tether the growing natural product, protecting 

intermediates from degradation and delivering it to the next enzymatic active site.[6] The 

carrier protein acts through a prosthetic 4’phosphopantetheinly arm. This group is 

attached via posttranslational modification by a dedicated phosphopantetheinly 

transferase enzyme to a conserved serine residue on the carrier protein.[7]  The 

phosphopantetheine arm terminates in a thiol which is the attachment point for the 

tethered products. 4’phosphopantetheine is in turn derived from Co-enzyme A. 

The goal of this project was to use the ubiquitous carrier protein domain as a 

means of targeting and manipulating natural product synthases. The required 

posttranslational modification with phosphopantetheine gave us a means of specifically 

targeting useful chemical handles to the carrier protein domains. Initially we used 

modified CoA analogs as a means of labeling carrier proteins. [8] Although these analogs 

were easy to produce, they were lacking in several respects. First, using our approach we 

were limited to commercially available maleimide probes to attach to CoA.  Secondly 

charged CoA or analogs are not able to cross cellular membranes limiting their use to in 

vitro applications. In order to circumvent these issues we turned to the biosynthesis of 

CoA. Five enzyme activities are responsible for synthesizing CoA from pantotenic 

acid.[9] It has also been shown that pantetheine can be converted into CoA via the action 

of three of these activities. Using this as a starting point we began to research whether 

pantetheine analogs could be used in vitro and in vivo to modify carrier proteins.[10] 
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Development of this technique as a means of discovering and isolating novel carrier 

proteins was the aim of this research and will be described in this dissertation.  

Chapter 2 will provide a comprehensive review of the biology of carrier proteins. 

Chapter 3 will describe the development of a multiplex assay to investigate the 

phosphopanteheinylation reaction. The specificity and promiscuity of PPTase enzymes 

for different carrier proteins and CoA derivatives is investigated. Chapter 4 will describe 

how a florescent pantetheine derivative was converted to the corresponding florescent 

CoA derivative in vitro and in vivo, and how that CoA analog was used to flouroescntly 

modify carrier proteins. Chapter 5 will describe the creation and analysis of a panel of 

pantetheine derivatives with the goal of finding the analog best suited for in vivo labeling 

of carrier proteins.  Chapter 6 will describe the in vivo labeling of carrier proteins within 

their native systems. Additionally, we show how this labeling can be used to isolate and 

discover novel carrier proteins using reverse genetics. 
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Nature has developed a remarkable strategy to isolate metabolites from the milieu of the cell for
chemical modification through the use of carrier proteins. Common to both primary and secondary
metabolic pathways, acyl-carrier proteins constitute a conserved protein architecture which mediate the
biosynthesis of a variety of metabolic products. Analogies have been made between the carrier protein
and solid phase resin for chemical synthesis, as both entities provide a mechanism to separate
compounds of interest from complex mixtures for selective chemical modification. However, there is
significantly more to the carrier protein than an attachment point. In this review, we aim to
systematically characterize the role of carrier proteins in various metabolic pathways and outline their
utility in biosynthesis and biotechnology; 185 references are cited.
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1 Introduction

Acyl carrier proteins have long been known for their central
role in fatty acid biosynthesis. When acyl carrier proteins were
first identified, there was some surprise that such a small protein
could play a central role in this major primary metabolic pathway
(Fig. 1).1 Acyl carrier protein (ACP)† was shown to interact
with twelve or more other proteins in the construction of fatty
acids.2 This key role in fatty acid biosynthesis was found to be
contingent upon the modification of the carrier protein with 4′-
phosphopantetheine, in which the terminal phosphopantetheine

† For the purposes of this review the following terms will be used: PKS,
polyketide synthase. NRPS, non-ribosomal peptide synthase. FAS, fatty
acid synthase. Type I FAS/NRPS/PKS, refers to biosynthetic pathways
in which a series of active sites are contained on a single polypeptide.
Type II FAS/PKS refers to biosynthetic pathways in which each active
site is contained on a separate polypeptide. ACP, acyl carrier protein—
denotes either the small protein found in type II FAS and PKS systems,
or the domain containing the 4′-phosphopantetheine modified serine in
type I FAS and PKS systems. PCP, peptidyl carrier protein—refers to
carrier proteins found in NRPS systems in general. In this review, it refers
specifically to the excised carrier protein domain of the TycC protein.
As there are no type II NRPS systems, this excised region of the much
larger tyrocidine synthase protein has been studied extensively as a NRPS
carrier protein model. Abbreviations used for carrier protein interaction
partners: AT, acyl transferase. KS, ketosynthase. KR, ketoreductase. ER,
enoyl reductase. TE, thioesterase. TEII, thioesterase II. AcpS, the fatty
acid PPTase.
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thiol serves as a tether for the fixation of starting materials
and intermediates throughout the biosynthesis. In each round of
ketide extension the carrier protein interacts with all the domains
necessary to attach a two-carbon keto unit from malonyl-CoA and
fully reduce each newly formed ketone down to a methylene unit.

It was later found that carrier proteins also function in
polyketide synthase (PKS) and non-ribosomal synthase systems
(NRPS) (Fig. 1–3).3,4 PKS systems are analogous to fatty acid
synthases, with the major difference being that the acetate
derived monomers are not always fully reduced. This allows for
the diversity of functional groups found in polyketide natural
products. NRPS systems, which use amino acids as building
blocks, are analogous in domain organization to PKS and FAS but
are evolutionarily distinct, suggesting wide use of carrier proteins
for the construction of any carboxylate-containing metabolite.

The carrier protein family is characterized by small proteins of
four alpha helices with a conserved serine residue residing in a loop
close to the beginning of helix II (Fig. 4). This residue is subject
to post-translational modification by a 4′-phosphopantetheinyl
transferase (PPTase), which transfers a 4′-phosphopantetheine
moiety from coenzyme A (CoA) to the serine (converting the
carrier protein from apo to holo form). The PPTase interaction
with the carrier protein is mediated by a number of surface residues
on each protein that confer specificity to the reaction. As will be
discussed throughout this review, the surface residues of the carrier
protein—especially in the region of helix II—are responsible for
the specificity and flexibility of the carrier protein in its interactions
with the many proteins required to complete the production of
small molecules.

The 4′-phosphopantetheinyl prosthesis is believed to serve as a
convenient arm with which to attach acyl groups for facile transfer.
Thus, the carrier protein can be thought of as two components:
the protein which has encoded on its surface information spec-
ifying the necessary interactions with protein partners, and the

phosphopantetheinyl arm which sequesters the building blocks as
activated thio-esters.

2 Structural organization of FAS, PKS, and NRPS
systems

FAS, PKS, and NRPS systems have analogous structural organi-
zation and can be organized into three broad classes (Fig. 1–3). The
type I systems are large, multi-modular proteins with molecular
weights up to 1.8 MDa. Within each of these “megasynthases”
multiple modules may be present, each of which contain the
multiple active domains required to extend the growing natural
product by one monomeric unit. In each of these modules a carrier
protein domain with a 4′-phosphopantetheine arm is present that
acts as the tether on which the growing product is built. Type
II PKS and FAS systems function analogously to type I systems
except that each domain is a separate polypeptide that interacts
with the carrier protein in trans. In general type I FAS systems are
found in eukaryotes (in the cytosol) and type II FAS systems are
found in prokaryotic systems. PKS, NRPS, and related systems
are widely distributed in plants, animals, and bacteria. Beyond the
scope of this review are the type III PKS systems, which do not
utilize carrier proteins.5

Although the role of the carrier protein in each system is
the same, distinct modes of interaction are found in different
systems. A number of diverse scenarios are possible for NRPS,
FAS, and PKS carrier proteins. In type I NRPS and PKS systems
each carrier protein is responsible for a specific step of the
total biosynthesis. In these systems the products are produced
in assembly line fashion (Fig. 1). Thus in multimodular NRPS
and PKS type I systems some carrier proteins may only interact
with domains to which they are physically attached. Protein–
protein interactions are reduced, as almost all functionalities are
contained within a single polypeptide—the exceptions being the

8



Fig. 1 Systems that employ carrier proteins—Type I. Carrier proteins are found in a number of related primary and secondary metabolism systems.
Type I systems are large multidomain proteins that may contain a single carrier protein, as in the case of animal FAS, or multiple carrier proteins, as in
type I PKS and NRPS systems. (a) In a type I FAS all of the fatty acid synthesizing domains are contained on a single polypeptide. The carrier protein
(shaded in blue) interacts iteratively with each domain until the fatty acid has reached the proper length. Palmitic acid (1) is shown as a representative
fatty acid produced in this system. (b) The prototypical type I PKS DEBS produces the erythromycin precursor (2). In a type I PKS system each unit in
the polyketide is encoded by a single module of the synthase that contains the requisite domains for its production (including the carrier protein in blue).
The DEBS synthase is composed of three polypeptides with two modules each (circles represent interactions between synthase proteins). (c) The Type I
NRPS Tyc synthase produces tyrocidine (3). Like type I PKS systems type I NRPS systems are comprised of large multidomain polypeptides organized
into modules that are responsible for the addition of one amino acid monomer each. The Tyc synthase is comprised of three polypeptides with 1, 2, and
6 modules, respectively.

interaction with the PPTase which is in trans in almost every case
and the possible activity of TEII and ACP hydrolase proteins
for fidelity. Alternatively, type I carrier proteins may be located
at the beginning or end of a PKS–NRPS multi-domain peptide.
These carrier proteins are involved in interactions with other
polypeptides in either passing off or receiving the growing natural
product. Recent work has shown that special domains at the
termini of these proteins mediate these interactions.6 In typical
type I FAS systems all of the domains are located on a single
polypeptide, but there is only a single carrier protein that interacts
with each domain in an iterative fashion to complete the fatty

acid product. Type II FAS and PKS systems function analogously
to type I systems, except each domain is a separate polypeptide
(Fig. 2). Here the carrier protein must selectively interact with the
extending and tailoring enzymes—in the correct sequence, and
multiple times—making protein–protein interactions critical.

Recently a number of PKS and NRPS–PKS hybrid systems
have been reported in which the organization of the carrier
protein domains differ from the standard arrangement. In both
the jamaicamide PKS and the pksX cluster from Bacillus subtilis
there is a module in which multiple carrier domains are found in
sequence.7,8 The precise role of these repeated domains is unclear,
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Fig. 2 Systems that employ carrier proteins—Type II. In type II systems,
each activity is encoded onto a separate polypeptide, which then acts with
the carrier protein in turn. (a) Type II FAS. The carrier protein (shaded in
blue) must interact with each of the FAS proteins iteratively to build the
fatty acid product (1). (b) Type II PKS differ from FAS systems in that the
acyl monomers incorporated are not always fully reduced. Actinorhodin
(4) is produced by a type II PKS in which only one of the acyl groups
incorporated is reduced (the KR used once is denoted in red), resulting in
a poly-ketone that can auto cyclize after formation.

however they are found in modules where modifying enzymes act
in trans on the growing product.

3 Systems that employ carrier proteins

Carrier proteins are found in FAS, PKS, NRPS, and related
systems. The most heavily studied member of the carrier protein
family is the acyl carrier protein from fatty acid biosynthesis in
E. coli. ACP was identified as the acyl carrier protein in fatty acid
synthesis in 1963.9 Using radiolabeled b-alanine (a CoA precursor
incorporated into ACP as part of 4′-phosphopantetheine), Vagelos
and co-workers were able to visualize ACP from SDS-PAGE
analysis.10 Feeding experiments with the radiolabel followed by
electron microscopic autoradiography revealed that Escherichia
coli ACP localized to the inside of the cell wall, suggesting that
ACP was organized into a multienzyme complex.

In addition to fatty acid synthesis, early work implicated carrier
proteins in a number of secondary biosynthetic pathways. It was
found that carrier proteins were required in PKS and NRPS as
well as several related systems.11 In each of these systems carrier
proteins serve the same function and share a conserved structure.
Early investigation into the carrier protein family focused on type
II carrier proteins, which due to their small size and solubility are
easily heterologously expressed and purified. A number of small
carrier proteins from type II PKS have been well studied and show
high levels of homology with FAS ACP. Initial efforts to clone and

Fig. 3 Systems that employ carrier proteins—iterative NRPS and related.
(a) The Grs synthase is responsible for the production of gramicidine
A (5). The product is a dimer produced by two full rounds of synthase
activity. (b) Vibriobactin (6) is produced from an NRPS related system in
which a soluble carrier protein interacts iteratively with a carrier protein
in a type I like module. (c) The ebony protein from Drosophila produces
b-alanyl-dopamine (7). It contains a carrier protein domain that is acylated
with b-alanine and then condensed with dopamine. (The AS domain is
responsible for amine selection.)

express these small type II carrier proteins showed that they share
some functional homology to ACP as well. The proteins ActACP,
OctACP, FrenACP, and GraACP were produced recombinantly in
E. coli. Of these proteins, 2% of ActACP and 30% of GraACP were
purified in holo-form, presumably 4′-phosphopantetheinylated by
the endogenous E. coli fatty acid PPTase AcpS. Moreover, these
holo-enzymes could be acylated by the acyl transferase (AT)
from Streptomyces coelicolor.12 That these carrier proteins from
disparate systems show similar reactivity is explained by their high
structural similarity (see structure section below).
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Fig. 4 Structure of ACP highlighting conserved carrier protein features.
The NMR structure of the E.coli ACP (PDB: 1ACP) displays the common
features of the carrier protein family. The helical bundle (gold) contains
three major helices, and helix I and II are joined by a long flexible loop
(blue). The attachment point for phosphopantetheine modification is a
conserved serine (green) that is found at the end of the long loop and the
beginning of helix II.

3.1 Mitochondria and chloroplasts

In eukaryotes, in addition to the type I FAS proteins found
in the cytosol, acyl carrier proteins have also been identified
in mitochondria and plastids.13 Brody and co-workers purified
mitochondrial ACP from Neurospora.14 This mitochondrial ACP
was implicated in de novo fatty acid synthesis, which was ini-
tially surprising since the cytoplasmic FAS had been previously
described. In this study, purified mitochondria incubated with
radiolabeled malonate and acetate produced radiolabeled fatty
acids. In the presence of cerulenin, a keto-acyl synthase inhibitor,
only ACP was radiolabeled, indicating that the radiolabeled
precursors were indeed being used in a conventional type II FAS
pathway.15 It is now known that mitochondria and chloroplasts
can synthesize fatty acids de novo and these fatty acid synthase
systems are related to the type II systems from prokaryotes.
These FAS systems appear to be evolutionary relics, predating the
incorporation of mitochondria and chloroplasts into eukaryotes,
which have become specialized for the production of specific fatty
acid products.16

In mitochondria, the FAS is responsible primarily for the
production of octanoyl-ACP, the precursor of lipoic acid, and
longer chain fatty acids used in the mitochondrial membrane.
This was demonstrated when the mitochondrial ACP gene, acp1
in Saccharomyces cerevisiae was knocked out, resulting in greatly
reduced production of lipoic acid.17 Lipoic acid plays a central
role in metabolism acting as a tether to hold intermediates in
the pyruvate dehydrogenase complex, the branched chain 2-oxo
acid dehydrogenase complex, and the glycine cleavage system.
Lipoic acid is attached to the e-amino group of a lysine in

these complexes.18 It is synthesized from lysine-linked octanoate
by insertion of sulfur atoms on carbons 6 and 8 subsequent to
octanoate transfer. Two proteins, LipA and LipB, are responsible
for the transfer of octanoate from the mitochondrial ACP to the
protein E2 (PDH) and its conversion to lipoic acid, respectively.
Zhao and co-workers have shown that octanoyl-E2 is the substrate
for the LipA catalyzed conversion to lipoic acid and that non-ACP
bound octanoic acid is transferred to E2 by LipA.19

3.2 Plants

In plants it has been discovered that many isoforms of ACP can be
present within a single species.20 Multiple cDNAs have been iso-
lated, indicating that the isoforms are the result of multiple copies
of the ACP gene and are not merely splice variants. These isoforms
seem to have appeared with the evolution of multicellular plants,
as they are not found in single-celled green algae or photosynthetic
cyanobacteria. Expression of these isoforms is tissue specific,
suggesting that the appearance of multiple isoforms might be an
evolutionary adaptation to direct acyl groups between prokaryotic
and eukaryotic pathways. Supporting this idea, research has shown
that the different isoforms of ACP from plants possess differential
reactivity,21 indicating that each isoform plays an independent role
in supplying various fatty acid units to different pathways. This is
seen in spinach seeds, where two forms of ACP (denoted as I and
II) exist that function to direct their products to specific pathways.
Acyl-chains from the ACPI protein are hydrolyzed to provide fatty
acids as triacylglycerols, while acyl-chains from the ACPII protein
are used to make membrane lipids.22 A similar example comes
from the seeds of Cuphea lanceolata, which contain two major
ACP isoforms, ACP1 and ACP2. Examination of these isoforms
showed that the medium chain thioesterase (TE) from the same
organism has no preference between the two, but that ACP2 is
optimized for the synthesis of medium chain fatty acids. In this
case the selectivity between the two isoforms is subtle enough that
at least one protein from the pathway cannot differentiate.21

3.3 Carrier proteins in systems related to FAS, PKS, and NRPS

3.3.1 FAS related. Beyond the carrier proteins in mitochon-
drial and chloroplast FAS, a number of ACPs containing FAS
related systems have been discovered. Mathur and Kolattukudy
cloned and sequenced a type I PKS from Mycobacterium tubercu-
losis that elongates acyl-CoA with methyl-malonate units to pro-
duce mycocerosic acid, a cell wall lipid found only in pathogenic
mycobacteria.23 Biosynthesis of lipid A, a main component of cell
walls in bacteria, requires ACP,24 as does the synthesis of adenylate
cyclase toxin from E. coli and Bordetella pertussis.25 Additionally
the production of polyunsaturated fatty acids in Shewanella is
mediated by a set of FAS–PKS like genes that contain an unusual
six consecutive ACP domains.26

NodF (ACP) and NodE (KS) from Rhizobium sp. are required
for the production of polyunsaturated fatty acids that are N-linked
to glucosamine to form Nod factors. These play an important role
in signaling between the bacterium and its symbiotic partner plant,
as rhizobia which fix N2 in the nodes of legume plants.27 NodF
has 25% sequence identity to FAS ACP from E. coli and a similar
3-helix structure. However E. coli FAS ACP cannot replace NodF
in vivo. NodF can act as a substrate for E. coli PPTase AcpS and
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MCAT (malonyl-CoA acyl carrier protein transacylase) but not
KSIII, demonstrating that it has some of the same recognition
elements as ACP. A chimera constructed of residues 1–33 of ACP
and 43–93 of NodF was able to functionally replace NodF in vitro
indicating that the C-terminal region must contain the recognition
elements allowing for ACP–NodE interactions.

3.3.2 NRPS and PKS related. Recent research has shown
that carrier proteins are also involved in other secondary metabolic
pathways related to NRPS and PKS systems (Fig. 3). Examples
of this include a key step in fungal lysine biosynthesis that
makes use of a 4′-phosphopantetheinlyated carrier protein.28 Here
the carrier protein is a domain within the large (155 KDa)
Lys2 polypeptide, which shares homology with NRPS systems.
Lys2 requires post-translational modification by the protein Lys5,
which is homologous to PPTases from fatty acid, NRPS, and PKS
systems. The ebony protein in Drosophila also functions through a
similar system.29 Ebony is a multimodular protein that produces b-
alanyl-dopamine and shares significant sequence homology with
NRPS systems. The carrier protein domain in ebony is activated
by modification with 4′-phosphopantetheine by a PPTase and then
loaded with b-alanine by the neighboring adenylation domain. A
third domain then mediates the attack of b-alanine by dopamine
which results in the release of the product.

Another example of carrier protein function in intermediate
metabolism is the D-alanine incorporation system from Bacillus
subtilis. These proteins are active in the transfer of D-alanine in bac-
terial cell wall biosynthesis.30 Dcp is a carrier protein that is loaded
with D-alanine by the adenylate transferase Dcl. When expressed
in E. coli, Dcp was found to be 50% holo, indicating that it is similar
enough to E. coli carrier proteins to be modified by native E. coli
PPTases. In vitro it was found that Dcp could be modified by both
AcpS, the fatty acid PPTase, and Sfp, an extremely promiscuous
PPTase from surfactin biosynthesis. These enzymes both modified
Dcp with equal efficiency, which is unusual for a carrier protein.
These systems are evolutionarily related to NRPS systems and
show that the carrier protein has wide use in metabolism.

3.4 Other

New ACPs from diverse systems continue to be discovered and
investigated. The first ACPs from cyanobacteria were identified
by Jaworski and co-workers from Anabaena variabilis and Syne-
chocytis sp. 6803.31 Purification and analysis of these proteins
showed that they resembled the E. coli ACP and could be modified
by E. coli acyltransferase. Reynolds and co-workers investigated
type II fatty acid proteins in Plasmodium falciparum, the causative
agent of malaria, and reported the discovery of the MCAT gene
along with an endogenous ACP (pfACP).32 It was found that
recombinant pfACP was 100% holo when isolated, and that 10%
was acylated with C14 and C16 chains when produced in E. coli.
Results showing that pfACP can mediate fatty acid chain extension
in E. coli indicate that the protein must share significant structural
homology with E. coli ACP. In P. falciparum the fatty acid proteins
are targeted to the apicoplast organelle. The pfACP is produced as
a pro-enzyme and must be activated in the apicoplast by removal of
a targeting sequence. Interestingly, this processing is not required
for interaction with the FAS enzymes when expressed in E. coli.
Other novel carrier proteins recently discovered include one in
Brevibacterium ammoniagenes, a remarkable bacterium in that

it contains a type I FAS.33 The FAS from this system has two
modules, each encoding the full set of FAS activities much like the
FAS in yeast. Zhu et al. recently reported the first PKS genes from
a protist, Cryptosporidium parvum.34 The sequencing of these genes
reveals what may be the largest known type I PKS (1.5 MDa). The
PKS includes eight putative ACP domains in seven modules.

3.5 Carrier proteins that use phophoribosyl-dephospho-CoA

Interestingly, recent work has elucidated a family of proteins
that seem to be closely related to carrier proteins from FAS,
PKS, and NRPS systems. Malonate decarboxylase from Klebsiella
pneumoniae is a complex of four enzymes that catalyze the con-
version of malonate to acetate.35 MdcC is an acyl carrier protein
that holds malonate during the reaction. The prosthetic group is
not pantetheine but phophoribosyl-dephospho-CoA. This group
is produced by the activity of the protein MdcB, which takes
dephospho-CoA and condenses it with ribose-5′-phosphate from
ATP.36 A second protein, MdcG, binds this product and transfers
it to the carrier protein. A similar activity is also found in the
citrate lyase pathway.37 Citrate lyase catalyzes the cleavage of
citrate to acetate and oxaloacetate. The c-subunit of citrate lyase is
an acyl carrier protein that uses a phophoribosyl-dephospho-CoA
prosthetic group as in malonate decarboxylase. The proteins CitG
and CitX catalyze the construction and transfer of the prosthetic
group to the ACP. The relation of the carrier proteins in these
systems to those in the biosynthesis of fatty acids and natural
products is unclear, but it is interesting to note how nature has
implemented the use of a similar system to isolate and modify
small molecules in the cell.

4 Structures

ACP is a flexible protein, as might be expected of a small protein
with many enzymatic partners; however its structure is stabi-
lized by the addition of 4′-phosphopantetheine and subsequent
acylation.38 Due to its inherent flexibility, carrier proteins have
proven difficult to collect ordered X-ray crystal structural data.
Thus many of the available structures have been determined as
NMR solution structures.39 Solution structures determined to
date include PCP, a peptidyl carrier protein excised from the
third module of the tyrocidine synthase from Bacillus brevis,
B. subtilis ACP, M. tuberculosis ACP, frenolicin synthase ACP
from S. roseofulvus, and OtcACP from S. risosus.40–44 Two crystal
structures are also available, that of E. coli butyryl-ACP and a co-
crystal of E. coli ACP with AcpS.45,46 Combining this structural
information gives the most complete view of the PPTase reaction
with ACP. These structural studies show a protein that adopts
a helical bundle fold containing three major helices and often
a fourth minor helix. The active site serine is almost always
contained in the motif DSX (with the X being a lysine or arginine),
and this site is found at the end of a long loop connecting helix
I and II (Fig. 4). The 4′-phosphopantetheine attachment site is a
conserved domain which can be used as a means of identifying
carrier proteins.47

4.1 Structures from FAS systems

The first carrier protein to be studied structurally was the FAS
ACP from E. coli. A number of NMR solution structures were

12



published in the late 1980s, culminating in the refined structure
from Kim and Prestegard.48 This structure showed the canonical
four-helix bundle, with the long loop connecting helices I and II
containing the active site (Fig. 4). It was also reported that the
ACP existed in more than one state over the NMR timescale. In
2002 a crystal of the saturated butyryl derivative of E. coli ACP was
published (Fig. 5).45 The overall structure is similar to that of holo-
ACP. The authors propose a model in which the reactive portion
of the growing fatty acid is buried in a hydrophobic pocket. In
this model the substrate would not be available to other fatty acid
enzymes until after binding. The recent publication of the solution
structures of spinach ACP bound with decanoate and stearate
reinforces this view, as the fatty acyl groups in both structures are
bound down the center of the helical bundle.49

Fig. 5 FAS carrier protein structures. The known structures of FAS carrier
proteins are displayed with regions of interest highlighted. (a) FAS ACP
from E. coli aclyated with butyryl (1L0I). The residues comprising the
hydrophobic pocket proposed to bind the growing product are colored in
red. The active site serine and acylated pantetheine are shown in green.
(b) B. subtilis holo-ACP structure is shown from crystal (1F80) complexed
with AcpS (not shown). (c) NMR of apo-state (free protein, 1HY8).
Note the difference in structure of the long loop (blue/red) that precedes
the active site serine (green). (d) Solution structure of ACP from
M. tuberculosis (1KLP). The long C-terminal extension (red) is unique
among carrier protein structures. The active site serine is shown in green.
(e) Rat ACP (1N8L). Note the overall lack of structure in this excised type
I domain.

The structure for the FAS ACP from B. subtilis has been
described in two studies. The first study was from 2000 when Parris
et al. reported the crystal structure of B. subtilis ACP bound to
AcpS.46 This structure revealed a number of interactions between
the two proteins, as well as providing a picture of the structural
restrictions imposed on ACP during binding. This can be seen by
way of comparison with the second structure of B. subtilis ACP
(Fig. 5b–c).41 Both structures show the common four-helix bundle
fold; however, the NMR structure of the unbound ACP shows a
more flexible protein than is seen in the crystal structure of the
AcpS bound form. This increased flexibility is mostly found in
the conserved loop between helix I and II, the active site, and the
N-terminus of helix II. In the co-crystal these regions are shown
to be directly involved in binding AcpS, so increased flexibility in
these regions in the unbound protein would be expected.

Another type II FAS ACP for which a solution structure is
available is from M. tuberculosis (Fig. 5d).42 This ACP is unique in
that it contains a long (∼30 amino acid) C-terminal extension as
compared to other known FAS ACPs. This is also seen in the ACP
from the closely related M. leprae. Like all other known carrier
proteins this ACP has the bundled helix structure consisting of
four helices. However, the conserved loop between helix I and
II is not flexible as is seen in other carrier proteins. The overall
structure is most similar to other FAS ACPs at the active site motif
and helix II. The C-terminal region exists as a flexible “molten
domain”. It is suggested that this C-terminal extension plays a role
in stabilizing the very long-chain fatty acid intermediates produced
by M. tuberculosis. Supporting this idea is the finding that the
4′-phosphopantetheine arm can exchange between two states—
bound in a hydrophobic pocket and exposed to the solvent.

Type I FAS systems are known to function as dimers and
were long believed to be arranged in a head to tail orientation.
However, Witkowski et al. showed with deletion and cross linking
experiments that a head to head arrangement of animal FAS was
more likely.50 Recently the structures of the fatty acid synthases
from fungal and mammalian systems have been solved,51,52 and
the structure of animal FAS was shown to be a head-to-head
dimer. Unfortunately, ACP (as well as the thioesterase domain)
could not be resolved in the recently published crystal structures,
presumably because of the great flexibility required to allow ACP
to interact with all the active sites in the synthases. The exact
mechanism allowing the interaction of ACP with all the active
sites remains an open question. There is, however, a structure of
a type I FAS ACP that has been excised from the megasynthase.
The terminal ACP from rat FAS was cloned and expressed as
a soluble protein.53 It was found that the ACP was modified
in vivo by the E. coli AcpS, suggesting that there is considerable
similarity between this type I domain and the E. coli ACP. While
the structure confirms this, it is much less ordered and contains
shorter helices than the reported structures of type II ACPs
(Fig. 5e). This agrees with the evidence from the structure of the
complete type I FAS that the ACP domain is very flexible.

4.2 Structures from PKS and NRPS systems

Aromatic polyketides are a class of molecules produced by
bacterial type II PKS. In these systems the ketide units comprising
the polyketide are not reduced, leading to aromatic cyclization.
In 1997 the structure for the ActACP from S. coelicolor was
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reported.44 This ACP from the type II PKS responsible for the
production the aromatic polyketide actinorhodin was reported
as a four helical bundle with three major helices and a long loop
connecting helix I and II. The overall fold was very similar to E. coli
FAS ACP. The major helices pack together around a hydrophobic
core, with two hydrophilic residues buried within (Fig. 6a). The
authors suggest that these residues play a role in stabilizing the
growing product. As opposed to the E. coli FAS ACP, ActACP
carries a product that is not fully reduced each cycle, and perhaps
these core hydrophilic residues act as hydrogen binding partners
for the immature polyketide. The authors report that the overall
structure is more stable than the reported E. coli ACP, finding
one state over the NMR timescale. There is no reported difference
between the apo and holo versions of the ActACP.

Fig. 6 Carrier protein structures from aromatic PKS. (a) Solution
structure of ActACP (2AF8). Two buried hydrophilic groups are denoted in
red. (b) Solution structure of FrenACP (1OR5) showing the predominance
of acidic residues (red) in the loop connecting helix I and II. (c) Solution
structure of OtcACP (1NQ4), Asn 46 (red) is in a position that contains a
Glu in most ACP structures.

In 2003 the structures of the closely related ACPs from the freno-
licin (FrenACP) and oxytetracycline (OtcACP) synthases were
published.43,54 As expected, both structures showed the bundled
helix fold with the active site located at the end of the long loop con-
necting helices I and II. The surface of the FrenACP is dominated
by acidic residues, with nine aspartic acid and six glutamic acid
residues. About half of these residues are clustered in the long loop
between helix I and II (Fig. 6b,c). Helix III is also strongly charged
with two glutamates and an aspartate residue. The structure for
the FrenACP showed little interaction between the peptide and the
pantetheine arm, as is seen in most other ACP structures. However,
unlike the ActACP, the FrenACP was reported to slowly exchange

between two conformations. Most of this flexibility was contained
in the second loop region and the short helix that follows it. The
authors suggest that such flexibility may aid ACP in interacting
with multiple proteins. The structure of the OtcACP is in general
agreement with other ACP structures. However, it is unusual
in that a highly conserved glutamate has been replaced by an
asparagine. This conserved glutamate is known to be involved in
the binding interaction between E. coli ACP and KAS III in fatty
acid biosynthesis. It has also been reported as being important in
the FAS ACP in Vibrio harveyi.55 The OtcACP also differs from
other ACPs in that it contains a mixture of positive and negative
residues at the C-terminus of helix II, whereas in E. coli ACP, this
region contains three consecutive glutamate residues.

There are no structures available for an entire type I PKS
or NRPS protein. However, a peptidyl carrier protein domain
from the type I NRPS tyrocidine synthase has been cloned as an
excised domain and expressed as a soluble, stand-alone peptidyl
carrier protein (PCP) domain. PCP was derived from the TycC
protein from B. brevis and is the third peptide carrier protein
in that polypeptide. It was shown that this excised PCP can
be phosphopantetheinylated by a Sfp-type PPTase and, once in
holo-form, can be can be adenylated with phenylalanine.56 As
PCP retains some activity when excised from the megasynthase
environment, it serves as the model for NRPS carrier proteins.
Holak and co-workers solved the structure of this excised PCP
domain in 2000 (Fig. 7a).40 Despite low sequence homology to

Fig. 7 NRPS carrier proteins. (a) Solution structure of PCP (1DNY), with
the flexible loop connecting helix I and II in red and the active site serine in
green. (b) Solution structure of Asl1650 a putative PCP. The variant active
site NSS (red) contating the active site serine (green) is shown. (c) Crystal
structure of EntB (2FQ1). The IL domain is white and the ArCP domain
is colored by secondary structure with helicies in gold and loops in blue.
The active site serine is in green.
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ACP, it was found to be a four-helix bundle that in overall
fold resembled all other known carrier protein structures. The
helices are amphipathic, with most of the hydrophobic side chains
facing the core and the polar side chains exposed to the solvent.
PCP is uncharged at neutral pH, as opposed to fatty acid ACP,
which contains a net negative charge believed to be important
in binding other FAS proteins. However, as PCP is surrounded
by the adjacent domains of the tyrocidine megasynthase in its
native form, it does not necessarily require the same interactions.
The characteristic loop between helices I and II was found to
be more flexible than the loop in E. coli ACP. The structure
also revealed that PCP does not have a hydrophobic pocket to
sequester its product like ACP has for its acyl-chain. In type II
FAS ACP it is believed that the growing product is protected
from the environment by a hydrophobic pocket. In type I PKS
and NRPS systems, this protection might be unnecessary as PCP
would be buried within a large multi-domain peptide.

Further investigation of the NMR spectra of PCP showed that
both the apo and holo-forms of the protein could occupy two
different conformational states, one of which was common for
both. The authors classify the states as A (apo), A/H (common),
and H (holo).57 When the protein is in its apo form, the transition
between the A and A/H states results in large sections of
the protein transitioning between disordered loops and ordered
helices. This includes a shift of H-bonding partners for the active
site serine residue. A NMR titration experiment showed that
the PPTase Sfp would only interact with the protein in its A
form. In the A state, the loop containing the active site serine
is extended, making it more accessible for modification by the
PPTase. The transition between the A/H and H state involves the
unraveling of helix III, which causes a large shift of helix II and
the active site serine. In the A/H state, the 4′-phosphopantetheine
arm rests near the N-terminus of PCP, while in the H state it has
moved to the C-terminus—a shift of 16 Å for the thiol end of 4′-
phosphopantetheine. NMR titration experiments with the TEII
protein, which acts to remove misprimed acyl groups from the
4′-phosphopantetheine arm of PCP, only recognizes the H state,
an indication that the H state is the conformation that acylated
PCP adopts.57 For the first time, this study was able to visualize
movements postulated in the “swinging arm” hypothesis for
4′-phosphopantetheine bearing proteins. In tyrocidine synthase,
PCP’s native system, the carrier protein is part of a massive
polypeptide with an adenylation domain attached to the N-
terminus and a condensation domain attached to the C-terminus.
Therefore, large conformational movements are required for a
functional synthase. The type II carrier protein ACP, though
structurally similar to PCP, may not require such large movements.
It has been postulated that each substrate addition or modification
may induce a change in the ACP structure in order to adopt a
conformation that will be recognized by the next enzyme in the
pathway. However, a recent study indicates that there is movement
in the position of the 4′-phosphopantetheine arm.58 The FAS
ACP from P. falciparum exists in solution in two states. The
difference between each state is the result of reorientation of the
4′-phosphopantetheine group. This may be the same effect that
has been shown in PCP.

There are currently no examples of type II NRPS systems
as such; however several small NRPS systems, including the
siderophore enterobactin and vibriobactin synthases, utilize small

or stand-alone carrier protein domains. The siderophore enter-
obactin is produced in E. coli by an NRPS containing two
modules. The first module is EntB, a bifunctional enzyme with
carrier protein and isochorismate lyase activity. This activity
hydrolyses the pyruvate group of isochorismate, which is then
oxidized by EntA to give dihydroxybenzoic acid (DHB). DHB
is activated by the adenylation domain EntE and loaded onto
the 4′-phosphopantetheine group of the carrier protein domain of
EntB. This DHB is condensed onto a serine loaded onto a second
carrier protein in EntF. Three DHB-serine units are assembled and
cyclized to form enterobactin.59 Lai and co-workers report making
a combinatorial mutant library via shotgun alanine scanning of
EntB in the helix II–loop–helix III region and screening for activity
on iron deficient media.60 Alanine residues were investigated by
mutation to lysine, glutamate or threonine. Residues conserved in
surviving EntB mutants were deemed important for binding with
EntF. Most residues in the region could be substituted with alanine
without destroying the function of the enzyme. Only two residues
were strictly conserved, Phe 264 and Ala 268. These residues
are close to the active site, and other nearby residues were also
somewhat resistant to mutation. All of the mutant proteins were
recognized by Sfp. EntB mutants with changes in Met 249, Phe
264, and Ala 268 showed greatly reduced activity in vitro with EntF,
but not with EntE, suggesting that these residues play a direct role
in EntB–EntF interaction. These results also suggest that Sfp,
EntF, and EntE all bind to EntB with different binding motifs.
A crystal structure of the EntB protein was recently published
(Fig. 7c).61 The carrier protein domain was found to be a typical
four-helix bundle with the active site serine positioned at the start
of helix II. The overall fold of the carrier protein domain is very
similar to other carrier protein structures. However, the helices
are somewhat differently oriented with respect to other carrier
proteins. The authors also made a number of mutants in the EntB
carrier protein domain. These results showed that many mutants
actually increased the specific activity with EntE. The proposed
explanation for this result is that EntB must interact with a number
of proteins, thus it may not be fully optimized to interact with any
single one.

A number of NRPS-like systems that use carrier proteins for
manipulating amino acids have been described. The D-alanine
carrier protein (Dcp) is involved in the construction of bacterial
cell walls. Volkman reported a solution structure of Dcp.62 The
structure shares the three-bundle fold with ACP and PCP. Dcp is
more stable than ACP and does not show increased stability upon
the addition of divalent cations like ACP. Investigation showed
that the D-alanine transferase Dcl was able to adenylate all carrier
proteins tested. However, to avoid mislabeling in vivo, there must be
a control of loading selectivity for this protein. The protein DltD
forms a complex with Dcp and Dcl to provide this specificity. Only
D-alanine Dcp will donate D-alanine to lipoteichoic acid, hence
there must be a region that imparts selectivity to the interaction.
The authors suggest that Arg 64 may play a role, as it is situated
in a patch of positive charge not found in ACP that sits between
helix II and III.

Due to the highly conserved homology in carrier proteins, the
structure of the carrier protein itself can be useful in assigning
function. A recent example of this approach was shown in the
structure of the putative carrier protein Asl1650 from Anabaena
(Fig. 7b).63 The role of this carrier protein is unknown, but the
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gene is located in the same region as a number of PKS and
NRPS genes. The structure shows the protein has a fold typical of
carrier proteins. It forms a twisted antiparallel four helical bundle
with a well-ordered loop connecting helices I and II. The overall
fold shows highest homology with PCP. The surface is charged,
suggesting a soluble protein, but helix III is hydrophobic and
resembles the helix III of PCP. The sequence is variant from what
would be expected from an ACP. Two conserved residues found
in ACP (Arg 74, Asp 81) are not present, yet a conserved lysine
residue exists that has been shown to be important in PCP. In
addition, Asl1650 contains a variant active site motif that is not
found in ACP structures but is sometimes seen in NRPS systems.
The active site is NSS, as opposed to the usual DSX found in most
carrier proteins. The change in the active site may play a role in
the interaction with a PPTase, as the conserved aspartate residue
is known to play an important role in the interaction of ACP with
AcpS.

5 Carrier protein interaction partners

The remarkable feature of carrier proteins from any system is the
specificity with which they interact with other proteins. In type
I systems these interactions are reduced, as the carrier protein is
confined in a larger polypeptide. Maintaining the proper three
dimensional shape of the carrier protein domain, or retaining the
ability to distort conformation in the case of PCP, is essential,
as the 4′-phosphopantetheine arm must remain available for
interaction with all the relevant modification domains. However,
carrier proteins at the N or C terminus of multimodular PKS
and NRPS systems must interact with other proteins in order
to complete their products. Recent work has elucidated domains
that are involved in conferring specificity in the interactions
between multi-domain polypeptides.6,64 These short (20 amino
acid) domains are found attached to carrier proteins or any domain
that is located at the interacting termini of a synthase protein.

In type II systems the carrier protein is very much on its own.
While a type I system comes “hardwired” with all the information
required to build the natural product in the form of a linear
arrangement of modules and domains, the carrier protein in type
II systems must mediate all the reactions in proper order (Fig. 8).
This requires very subtle specificity requirements and the ability to
interact with a large number of different enzymes. Carrier proteins
must first be modified by PPTases to be active. Then they interact
with adenylyl/acyl transferases, ketoreductases, enolyreductases,
keto synthases or peptidosynthases (condensation domains),
epimerase domains, thioesterases, and chain length factors—each
of which may have multiple forms. Depending on the system, each
of these reactions may occur only once, or they may take place
repeatedly until the tethered product reaches full length.

5.1 Universal binding domain

The proteins that interact with carrier proteins do not have a set
of conserved binding residues, but instead recognize a common
3D motif for interaction with the carrier protein (Fig. 9). Type II
carrier proteins usually carry a strong negative charge, which was
shown by Walsh and co-workers to correlate with their reaction
kinetics with the PPTase AcpS.65 Most proteins in the type II FAS
present electronegative residues at the surface, with the exception

of a few electropositive residues located in a hydrophobic patch
near the ACP interaction site.66 ACPs have a conserved protein
interaction motif in helix II, where acidic residues are located
near the active site serine (Fig. 9). The negatively charged residues
in helix II can interact with the positive patches on the partner
proteins. Examples of this binding strategy include the FabH
protein (a KSIII) from E. coli in which the positive Arg 249
residue is important in ACP binding, as it forms a salt bridge with
ACP Glu 41. AcpS shows similar binding to ACP with positively
charged residues that interact with the negative residues of ACP
helix II. This binding strategy allows some FAS and PKS ACPs
to be interchangeable. For non-fatty acid ACPs, helix II is highly
conserved, so it is believed that additional structural elements exist
to provide specificity. The residues on ACP that are important in
binding some of the proteins from the FAS pathway in E. coli are
summarized in Fig. 9.

5.2 PPTases

The first protein that carrier proteins must interact with is the 4′-
phosphopantetheinyl transferase (PPTase).67 PPTases catalyze the
transfer of the 4′-phosphopantetheine moiety from CoA onto a
conserved serine residue of the carrier protein. The PPTase from
E. coli fatty acid biosynthesis was the first to be cloned and fully
characterized.68 The gene for AcpS in E. coli, dpj, had previously
been identified as essential and was known to contain rare codons,
indicative of low expression.69 When cloned, AcpS was shown to
be a functional dimer. It was later reported that over-expressed,
purified carrier proteins could be phosphopantetheinylated by
AcpS in vitro.70 Using the small carrier proteins from the type
II PKS of frenolicin, tetracenomycin, oxytetracycline, and gra-
naticin, as well as ACP, it was shown that AcpS could recognize
a variety of substrates. This is not surprising, considering the
conserved structure between these proteins, however AcpS was not
equally active with each. In addition, CoA derivatives were shown
to be processed by AcpS. This report gave the first indication
of the promiscuity of the PPTase family of enzymes and also
provided information on their selectivity, as it was demonstrated
that the suitability of a carrier protein as a substrate for AcpS was
correlated to its negative charge.

A large number of PPTases have since been identified from FAS,
PKS, NRPS and related systems.71–78 They are roughly categorized
as one of two types. The first type, those like AcpS, are involved in
primary metabolism, acting on carrier proteins from FAS systems
and generally showing little activity with carrier proteins from
polyketide or non-ribosomal peptide synthesis. A second class,
exemplified by the PPTase Sfp from surfactin biosynthesis in B.
subtilis, shows broad substrate specificity for the identity of the
carrier protein.79 A possible third type, PCPS, comes from P.
aeruginosa. The PCPS protein is the only PPTase found in P.
aeruginosa and as such can modify carrier proteins from both
primary and secondary metabolism.80 However, it does not appear
that PCPS is a Sfp-type PPTase that rescues a missing AcpS-type
in P. aeruginosa. PCPS shows better activity with fatty acid carrier
protein than with carrier proteins from secondary systems—
although the latter are processed. It is possible that instead of
discrete classes of PPTases based on substrate specificity, there is a
continuum in specificity between the more restrictive AcpS to the
permissive Sfp.
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Fig. 8 ACP interactions in type II FAS. ACPs in type II systems must interact specifically with a large number of proteins in order for the production
of products to proceed. Using the type II FAS from E. coli as an example, ACP must interact with at least six different enzymes—most of which have
multiple forms. ACP is first post-translationally modified by AcpS, which ligates phosphopantetheine from CoA onto a conserved serine residue. The
thiol terminus of the phosphopantetheine arm acts to tether the product. This thiol is loaded with malonate from malonyl CoA by the MAT enzyme.
Next, KASIII elongates the carbon chain via decarboxylative addition of malonyl-ACP upon acetyl-CoA to yield acetoacetyl-ACP—the starter for
fatty acid synthesis. ACP then undergoes a series of protein–protein-mediated interactions with the modifying enzymes ketoreductase, dehydratase, and
enoylreductase, to fully reduce the carbonyl down to the methylene unit. This ACP then interacts with KASI, and a second ACP loaded with malonate is
used to extend the chain by two carbons, and the cycle begins again. In E. coli, this process is repeated until the chain reaches 16 carbons. At this point,
the third keto synthase, KASII, is responsible for elongation to 18 carbons (stearoyl-ACP) and above.
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Fig. 9 The information-rich template of ACP. ACP specifically interacts
with more than a dozen proteins. Some of the specificity is conferred by
the acyl-chain length and state, but much of the information for protein
interactions lies in the ACP structure. (a) ACP is depicted in cartoon form
(gold helices, blue loops with the active site serine in green). (b) ACP is
then represented in cartoon form with residues that have been shown either
directly (by mutational studies) or indirectly (by structural modeling) to
be important in binding proteins in the E. coli FAS pathway. (c) Residues
known to interact with FabH (E. coli KASIII) are shown in cyan.
(d) Residues known to interact with FabD (E. coli MAT) are shown
in yellow. (e) Residues known to interact with AcpS are shown in red.
(f) Residues known to interact with FabG (E.coli KR) are shown in purple.

A crystal structure of Sfp revealed some differences with AcpS
that may account for its wider tolerance towards a large number
of carrier proteins.81 Whereas AcpS is a functional dimer, Sfp is a
pseudo-dimer, with each half of the protein resembling the AcpS
protein. A number of residues known for AcpS interaction with
CoA are not conserved. The crystal structure of AcpS bound
to ACP also revealed information about the binding interaction
of ACP. AcpS and ACP bind in a trimetric complex, although a
crystal of AcpS from S. pneumoniae demonstrated that ACP binds
this particular AcpS in a 2 : 3 ratio, leaving one potential active site
empty in that complex.46,82 In AcpS-ACP binding, the conserved
Asp-Ser-Leu active site motif on ACP is imperative for binding
(Fig. 9). Leucine and other hydrophobic residues from helix III of
ACP insert into a hydrophobic pocket in AcpS, while the aspartate

residue interacts with an arginine residue in AcpS. This ACP
binding site on AcpS reinforces the concept of a universal ACP
binding site, in which a hydrophobic patch near the active site of
the partner protein contains positive charges that interact with
negative ACP residues on helix II and III.

Mutational studies have also implicated residues involved in
carrier protein-PPTase binding and, therefore, selectivity. The
NRPS based carrier protein PCP cannot be post-translationally
modified by the E. coli FAS PPTase AcpS. However, if residues in
the conserved helix II region of PCP are replaced by homologous
residues from the FAS ACP, the new mutated protein can be
acted upon by AcpS as well as the promiscuous PPTase Sfp.
This reinforces the notion that there is a discrete region of
recognition for PPTases. As noted above, the helix II region of
the carrier protein is directly involved in PPTase binding. In a
study where the entirety of helix II of PCP was replaced by helix
II of ACP, it was found that the resulting mutant protein could
be modified by AcpS.83 Expanding on these results, Marahiel
and co-workers created a series of mutant proteins to investigate
the binding between ACP–PCP and AcpS–Sfp. Assays of these
mutants suggested a theory for binding site selectivity of AcpS and
Sfp. In all known ACPs, residue 38 is conserved as an Asp. In PCPs
the corresponding residue 47 is occupied by a positively charged
residue (usually Lys or Arg). In AcpS, the pocket that interacts
with this region of helix II contains an arginine and a lysine residue.
These residues stabilize the negatively charged Asp 38 of ACP but
repel the positively charged residue in PCP. Alternatively, in Sfp,
both a positively charged lysine and a negatively charged aspartate
are found in the region that interacts with the carrier protein
helix II, allowing it to accept both ACP and PCP. While a single
mutation in PCP (of residue 47 to aspartate) is sufficient to allow
interaction with AcpS, no simple AcpS mutant will allow wild
type PCP to serve as a substrate.84 In V. harveyi FAS ACP, which is
analogous in structure to E. coli ACP, the mutation of Ile 54 to Ala
completely abolished reaction with AcpS. This semi-conservative
mutation between hydrophobic residues causes a conformational
change that disrupts the reaction with AcpS.85

An interesting PPTase is found in S. cerevisiae, where a subunit
of the type I FAS contains a PPTase domain. By creating two
separate mutants of the FAS, Schweizer and co-workers were able
to confirm PPTase activity.86 One was mutated in the active site
serine of the ACP domain, and the other mutant was made in the
proposed active site of the PPTase domain—in this way neither
mutant would be capable of self 4′-phosphopantetheinylation.
By mixing the two mutants they confirmed PPTase activity in
trans. Thus, yeast FAS does not require an external PPTase for
activation. Similar genetic organization has been described in the
bacterial species B. ammoniagenes which contains a type I FAS.33

The FAS from this system has two modules, each encoding the
full set of FAS activities, much like the FAS in yeast. However,
as opposed to yeast, the PPTase is not found within the FAS
megasynthase, but the gene is coded as an open reading frame
between the two synthase genes fasA and fasB. E. coli PPTases are
unable to modify B. ammoniagenes FAS.

5.3 Acyl transferase

Acyl transferases (AT) compose a large class of enzymes that
transacylate thioester acyl groups. ATs can transfer acyl groups as
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small as two carbons (acetate in FAS and PKS priming reactions)
up to over twenty carbons (in the construction of lipids). AT
enzymes are often referred to as the gatekeepers of FAS and PKS
systems, as they select the monomers that will be added to the
growing chain. Three acyltransferases are required in bacterial
type II fatty acid biosynthesis: one for introduction of starter units
at initiation; a second for the transfer of malonate from malonyl-
CoA to ACP, which occurs iteratively as the product is built; and
a final to transfer the end products, palmitate and stearate, from
the FAS ACP to CoA. Schweizer was one of the first to describe
this activity in the 1970’s, when it was reported that a long-chain
acyl transferase could load CoA.87 Shimakata and colleagues also
purified and tested acetyl-CoA:ACP protein transacylase in an
early study.88

In the early 1990s the first ATs were cloned and tested. Shen et al.
reported the purification and testing of an acyl-ACP synthase (AT
domain) from V. harveyi and suggested that this enzyme could be a
useful way of making different acyl-ACPs.89 Around the same time
it was confirmed that acetyl-ACP is not used in FAS. This provided
evidence that butyl-ACP, formed through the condensation of
acetyl-CoA and malonyl-ACP, is the major starting unit in fatty
acid biosynthesis.90

Recently human mitochondrial malonyl AT (MAT) and ACP
were cloned and examined.91 Using radiolabeled acyl-CoA deriva-
tives, it was found that human mitochondrial MAT is specific for
malonyl-CoA (no transfer of acetyl-CoA was seen) like typical
type II MATs. Mitochondrial MAT was active with mitochondrial
ACP as well as fatty acid ACP from the type II system of B. subtilis,
but not with a recombinant ACP from the cytosolic human type
I FAS. This is not surprising, as the ACP domain in the type
I system is expected to be somewhat sequestered in the large
synthase polypeptide and would have no recognition domain for
a trans operating AT. However, it was found that the MAT from
the type I system has activity in vitro with both type I and type II
ACPs.

As opposed to the situation in plants, mitochondria, and
bacterial type II FAS systems, where two ATs are required for
acetyl and malonyl transfer, the mammalian FAS utilizes only one
AT that is responsible for loading both acetyl- and malonyl-CoA
to ACP. In these systems loading is random, as either acetyl or
malonyl groups can be loaded on the ACP. Thus the loading must
be fast and reversible in order to provide the correct substrate at
each step and not hold up the synthase. It has been found that
the reversible transfer of acyl groups by these ATs occurs at a
rate of greater than 100 s−1. Rangan and colleagues show that a
conserved arginine residue (Arg 606 in rat liver) greatly enhances
the use of malonyl-CoA as a substrate, while having no effect on
the utilization of acetyl-CoA.92

Two crystal structures of MATs from fatty acid systems have
been reported, and from these it is possible to draw a number of
conclusions about substrate specificity and the interaction with
ACP. The first structure to be solved was that of the E. coli MAT
by Serre, et al.93 AT domains from FAS I can use acetyl, malonyl,
methylmalonyl, and propionyl-CoA as substrates, whereas MAT
from E. coli takes only malonyl-CoA. A report of the structure of
MAT from S. coelicolor was published in 2003. It was described
as a “distant relative of the a/b hydrolase superfamily”, and
contained a hydrolase core but also contained a motif closely
linked to ferredoxin.94 The structure was similar to the one

reported for E. coli. MAT catalyzes malonyl transfer by a two
step mechanism in which the malonyl moiety from malonyl-CoA
is first attached to a conserved serine and subsequently transferred
to the thiol terminus of the 4′-phosphopantetheine arm of holo-
ACP. Keatinge-Clay and colleagues propose a number of residues
that confer specificity in MAT. They also propose an ACP docking
site which has similarities to the interaction found in the AcpS-
ACP co-crystal. In the proposed model, the conserved DSL active
site motif binds a hydrophobic patch that brings the active site
serine within 20 Å of the MAT active site—a distance that could
be bridged by the 4′-phosphopantetheine arm.

In the S. coelicolor MAT there is an N-terminal helical flap
that resembles the ACP binding region of AcpS. Keatinge-Clay
report modeling the docking of ACP with the MAT crystal
structure. They found a positively charged residue, Lys 298, which
is conserved between S. coelicolor and E. coli that should form a
salt bridge with the conserved aspartate of ACP (Fig. 9). Sequence
alignments show that most ATs have a positive residue in this
position.

Additional information on the binding of ACP to AT enzymes
was provided by the study of ACP mutants from V. harveyi.
Mutations in residues Phe 50 and Ile 54 of ACP from V.
harveyi were shown to impair interactions with the AT, while
the mutation I54A completely abolished reaction with AcpS.85

Acylation stabilizes ACP but mutation of Phe 50 and Ala 59 were
destabilizing even in the presence of acylation. Assays with the
myristoyl-ACP-TE protein showed that it was insensitive to the
mutational changes in ACP.

In type I PKS systems the situation is different, as each ACP
has a dedicated AT domain that specifically loads it with the
proper acyl group once for each polyketide produced. As these
AT domains are responsible for selecting the ketides incorporated
into the natural product, they have been the source of intense
study aimed at understanding and modifying their specificity. The
discovery by Cheng and colleagues of a type I system containing
no AT domains introduced a novel way around AT specificity.95

It was found that the leinamycin (LNM) biosynthetic gene cluster
from Streptomyces atroolivaceus contains an AT that works in
trans to acylate ACPs. The type I PKS modules lnmI and lnmJ
contain six modules, but no AT domains. Using this strategy to
avoid the specificity conferred by the AT domain, a mutant of
DEBS-6 was created with the AT domain knocked out, and a
free AT was used in trans to restore AT activity. In this case,
MAT from S. coelicolor was used to incorporate malonate into
the pathway in place of methyl-malonate.96 The same group made
hybrids of DEBS-6 + TE in which the AT domain was replaced by
other AT domains. They found that AT activity was not affected,
but overall turnover was severely reduced, a common problem in
engineered systems. Either the inserted AT disturbed the overall
PKS structure or ACP–KS rejected the changed substrates.97 It
remains to be seen how well these strategies will work and what
affect the individual interactions between AT and ACP will have
on the ability to introduce non-natural substrates into pathways.

Another AT that has garnered much attention is of the third
type required in FAS—an enzyme that transfers the elongated
fatty acid to another biomolecule. In 1988, Coleman described
the lpxA gene from E. coli. The protein is an acyl-transferase that
catalyzes the transfer of b-hydroxymyristoyl from ACP onto the
3′-position of UDP-GlcNAc in the production of lipid A, a major
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constituent of the cell wall.98 It was later found that the lipid A
forming AT from Bordetella sp. shows relaxed substrate specificity
compared to the enzyme in E. coli. In vitro studies showed that
LpxA from Bronchiseptica and Pertussis could utilize C10-ACP,
C12-ACP, and C14-ACP equally, but that B. parapertussis LpxA
would only use C10-ACP.99

The adenylate cyclase (AC) toxin from Bordetella pertussis
is a protein that requires post-translational modification in the
form of an N-linked palmitoylation by an AT from a dedicated
ACP.100 The selectivity of the AT in acylation of the AC toxin
was investigated, and recombinant AC toxin (expressed in E. coli)
was shown to possess different infection qualities even if native
ACP is co-expressed. The cause of differential infections appeared
to be the result of differential acylation by AC when produced
in E. coli, indicating some selection in the AT–ACP pair used to
modify the protein.101 As can be seen from these studies, the ACP
plays an important role in reactions with AT enzymes, and further
study may open avenues towards molecular engineering of these
systems.

5.4 Keto synthases

The keto synthase proteins (KS, referred to as b-ketoacyl ACP
synthases, or KAS proteins in type II fatty acid synthesis) catalyze
the condensation of new carbon monomers onto the growing
acyl chain in FAS and PKS systems. Thus, the carrier protein
must interact with a KS protein (or domain) in every biosynthetic
system. In fact, for systems in which the acyl building blocks are
not reduced (type II and some type I PKS modules), KS is the
primary interaction partner. A minimal system for producing acyl
chains from these systems requires only ACP, an acyl-transferase
(to load the ACP with malonate), and the KS. In such a system
the KS protein would actually serve the role of “carrier,” as the
growing chain would primarily reside with it, and the carrier
protein acts solely as the carbon donor. This scenario was seen in
the minimal actinorhodin polyketide system, where the optimal
ratio of ACP to KS to MT was found to be 200 : 10 : 1.102

In some ways, this would be analogous to the situation in type
III PKS systems, which have evolved to function without carrier
proteins.5

KS proteins (or domains in type I synthases) must catalyze two
separate reactions in order to attach the new acyl group onto
the growing chain. First KS must be loaded with the growing
acyl chain via transacylation onto a conserved cysteine in the KS
active pocket. Then the new malonyl (or methylmalonyl) donor
attached to the ACP must be activated by decarboxylation. This is
followed by attack from the activated carbanion donor upon the
acyl carbonyl acceptor from the previous transacylation step. This
is accomplished by donor interaction from an acylated ACP or,
in the case of priming reactions, acyl-CoA. For a comprehensive
review of the mechanisms of the KS reaction (and of the other
fatty acid reactions) see White, et al.103 It has been shown that
the KS step is slowest in the type I pathways, perhaps because
of the ping-pong mechanism that requires the acyl chain to be
transferred to the ACP first and returned to the KS for the next
round of extension.104 Thus, the KS proteins have perhaps the
most interaction with carrier proteins out of the various protein
partners that interact with ACPs. Not surprisingly, they are also
the best studied of FAS proteins.

Prescott and Vagelos isolated b-ketoacyl ACP synthase from
E. coli in the 1970’s and were able to crystallize the purified protein,
although the structure would come much later.105 It was recognized
at an early stage that multiple KS activities could catalyze disparate
steps in fatty acid synthesis.106 Three KAS variants are found in
most bacterial FAS. In E. coli, the priming of ACP is accomplished
by KASIII, which is loaded by acetyl-CoA. The fatty acid chain is
then extended with malonyl-ACP to form butyryl-ACP. KASI then
catalyzes further chain extensions from butyryl-ACP (C4-ACP)
up to 14 carbons in the form of palmitoyl-ACP. For longer fatty
chains, KASII catalyzes further extensions from palmitoyl-ACP,
again using malonyl-ACP as the starter unit source. Variations
from this basic paradigm are found in many systems. In animal
FAS (type I), only one KS is required.104 In PKS systems not
primed by acetate, a second KS-ACP pair is required to select for
the correct starter unit.107 In systems with multiple KS proteins,
interaction specificity must be mediated by both the acyl chain
and the carrier protein.

In E. coli, the fabF gene product has been identified as the
b-ketoacyl ACP synthase II (KASII).108 KASII plays a role in
temperature regulation of the fatty acid content of E. coli by
converting palmitoleic to cis-vassenic acid (unsaturated). It was
found that fabF-mutants were deficient in this activity. Assays
of KASI and KASII with five long chain acyl-ACPs at 27 ◦C
and 37 ◦C demonstrated that both KASI and KASII will accept a
range of acyl-ACPs in vitro, but at low temperature KASII is much
more active with palmitoyl-ACP. It remains to be resolved how
the temperature sensitivity affects the binding interaction between
ACP and the KAS proteins. The KASIII protein in E. coli was
identified, cloned, and assayed in the early 1990’s and was shown
to catalyze both condensation and transacylation activities.109

As discussed above, the mitochondria and chloroplast are
capable of de novo synthesis of fatty acids via a system analogous
to bacterial FAS. Zhang reported the cloning and purification of
human mitochondrial KS and found that it could not use CoA-
thioesters as substrates.16 It could, however, use mitochondrial-
ACP C2–C14 as a substrate, indicating that it might be akin to the
bacterial type II KS.

Crystal structures of KS proteins reveal the mechanisms of
action as well as probable ACP binding sites. The crystal structure
of E. coli KASI was reported as a homodimer containing two
active sites.110 The protein displays a motif common to ACP
binding proteins of the FAS. Overall, KASI has a negative
potential with the exception of a strong positive potential near
the active site. A negative residue at the end of the KASI active
site cavity may limit the length of the carbon chain that can be
accepted, thus imparting its specificity for acyl chains no longer
than 14 carbons. A crystal structure of KASII has also been
reported. Like KASI, the KASII structure was reported as a
homodimer with two active sites. A proposed site for ACP binding
was also identified (Fig. 9).111

Several structures of FAS KASIII have recently been
reported.112–114 Additionally, a crystal structure of a KASIII
analog from a PKS pathway is also known.115 Using the available
structural data, docking models of ACP–FabH (KASIII) were
constructed to predict the residues involved in binding (Fig. 9).116

The Arg 249 residue of KASIII is essential for ACP binding, and
the interaction between Arg 249 and ACP Glu 41 may be crucial
for alignment of the 4′-phosphopantetheine arm into the KASIII
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active site. This finding led to the proposal of a general three step
model for ACP binding: 1) binding of ACP to KASIII by hydro-
static interactions aligns the 4′-phosphopantetheine arm bearing
malonate with the active site, 2) disassociation of the fatty acyl
chain from its binding pocket on ACP induces a conformational
change that inserts the end of the 4′-phosphopantetheine arm into
the active site, and 3) after reaction with the KASIII active site,
the newly formed acyl group again associates with ACP, which
induces final disassociation of the complex. In theory, this model
could apply to the interaction between ACP and any step of FAS
or PKS pathways.

In type II PKS systems, the minimal required enzymes are ACP,
KS-chain length termination factor (CLP), and MAT.102 The KS
forms a heterodimer with the CLP, which contains high homology
to the KS but lacks an active site cysteine. For the construction of
polyketides, the ACP and KS-CLP proteins must form a complex
in which the growing product is transferred to the ACP—as the KS
decarboxylates the incoming malonyl ACP and condenses it with
the bound acyl chain—and is then returned to the KS-CLP for
the next round of elongation. Dreier, et al., show that this complex
disassociates after each round, so that the growing chain resides
mostly on the KS and not the ACP, which acts as an acyl donor
in this system. This conclusion is supported by data showing that
the optimal ratio for this synthase reaction is 200 : 10 : 1 for the
ACP–KS-CLP–MAT.

5.4.1 ACP-KS recognition. In addition to the multiple FAS
KS enzymes in most bacteria, there are also multiple KS enzymes
from PKS systems. Reynolds and co-workers investigated how
multiple KSs within the same organism were able to operate
without disturbing each system. Streptomyces glaucescens, like
many Streptomyces species, contains both a type II FAS and a
type II PKS system. Each system contains its own carrier protein
as well as multiple keto synthase enzymes. The authors report that
the ACPs from the FAS and PKS systems specifically recognize
their own respective KS partners, thus eliminating crossover by the
KS proteins from each system. Differences in the helix II region of
the FAS ACP and the PKS ACP may account for the differential
reactivity.117

In type II PKS systems not primed by acetate (in the form of
malonyl-ACP), a second KS-ACP pair is required for the initiation
step. This extra set of proteins may help to reduce cross-talk
between FAS and PKS pathways.107 In the frenolicin biosynthesis
system, FrenJ (ACP) and FrenI (KS) serve this purpose. In the
biosynthesis of frenolicin, the protein FrenN acts as the major
carrier protein, with FrenJ serving only in the initiation round
of biosynthesis. One MAT functions for both sets of proteins.
The secondary carrier proteins from both of these systems are
not as efficiently loaded by the promiscuous PPTase Sfp as the
primary carrier proteins. It was found that ZhuG (a second carrier
protein from R1128 biosynthesis) and FrenJ co-expressed in E. coli
with Sfp were only 60% holo, although they could be completely
converted in vitro. FrenJ and ZhuG were also poor substrates
for KS-CLF—50 fold worse than PKS ACPs from non-initiation
pathways. These secondary ACPs were shown to be required for
the pathways and not interchangeable with other ACPs. FrenJ
and ZhuG both have a tyrosine residue in helix II, where a small
residue (leucine, methionine, or valine) is usually found. This may
account for their differential specificity.

5.5 FAS/PKS tailoring reactions

In the biosynthesis of saturated fatty acids, the two carbon
keto units incorporated in each round from malonyl-ACP are fully
reduced by the action of three enzymes. The ketoreductase (KR)
reduces the ketone to a b-hydroxyl group. The dehydratase (DH)
then eliminates this hydroxyl group, producing a double bond as an
a,b-unsaturated thioester. Finally, an enoyl reductase (ER) reduces
the double bond to create the saturated methylene product (Fig. 8).
In the biosynthesis of unsaturated fatty acids, some positions are
not acted on by the enoyl reductase. For a complete review of fatty
acid biosynthesis see Lu, et al., and White et al.103,118

In PKS systems, the diversity of products is generated by
the removal of some or all of these activities at each step.
In the minimal PKS present in some type II systems, such as
the tetracenomycin, mithramycin, and elloramycin synthases, no
reductions are made, leaving a polyketone that may spontaneously
cyclize and aromatize subsequent to elongation.11 However, most
type I PKS systems encode variations into each module, so that
the resulting product may have a range of functional groups—
from ketones to fully reduced alkanes. It is the role of the ACP to
deliver the growing acyl chain to the proper tailoring enzyme in the
proper order. While these enzymes base much of their specificity
on the ability to identify the oxidation state (as well as the length)
of the acyl intermediate bound to ACP, there is evidence that
the ACP identity and location also play significant roles in these
interactions. KR, ER, and DH enzymes usually display a region
consistent with the universal ACP binding site. In addition, there
is evidence that ACP itself changes conformation each time the
acyl group attached to it is modified, which may allow it to be
recognized by the next enzyme in the pathway.119

5.5.1 Keto reductase. The KR is the first tailoring enzyme
to act on a newly incorporated keto unit. The KR from the type
II FAS system of E. coli has been investigated and reveals much
about the interaction with ACP and the reduction process. Zhang
et al. describe interactions between ACP and FabG, the E. coli
FAS ketoreductase.120 Interactions between the FabG protein and
the helix II of ACP are required for the ketoreductase reaction
to take place (Fig. 9). FabG has two conserved arginine residues
near the active site, the same arrangement found in FabH (the
E. coli FAS KS enzyme). These positively charged residues sit in a
hydrophobic patch, forming a region like that found in other ACP
binding proteins. Recombinant FabG mutants in which the Arg
129 and Arg 172 residues were mutated to alanine showed reduced
activity with ACP, though not with free CoA. These mutants did
not show any perturbation in structure, so the changes in ACP
binding were attributed to the interactions with the negatively
charged residues in ACP helix II. The greatest decline in binding
was seen when the arginine residues were mutated to negatively
charged glutamate residues. NMR binding studies supported these
results. In addition, this study revealed that Ile 54 from the loop
between helix II and III in ACP was important in binding to FabG,
but not in binding to AcpS (Fig. 9).

5.5.2 Dehydratase. The second protein with which ACP
must interact in the generation of reduced fatty acid chains is the
dehydratase (DH). Birge and Vagelos reported the purification
of E. coli b-hydroxyacyl-ACP dehydratase in 1972.121 Later it
was recognized that two dehydratase proteins are active in the
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E. coli FAS. Heath isolated and described two dehydratases, FabA
and FabZ, from E. coli. It was proposed that the two proteins,
which have broadly overlapping yet not identical specificity, help to
modulate the flux between saturated and unsaturated fatty acids.122

It is not known what role the interaction with ACP plays in this
process.

5.5.3 Enoyl reductase. The final step in the production of
saturated fatty acid and polyketide units is carried out by the enoyl
reductase (ER). The first purification of this activity was described
by Wakil and co-workers in the 1960’s with the identification of an
enoyl acyl-ACP reductase from E. coli FAS.123 It was proposed
that two separate enzymes catalyze this reaction, one that is
NADH-dependent and the other NADPH-dependent, since both
cofactors were consumed under slightly different conditions. It was
demonstrated that acyl-ACP was the natural substrate, although
CoA could be used by the NADH-dependent activity at a much
reduced rate.

The gene envM was identified as the NADH-dependent enoyl-
ACP reductase in 1994 and subsequently renamed FabI.124 Soon
thereafter, FabI was confirmed to be the only ER in E. coli
FAS.125 This result indicated that FabI might use both NADH and
NADPH as cofactors, a rare ability for a reducing enzyme. This
was proven by Bergler et al. in 1996 when it was demonstrated that
FabI is responsible for both the NADH and NADPH dependent
enoyl-reductase activities. In the same study, it was shown that
FabI is inhibited by palmitoyl-ACP.126 Crystal structures of enoyl-
reductases have been collected, however, none of the studies to
date directly addresses the interaction of the ER with the carrier
protein.127,128

5.6 Thioesterase

The final step in the biosynthesis of fatty acid, polyketide and
non-ribosomal peptides is the release of the product from the
synthase. In some cases the carrier protein can release the product
directly, but in many systems there is a domain that modulates
this release known as the thioesterase (TE). The TE resides at the
C-terminus of most type I PKS and NRPS systems. The TE is a
30 KDa domain with an active site serine within a serine hydrolase
catalytic triad (Ser-His-Asp). When the full natural product is
assembled on the terminal carrier protein, the TE domain first
catalyzes a transfer to the TE active site serine. The product can
then be cyclized through attack of an intermolecular nucleophile
or released via hydrolysis. Cyclization by a TE requires that the
TE domain imparts a specific 3D conformation to the natural
product that shields it from hydrolysis and encourages attack by
the internal nucleophile. The TE must interact with the carrier
protein in order to receive the acyl chain, however in type I
systems the proteins are physically attached, so there may not
exist a large need for recognition elements that are found in type
II systems. This was demonstrated in one of the first investigations
of thioesterase activity in type I FAS.129 Limited proteolysis of the
FAS protein allowed for the purification of the terminal TE. This
cleaved TE domain peptide retained activity with acyl-CoA, but
not with the truncated FAS, indicating that there is not a necessary
recognition element between these domains for TE activity. The
TE from FAS in goat mammary-gland was cleaved and examined
in a similar fashion. It was shown that the excised TE domain
does not complement the termination of medium chain length

fatty acids from the truncated FAS.130 It is not surprising that
domains from type I systems lack the recognition elements found
in type II systems. For a complete review of thioester activity, see
Kohli 2003.131

The ACP-TE didomain from chicken FAS was one of the first to
be cloned, and it was shown that this TE was active with palmitoyl-
CoA.132 When the TE domain from tyrocidine synthase NRPS
was cloned as a separate subunit, it was found to be active in the
cyclization of N-acetyl cystamine (NAC) derivates of its natural
polypeptide substrate (acylated carrier protein), as were the excised
SrfTE, picromycin synthase TE, and DEBS-TE.133–135 However,
these excised TE domains did not show activity with carrier
proteins. As demonstrated with type I FAS, it is not unexpected
that protein interactions are less important for recognition in these
systems, since the terminal CP domains are found adjacent to the
TE domains to which they pass their cargo.131

In the TE from the erythromycin synthase (DEBS), there is
an arginine patch near the active site that may facilitate ACP
interaction. Khosla and co-workers report the crystal structure
of the excised DEBS-TE domain.136 Modeling with the native
partner ACP showed docking in an electronegative groove of the
TE that contains five conserved arginine residues. It is predicted
that negatively charged residues in the ACP domain stabilize this
interaction. Cyclization occurs after transfer of the acyl chain to
the TE. The TE protects the terminal carbonyl from attack by
water and the basic residue His 259 can deprotonate the attacking
hydroxyl group leading to cyclization and release.136 It is interesting
that this type I system may employ the same type of recognition
elements (salt bridge formation with negatively charged residues
on the ACP domain) as are found in type II systems. These
contact points may help the type I systems overcome the loss
of conformational freedom inherent in a megasynthase.

The TE from the enterobactin synthase in E. coli demonstrates
multiple activities. In this system, the final product results
from three cycles of the megasynthase turnover (Fig. 8). As
in vibriobactin and gramicidin biosynthesis, the product is an
oligomer made as a result of iterative rounds of the synthase.
The TE must retain the product from initial rounds and catalyze
the multimerization of these subunits until the full product
has accumulated and can be cyclized. It was shown that the
EntF TE acts both as a catalyst for ester bond formation of
the trimeric DHB-Ser product and as a cyclase once the full
product is formed.137 Thus, it must interact with its upstream
PCP multiple times, and in different ways, in order to produce
the complete product.

5.7 Editing enzymes

In the construction of complex products such as fatty acids,
polyketides, and non-ribosomal peptides, there is a requirement
for each part of the synthesis machinery to display specificity for
its substrates and protein partners. However, when there is an error
in substrate selection, editing enzymes can remove the misprimed
group and salvage the enzyme activity. These enzymes add another
layer of complexity to the carrier protein story, as they must be able
not only to identify and bind the carrier protein, but discriminate
between the proper and improper carrier protein appendages.

5.7.1 TEII. The thioesterase II (TEII) protein works by iden-
tifying and removing misprimed acyl-groups in megasynthases. In
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type I systems it is produced as a stand alone domain that can act
in trans with the multi-domain synthases. The presence of a second
thioesterase in PKS and NRPS systems was somewhat unexpected.
However, the importance of this activity was demonstrated by
knockout experiments. By eliminating the TEII in S. fradiae,
tylosin production was reduced by 85%. A similar result was found
in S. venezuelae, where a knockout of the TEII gene led to a
95% reduction in polyketide production.138 Also, a recent NMR
study of PCP demonstrated that TEII specially interacts with holo-
PCP.57 From these results it was proposed that the TEII enzyme
functions by removing the acyl-groups from ACPs that have been
misprimed. This editing activity allows error-prone synthases to
function efficiently.139 However, studies indicate that correcting
mispriming events may not be the main function of TEII.140 In
studying the surfactin and bacitracin TEIIs, these enzymes showed
specificity for hydrolyzing acetyl groups from PCPs, rather than
misprimed amino acids. It may be reasoned, then, that TEIIs
may be responsible for regenerating active holo-CP domains from
CPs that are post-translationally modified by PPTases that use
acyl-CoA as a substrate. This is not surprising, as all PPTases
are permissive of acyl functionality and the cellular environment
contains mostly acylated CoA for primary metabolic functions.

A study of an animal TEII revealed residues that are important
in activity and interaction with the ACP. Mutations were made
in the active site of rat TEII, and three residues in the active
site were identified as being important: Ser 101 and His 237 are
required for activity, while Asp 236 enhances activity.141 It was also
shown that the C-terminal Leu 262 is required for interaction with
FAS. From this data, a model was proposed in which TEII binds
FAS, the hydrophobic C-terminus stabilizes the complex allowing
the acyl-chain to enter the TEII active site, and then cleavage of
the misprimed 4′-phosphopantetheine occurs. It was found that
the mutations in the Ser 101 and His 237 were not competitive
inhibitors, indicating that the active site is important in the binding
of TEII to ACP. Currently, little is known about how TEII enzymes
operate in type II systems. However, an example of an editing
activity from the type II R1128 PKS has been published.142 In this
system the TEII-like enzyme ZhuC was shown to be essential for
exclusion of acetate priming groups in R1128 production.

5.7.2 ACP hydrolase. A specific enzyme (PPTase) is required
for the conversion of apo-ACP to holo-ACP. For nearly 40 years,
there has been conjecture as to whether another enzyme can
catalyze the conversion of holo-ACP back to the apo-form, which
would be necessary for FAS catabolism. In 1967, Vagelos and
Larrabee reported that an enzyme in E. coli cell lysate could re-
move radiolabeled 4′-phosphopantetheinyl prosthetic groups from
holo-ACP.143 The enzyme was termed ACP hydrolase (ACPH).
A number of reports have since purported to show the effects
of this enzyme, and the isolation of this activity was published
in 1990.119,144,145 Unfortunately, the protein identified was later
shown to be an unrelated azo-reductase.146 A recent report by
Thomas and Cronan seems to have finally identified the E. coli
ACPH, although its physiological role remains unclear.147 Using
a screening based approach with an E. coli cosmid library, the
authors report identifying a protein (the product of the acpH gene)
that could convert holo-ACP to apo-ACP. In strains where the
acpH gene is knocked out, turnover of the ACP prosthetic group
is reduced. The purified ACPH can further convert holo-ACP to

apo-ACP in vitro. However, strains lacking acpH did not show
major growth inhibition, indicating that the gene is not essential.
Few homologs of acpH have been identified, and they appear to
be isolated to enterococci. How the ACPH interacts with ACP, as
well as its physiological role, are questions yet to be resolved.

5.8 NRPS specific activities

In non-ribosomal peptide synthases, products are produced in a
way analogous to that of polyketides. The monomers of NRPS
systems are proteinogenic amino acids or non-proteinogenic
derivatives (at least 300 are now known to be used).4 They are
activated by adenylation (A) domains. A domains are analogous in
their loading activity to AT domains, but function in the same way
as aminoacyl-tRNA synthetases that load tRNAs for ribosomal
peptide synthesis. These activated amino acids are transferred to
PCP (often referred to as thiolation or T domains in NRPS), which
work to tether the monomers through the 4′-phosphopantethiene
arm. The condensation of a new amino acid onto the growing
natural product is catalyzed by a condensation (C) domain,
which is analogous to the KS in FAS. Additional domains are
often present to modify the building blocks after loading by
the A domain or modify the substrates as they move along
the megasynthetase. Activities for epimerization, cyclization, and
oxidation have been described, although in at least some cases
these activities may be carried out by the C domain itself. The
final step of the NRPS synthase is usually cyclization or hydrolysis
carried out by a TE domain. For a complete review of NRPS
tailoring reactions, see Walsh et al.148

5.8.1 Adenylation. The adenylation domains in NRPS sys-
tems select, activate, and transfer amino acids to carrier protein
domains. The activation of the amino acid is analogous to the
reaction that loads tRNAs for ribosomal protein synthesis. An
aminoacyl adenylate is formed by attack upon the a-phosphate
of ATP, and the activated amino acid is then transferred to the
free thiol terminus of the phosphopantetheinyl arm of a peptidyl
carrier protein. Because of its role in identifying the correct amino
acid to append to the carrier protein, the A domain, like the
AT from FAS and PKS, is the gatekeeper for ensuring that the
correct units are incorporated into the growing peptide chain. As
opposed to PKS and FAS systems, where a relatively small number
of units are available, A domains must be able to differentiate
between a vast number of possible substrates.

The specificity of A domains in selecting amino acids was
investigated by Marahiel and co-workers. It was shown that in
A domains, residues that line the active site confer the amino
acid specificity.149,150 By analyzing sequences of all the known A
domains and using the pocket of the phenylalanine specific A
domain as a model, eight variable residues were identified. These
residues can be used to predict the specificity of A domains that
have not been characterized.151 The phenylalanine specific domain
was able to be converted to a leucine specific domain by the
mutation of a single residue.

The interaction between A domains and carrier proteins
was demonstrated by Walsh and co-workers by probing A
domains for the ability to adenylate 4′-phosphopantetheine
derivatives not attached to carrier proteins.152 Using A domains
from the siderophore NRPSs that synthesize vibriobactin (Vib),
enterobactin (Ent), yersiniabactin (HMWP2), pyochelin, and
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anguibactin, they found that a variety of 4′-phosphopantetheine,
phosphopantetheine, and shortened derivatives could be adeny-
lated, but at much slower rates than holo-carrier proteins. Addi-
tionally, carrier proteins from different systems could be used by
the A domains from the enterobactin and vibriobactin synthetases.
Alignments of the substrate carrier proteins revealed residues
that could be mutated to improve the reaction between VibE
and HMWP2 ACP. Mutation of three residues of the carrier
protein HMWP2 ACP to the corresponding residues in VibB
was able to increase the reaction efficacy with VibE and VibH
by 6-fold. Making similar mutations to the residues found in
EntB did not result in improved interaction with EntE. These
studies showed that interactions of different carrier proteins with
A domains are possible and that free pantetheine serves as a
poor A domain substrate. While multiple carrier proteins could
be used by any given A domain, some selectivity was evident. It is
assumed, however, that in extended NRPS systems, A domains
show selectivity for adjacent CP domains to provide loading
specificity. Interestingly a recent report has indicated that some
AT proteins may also have A domain type activity.153 The EncN
protein from the priming step of enterocin biosynthesis was shown
to catalyze the conversion of benzoic acid into the activated
AMP derivative. Surprisingly this intermediate could be directly
incorporated onto ACP. Alternatively it could also be converted
to a CoA derivative and the EncN protein would then catalyze a
standard AT type transfer.

5.8.2 Condensation. The condensation (C) domain in NRPS
systems is analogous to the KS in PKS in that it functions to join
the amino acid monomers in the growing product. An amino acid
bound to an upstream PCP domain is attacked by an amino acid
bound to a downstream PCP within the C domain active site to
form a new amide bond. While there are no known type II NRPS
systems, the siderophore synthases enterobactin and vibriobactin
contain some type II-like enzymes. These proteins are useful
models for the interactions of C domains and carrier proteins.
Keating et al. describe the VibH protein, a free condensation
domain that catalyzes the rare condensation of a CP-bound aryl
acid with an amino group found on a free small molecule.154

VibH catalyzes the condensation of dihydroxy benzoic acid and
norspermidine (Fig. 3), first acylating one of the primary amines
in norspermidine. In vitro VibH will also accept other amines and
the carrier protein EntB (which also carries DBH) as substrates.
The same group reported the crystal structure of VibH and found
by mutational analysis that Trp 264 on the C-terminus of VibH
is important for binding VibB, the partner carrier protein.155 The
residue Trp 264 sits in a hydrophobic patch on the surface of
VibH. In other NRPS condensation reactions, both donor and
acceptor peptides are held by PCPs via 4′-phosphopantetheine in
the C domain active site. VibH demonstrates sequence homology
to condensation, cyclization, and epimerization domains, so the
specificity for PCPs could be similar in these structures as well.

6 Carrier protein applications

6.1 Carrier protein biotechnology

Carrier proteins are small proteins, yet they are able to interact
specifically with many other proteins in order to complete the
synthesis of fatty acids or natural products. This is possible because

of the information stored within the carrier protein structure in
the form of shape and surface features. These properties also make
the carrier protein attractive for use in applied systems, as there
are multiple avenues to exploit the specificity imparted within this
structural information. The carrier protein can be modified within
natural systems through the introduction of CoA derivatives
that become covalently attached to the carrier protein. These
modified 4′-phosphopantetheine arms can act within catalytic
systems or serve to inhibit them. In this way, the carrier protein
can be modified in vitro for study or used to engineer the in vitro
biosynthesis of natural products. Lastly, the carrier protein has
been used as a fusion tag to further exploit its unique properties.

In all biotechnological applications, the most important inter-
action is the modification of the carrier protein by the PPTase.
Carrier proteins can be selectively modified by a PPTase with
an almost unlimited variety of functional groups. Many known
PPTases will accept unnatural CoA analogs, including those with
a covalently attached reporter moiety, such as a fluorescent or
affinity tag.156 These groups become transferred to carrier proteins
which can then be visualized by fluorescence or Western blot
techniques or purified with an affinity tag. This system has
been modified to incorporate both fluorescence and affinity, as
well as inducible fluorescence through affinity binding.157 CoA
analogs can be readily generated via a number of synthetic
routes. Direct acylation of the CoA thiol has been described,
both by transthioesterification and through one-step thiolysis of
a symmetrical anhydride.158 Additionally CoA can be modified by
conjugate addition of the CoA terminal thiol, as with maleimide-
labeled reporters. Many fluorescent and affinity tagged maleimides
are commercially available making this approach attractive.

The highly permissive PPTase Sfp has allowed for the intro-
duction of a wide array of pantetheine analogs onto carrier
proteins in vitro. PPTase permissivity was first exploited in the
attachment of non-cognate amino acids onto PCPs for the study
of NRPS domain activity.150 This application has been extended to
transfer even very large CoA analogs, including long polypeptide
natural products.159 Using this technique to create modified carrier
proteins allows the study of the activity of other proteins in these
pathways, as well as the carrier protein itself.160

While many PPTases are highly permissive, they display clear
kinetic specificity for different substrates, which was recently quan-
tified by Mercer et al. PPTase specificity could have advantages
for use in orthogonal biological labeling, as each component
(PPTase, CoA analog, and carrier protein) may be varied to yield
clear kinetic profiles. Here it was shown that in the PPTase/CP
reaction all three components can confer specificity on the reaction
when using mixtures of fluorescent CoA analogs.161 By varying
the carrier protein, PPTase, or CoA derivative, the distribution
of fluorescent tagging can be used to indicate the identity of
the carrier protein or PPTase studied. With these tools, multiple
carrier proteins may be used orthogonally within a single analytical
system. The ability to select any single variable in this system
as a means of influencing the reaction is a powerful means for
attaining labeling specificity and may be applied to complicated
informational schemes such as engineering more than one carrier
protein as distinct in vivo labels.

In vivo labeling of carrier proteins via CoA and 4′-
phosphopantetheine analogs was first demonstrated on the surface
of cells.162 Expressing E. coli ACP as a fusion with a cell surface
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protein, the a-agglutinin receptor Aga2p (Aga2p-ACP) from Sac-
charomyces cerevisiae, George et al. were able to selectively label
the fusion proteins on cell surfaces using Sfp and CoA-maleimide
analogs. Cells expressing the ACP fusion were incubated with
a PPTase (Sfp) and fluorescent CoA derivatives, which resulted
in fluorescent modification of the carrier protein domains of the
fusion proteins.

The labeling of carrier protein fusions on cell surfaces has been
incorporated into a number of recent sophisticated studies. The
ability to specifically modify carrier protein fusions has allowed for
time dependent cell surface labeling as well as the incorporation
of multiple cell surface labels. Vivero-Pol and colleagues made a
fusion of ACP to the yeast cell surface protein Sag1P, a protein that
is fixed in the membrane at sites of active growth.163 Because of this
property Sag1P made a good model for time dependent labeling.
By incubating the cells containing the surface fusion with two dye-
CoA conjugates and Sfp in sequence, areas of recent growth could
be easily seen. In addition the authors also report the ability to
use multiple CP fusions to label cell surfaces. Two carrier protein
fusions were made, one to ACP and one to PCP. As AcpS will
only modify ACP and not PCP, incubation with these PPTases
in sequence allowed for selective labeling of each carrier protein
fusion tag. This technique was expanded to use ACP-membrane
receptor fusions to conduct fluorescence resonance energy transfer
(FRET) studies on the cell surface.164

A report from 2005 demonstrated the usefulness of carrier pro-
teins as fusions in FRET imaging of cells.165 Fusions of PCP from
the gramicidin synthase system to TfR1, a transferrin receptor
that is involved in iron uptake, were created and used as a means
of attaching fluorophores. Using uptake studies, the fusions were
shown to retain activity. TfR1 is a cell surface receptor that helps
to import iron by binding the iron binding protein transferrin.
This clathrin mediated uptake could be monitored using FRET
between specifically labeled PCP-TfR1 fusion and fluorescent
transferrin. The PCP fusion was labeled via reaction with Sfp and
a fluorescent CoA derivative, and recombinant transferrin was
labeled chemically and added to the cells. The binding of PCP-
TfR1 to transferrin could then be monitored by FRET. Using this
signal, the authors were able to confirm that transferrin remains
bound to TfR1 while in the cells but becomes released when the
complex is exported subsequent to release of iron.

Another example of the use of carrier protein fusion FRET
techniques was reported by Meyer and co-workers. Here, fusions
of ACP were formed with Nk1R, a G-protein coupled receptor
that is a possible drug target for depression.166 With this fusion
the surface organization of this receptor could be investigated
via FRET measurements. Using the specificity inherent in the
phosphopantetheinylation reaction, the ACP region could be
specifically modified with the FRET donor and acceptor in a
defined ratio, which allowed for optimization of the signal. This
technique allowed the authors to demonstrate that at physiological
concentrations, NK1R does not form homodimers and that is
found concentrated in micro-domains on the cell surface. This
study was possible because the carrier protein tag did not interfere
with the function of the fusion partner and thus provided a useful
scaffold to selectively modify the target with defined ratios of
FRET acceptor and donor. The size and requirement for post-
translational modification make ACP ideal as a low background
fusion partner.

Other techniques utilizing the unique properties of carrier
proteins in fusions have been recently reported. Yin and co-
workers made fusions of PCP2 with a number of proteins to
assess the viability of a carrier protein as a fusion tag.167 Using
common tagging proteins such as Gfp, GST, and maltose binding
protein, this study was able to demonstrate that a fusion to PCP
could be specifically labeled with biotin-CoA and spotted onto
avidin coated slides. The reaction between Sfp, PCP fusion, and
CoA-biotin is fast and specific. In addition, fusions of PCP with
b-galactosidase and luciferase were made and shown to retain
activity. Expanding on the utility of the carrier protein, the same
group fused the PCP carrier protein to phage capsid protein
III.168 This protein is only expressed in one copy per capsid,
allowing for display of one PCP per virus particle. The PCP
was then modified using Sfp and CoA derivatives with biotin
and other small molecule affinity tags. Using the affinity protein
partners for these small molecules, the desired phage conjugate
was enriched 2000 fold in a single enrichment step out of a pool
of other modified phages. The phage could be identified by a
tag encoded into its DNA, and the DNA barcode was read using
microarray technology. This technique has potential in identifying
high affinity binding small molecules in a high throughput
way.

As useful as the labeling of carrier proteins via reaction with
CoA analogs and Sfp may appear, all of the techniques described
in the preceding section are not viable for in-cell applications.
Due to the highly charged nature of CoA, which does not
cross the cell membrane, carrier protein labeling is limited to
in vitro and cell surface techniques. While the inability of CoA
analogs to cross the cell membrane is an advantage for surface
labeling, intercellular labeling must be obtained through new
routes. The key to accessing modified carrier proteins in vivo
lies in the CoA biosynthetic pathway. CoA is biosynthesized
from pantothenate (vitamin B5) in all organisms by a series of
five enzymes. While there was evidence in the literature that
pantetheine could serve as a substrate for pantothenate kinase
(PanK), the first enzyme in the pathway, the kinetic profile was
only recently reported for the E. coli PanK, CoaA.169,170 In fact,
pantetheine analogs can be readily converted in vivo into CoA
analogs with only three of the five CoA biosynthetic enzymes
(PanK, DPCK, PPAT), which may then be used modify carrier
proteins with a PPTase.171 Although the native CoA pathway in
all known organisms was not expected to utilize pantetheine, it
has been found that many PanK enzymes tested will accept it
as a substrate. Once converted into phosphopantetheine, further
CoA enzymes (PPAT and DPCK) will complete the conversion
into CoA (Fig. 10). A wide variety of pantetheine analogs may
be taken up in this pathway, and the in vitro conversion of
pantetheine analogs into CoA derivatives and then into modified
carrier proteins can be accomplished in a one pot procedure using
these techniques.170 Several synthetic routes are available to create
4′-phosphopantetheine analogs, including a recently published
modular synthesis that is particularly amenable to the production
of analogs of pantothenate.172 The chemo-enzymatic synthesis of
CoA in vitro with purified CoA biosynthesis enzymes allows for
the easy introduction of a large number of chemical groups onto
carrier proteins.

Unlike the highly charged CoA derivatives, derivatives of
pantetheine are readily taken up by a variety of organisms. E. coli
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Fig. 10 Exploting the CoA biosynthesis pathway for in vivo ACP labeling. Incubation of E. coli with fluorescent pantetheine derivatives results in uptake
of the analogs followed by intercellular processing into CoA derivatives. These CoA analogs can then be used for the modification of carrier proteins
within the cell. Bioorthogonal reporter coupling has been used to diversify labeling flexibility.

contains a pantothenate transport system that may aid in this
uptake.173 Clarke et al., showed that a fluorescent pantetheine
derivative could be readily taken up by E. coli, intracellularly con-
verted into the CoA analog, and transferred onto carrier proteins
within the cell. The resulting fluorescent carrier protein fusions
are easily visualized by SDS-PAGE.171 This methodology has been
expanded to allow the incorporation of a number of orthogonally
reactive functional groups onto 4′-phosphopantetheine derivatives
that allow for subsequent reporter labeling, identification, and
purification of the labeled carrier proteins.174

Because of their small size and well understood protein
recognition domains, carrier proteins are attractive as fusion tags.
However, even at 8–9 kD, carrier proteins may be considered large
compared to other protein tags. Recent work has identified a very
short peptide that can substitute as a carrier protein substrate for
PPTase post-translational modification.160 Using phage display
with a B. subtilis genomic library, a peptide was identified that
could be phosphopantetheinylated by Sfp. It was found that an
eleven amino acid peptide could be efficiently modified by Sfp. The
sequence was DSLEDIASKLA. This identified minimal sequence,
with the active serine residue close to the N terminus of the
peptide, was also synthesized as the truncated synthetic peptide
and incorporated into both C- and N-terminal fusion proteins. The
peptide forms an a-helix, and C-terminal residues are crucial to
PPTase modification. Truncated peptides from TycC3 and PKSL1
were not shown to be active substrates.

Combining the small carrier protein-like peptide and the in vivo
incorporation of pantetheine analogs could lead to a number

of important applications. Because of the selectivity conferred
by the labeling reaction, this system could make a useful fusion
tag for in vivo monitoring of protein expression and localization.
Labeling may be affected temporally by modifying the expression
of a PPTase or by varying the time of pantetheine introduction.
Perhaps a more intriguing application for the combination of small
peptide and pantetheine analogs would be the incorporation of
the peptide into an internal fold of a protein. The insertion of this
eleven amino acid sequence would not only allow for detection
or recovery of the modified protein, but the incorporation of
synthetic pantetheine analogs could be used to affect the activity
or properties of the modified enzyme. The ability to selectively
introduce a wide range of reactive species near active sites could
also allow for detailed investigation of enzyme reactivity.

In addition to the use of 4′-phosphopantetheine analogs as
carrier protein labels, the ability to integrate chemical activity into
the fatty acid pathway has applications for drug discovery. All of
the proteins involved in fatty acid biosynthesis are considered drug
targets either for obesity or as antibiotics. The pantothenamides
are 4′-phosphopantetheine like molecules that have been known
for their antibacterial properties since 1970.175 Recently, it was
shown that the activity of these compounds is a result of their
incorporation into the CoA pathway and subsequent attachment
to ACP.176,177 This modification of ACP results in inhibition of
the FAS pathway, and thus the cessation of bacterial growth.
Expanding on the activity of these compounds Virga et al. tested
a large number of pantetheine derivatives for inhibition of CoaA
and MIC in E. coli and S. aureus.178 These experiments found that
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all of the compounds could target the ACP in vitro. The selective
modification of ACP with inactive 4′-phosphopantetheine deriva-
tives may prove to be an efficient way to influence the fatty acid
pathway. The carrier protein might also serve as a scaffold for drug
delivery. Because of the specificity of the interactions between the
carrier protein and the other enzymes in its pathway, a carrier
protein modified with a 4′-phosphopantetheine analog containing
an inhibitory moiety could greatly enhance the activity of these
inhibitor classes.

6.2 Engineering

A major goal in the field of natural product biosynthesis is the
engineering of novel PKS and NRPS systems. There has been a
great deal of research over the last two decades towards this goal,
but the role of the carrier protein domains in these efforts has been
limited. Attempts have been made to engineer new polyketide and
non-ribosomal peptide products by swapping domains in type
I systems, knocking out domains, and changing the preference
of starter and extender units.179,180 Unfortunately, results from
these efforts have been mixed. While numerous examples of novel
product production from engineered systems are available, in
almost every case, the efficiency of the biosynthesis is severely
reduced by the engineering. Presumably, the decrease in activity
seen in engineered PKS and NRPS is due to disruption of protein–
protein interactions in type II systems or the disruption in the
folding and interdomain interactions in type I systems. In light
of this, understanding the many interactions involving the carrier
protein—and how it may mediate these interactions—is central to
any natural product bioengineering.

The most thoroughly investigated type I synthase is the 6-
deoxyerythronolide B synthase (DEBS) from the soil bacterium
S. erythraea.181 DEBS synthesizes the precursor for the antibiotic
erythromycin. When derivatives of DEBS III megasynthase that
separated the domains into individual proteins were made, it was
found that KS-AT-KR and KS-AT fragments were active with
the DEBS module 3 ACP.182 Also KS/AT modules from DEBS
have been produced and tested with different ACPs. For each
module, the native partner ACP was preferred, but acyl-group
differences were tolerated.183 All six DEBS ACP domains were
expressed as individual proteins and tested for reactivity with
the module 3 KS. 1000 fold differences in reactivity were found
between native ACP-KS pairs and non-native associations. In
these experiments, the carrier proteins were preloaded with acyl
groups to facilitate condensation with preloaded KS domains.
These studies showed that the carrier protein had a much greater
effect on the reaction than merely presenting an acyl group,
indicating that selectivity in the system is acquired mainly though
protein–protein interactions. Acyl group selectivity is thought to
be dependent upon the adjacent AT domains, so these results are
not surprising; yet they indicate that variation in acyl group may
be tolerated by downstream enzymes provided that the carrier
protein–KS interaction is not perturbed.

In a study directly addressing the role of carrier proteins in
engineered systems, Leadlay and co-workers showed that direct
ACP to ACP transfer of growing polyketides can take place and is
the cause of “skipping” in engineered systems.184 “Skipping” has
been seen when entire modules are passed over, resulting in low
turnover and poor in vivo production of the desired products. Here

a synthase construct was made to contain domains 1 and 2 from
the DEBS system with an inserted module from rapamycin biosyn-
thesis in between. Initially, the rapamycin module was skipped,
such that the major products from the synthase resulted only from
catalysis of the DEBS modules. The predicted molecule resulting
from activity of all three modules was only seen in trace amounts.
The authors investigated this phenomenon by knocking out active
site residues in the rapamycin module. These experiments showed
that the KS domain was not required for production of truncated
products, however the rapamycin ACP was required. Thus, it seems
that the mechanism of skipping is mediated by the intervening
ACP acyl transfer, which has the capacity to channel substrates
from one module to another without interacting with the other
active sites within its own module. These results suggest that
skipping might serve an evolutionary role, as gene duplication is
believed to play a large function in the evolution of new polyketide
products.185 Duplication would produce intervening modules that
may be skipped to ensure production of the original metabolite
while producing small amounts of product from the new construct.
Solving the skipping problem in engineered synthases will no
doubt require a greater knowledge of the interdomain protein
interactions between the ACP and KS, as well as other modular
synthase domains.

6.3 Future directions

6.3.1 Understanding modular synthase domain interactions:
substrate specificity, protein–protein interaction, and proximity
effect. One immediate goal in carrier protein research is to under-
stand the interactions between the carrier protein and its partners.
These are unique biosynthetic systems, which contain complex
elements of substrate specificity, protein–protein interactions,
and proximity effects all contributing to specificity and enzyme
turnover. Although much is known about individual interactions
in some systems (such as the type II FAS), for many carrier
proteins, the residues important in protein–protein interactions
remain unknown. A greater understanding of the basic biology of
the carrier protein will be required to advance the goals of natural
product engineering and pathway design. In order to successfully
engineer natural product synthesis, a detailed understanding of
each domain and the interactions between them will be needed,
and no protein is more central to a PKS or NRPS system than the
carrier protein.

6.3.2 Identification of new synthases in unsequenced organ-
isms through affinity chromatography. Integration of pantetheine
analogs into native natural product pathway enzymes may be
accomplished with recent tools. This may allow for the discovery
and isolation of cryptic PKS and NRPS synthases from systems
that are either genetically intractable or difficult to study using cur-
rent methods. While genetic techniques are typically used in such
systems, some organisms cannot be easily isolated and propagated
or contain genomes not amenable to standard genetic techniques
due to size or complexity. Some sequenced organisms contain
pathways that cannot be understood from protein homology
studies and the cognate natural products have not been isolated
(cryptic pathways). The ability to selectively tag domains within
these megasynthases would allow for their isolation and protein
sequencing.
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6.3.3 Fusion protein applications. The further refinement of
CoA pathway integration and fusion tag techniques is an area
of important interest. The specific protein interaction required
for modification of the carrier protein allows a fidelity that is
unique among fusion systems. Fully exploiting metabolic CoA
analog delivery could benefit both natural product research and
expand the options available for protein fusion applications. For
biotechnology, short peptide carrier protein tags could serve as
universal fusions for protein modification in vivo.160

7 Conclusion

The modest carrier protein finds itself involved in numerous pri-
mary and secondary metabolic pathways, and recently it has been
incorporated into useful arenas of biotechnology. Despite its small
size, the carrier protein plays a major role both as a scaffold for
metabolites and as a gatekeeper for enzyme–substrate interactions.
Chemists and biologists continue to discover the breadth of its
repertoire for both native and engineered applications.
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Fluorescent Multiplex Analysis of
Carrier Protein Post-Translational
Modification
Andrew C. Mercer, James J. La Clair, and
Michael D. Burkart*[a]

Multiplex analysis has proven to
be a powerful tool for dissecting
genetic identities within com-
plex biological mixtures, as illus-
trated by applications in in situ
hybridization,[1] polymorphic
PCR,[2] and gene-expression
profiling.[3] Given the progres-
sion of proteomic analyses,[4,5]

comparable systems will be a
valuable asset for protein-based
applications.[6] An ideal system
for the application of multiplex
analysis to proteins is the
promiscuous post-translational
modification of carrier-protein
domains from thioester-mediat-
ed biosyntheses. This transfor-
mation, catalyzed by 4’-phos-
phopantetheinyltransferases
(PPTases), can be modified with
a variety of reporter-labeled
prosthetic groups to yield la-
beled proteins,[7] wherein each
chemical species transfers with a
unique kinetic profile. Here we
introduce a three-color fluores-
cent multiplex analysis of carri-
er-protein domains that may be
applied to the discovery of pri-
mary and secondary biosynthetic pathways and as functional
markers for fusion-protein systems involving multiple species.

Carrier-protein domains comprise a small yet diverse group
of proteins essential to primary and secondary biosynthetic
pathways, including fatty acid, polyketide, and non-ribosomal
peptide synthesis.[8] The carrier proteins involved in these path-
ways function as scaffolds to mediate modular synthesis
through a domain bearing a 4’-phosphopantetheine arm.[9]

This prosthetic group is incorporated through transfer of 4’-
phosphopantetheine from coenzyme A (CoA) to a conserved
serine residue by a PPTase (Figure 1). The three-component re-

action between CoA, carrier protein, and PPTase has been
shown to accept a variety of CoA–thioester substrates.[10] Re-
cently, we further investigated this tolerance by covalently
modifying carrier-protein domains with reporter molecules, as
illustrated by the conversion of apo-carrier protein to crypto-
carrier protein (Figure 1).[7] This modification has been subse-
quently utilized in fusion-protein labeling with in vivo applica-
tions.[11]

Early in our investigations, we noticed that the kinetics of
carrier-protein modification was dependent on the CoA deriva-
tive used.[7] Based on this evidence, a multiplex assay was con-
structed by using orthogonal sets of fluorescent CoA ana-
logues 1–5 (Figure 2).[12] As illustrated in Figure 1, the incuba-
tion of a carrier protein with sets of dyes (red, green, and blue)
and PPTase creates three different fluorescently modified pro-
teins. The relative population of each state was determined
spectrophotometrically and conveniently displayed by using a
pie graph.

The application of this method to vibriobactin synthase car-
rier protein from Vibrio cholerae, VibB, is depicted in Figure 3a.
Purified VibB was labeled individually with surfactin PPTase
(Sfp)[13] and CoA analogues 1–3 to provide a red, green, and
blue carrier protein. Treatment of VibB with Sfp and an equi-
molar mixture of 1–3 (dye set A) produced VibB with 29%,
41%, and 30% of the tags from 1, 2, and 3, respectively. Com-
parable analyses in other carrier-protein domains (fatty acid
synthase acyl carrier protein from E. coli, ACP; oxytetracycline

Figure 1. Multiplexed post-translational modification of carrier proteins. In natural systems, a PPTase transfers a
4’-phosphopantetheine residue from CoA to a conserved serine residue on each apo-carrier protein domain to
create the holo-carrier protein and 3’-phosphoadenosine-5’-phosphate (PAP). When exposed to reporter-modified
CoA, the PPTase diverts the natural pathway to yield the reporter-modified crypto-carrier protein. The crypto- no-
menclature indicates that the carrier protein is now blocked from further reaction at the thiol terminus and can
be coded with a fluorescent tag.

[a] A. C. Mercer, Dr. J. J. La Clair, Prof. Dr. M. D. Burkart
Department of Chemistry and Biochemistry
University of California, San Diego
9500 Gilman Drive, La Jolla, CA 92093–0358 (USA)
Fax: (+1)858-822-2182
E-mail : mburkart@ucsd.edu

Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.
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synthase carrier protein from
Streptomyces rimosus, Otc; and
frenolicin synthase carrier pro-
tein from Streptomyces roseoful-
vus, Fren) verified that the reac-
tion between CP, PPTase, and
CoA could differentiate be-
tween the carrier proteins as-
sayed, as illustrated by the rela-
tive populations of tags 1–3
(Figure 3b).

The utility of this method is
highlighted by its ability to
selectively identify carrier pro-
teins within mixtures (lane 5,
Figure 3). Here an equimolar
mixture of ACP, VibB, and Fren
was treated with dye set A and
Sfp. The three carrier proteins
were separated by molecular
weight by SDS-PAGE, and the
uptake of reporter-labeled CoA
analogues 1–3 was determined
spectrophotometrically. Interest-
ingly, the uptake of 1–3 within
each carrier protein remained
within �1.6% of that found
when labeling each carrier pro-
tein individually.

In a final set of experiments,
we asked how different PPTases
or CoA derivatives would
change the profile of dye label-
ing. Having shown this new
assay to be effective in identify-
ing carrier proteins either alone
or in mixtures, we wanted to
demonstrate that the observa-
tions were not restricted to the
use of dye set A. We altered the
reaction conditions by prepar-
ing a second dye set (B) by
mixing equimolar aliquots of 1,
4, and 5 (Figure 4a). At the
same time, we introduced two
additional PPTases to the assay.
Acyl carrier-protein synthase
(ACPS) from B. subtilis and pseu-
domonas carrier-protein syn-
thase (PCPS) from P. aeruginosa
were cloned and expressed,[13,14]

and the influence of both dye
sets and PPTase was screened
simultaneously against four car-
rier-protein domains (Fig-
ure 4b–c). For ACP, the multi-
plex reaction with ACPS induces

Figure 2. Sets of fluorescent analogues. a) Two sets of analogues, dye sets A and B, were prepared by selecting
combinations of CoA analogues 1–5 such that each set provided orthogonal absorption and fluorescence spectra.
a) Absorption and b) fluorescence maxima were standardized to 1.0 and 100, respectively, by adjustment of con-
centration. Extinction coefficients and fluorescent data for each dye are provided in the Supporting Information.

Figure 3. Three-color carrier protein labeling. a) Carrier protein VibB underwent tagging when treated with dye
set A containing CoA analogues 1–3. SDS-PAGE gel depicting the emission from the dye-labeled crypto-carrier
protein state upon excitation at l=380 nm. b) SDS-PAGE analysis of ACP, Otc, VibB, Fren, and a mixture of multi-
ple carrier proteins after treatment with Sfp and dye set A. The relative dye labeling of carrier proteins is repre-
sented by pie charts.
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a modest shift relative to Sfp (Figure 4a vs. b). For VibB, the
effect of changing the PPTase is more pronounced, as shown
by comparison of Figure 4a and c. The characteristic labeling
pattern is further varied by the choice of dye set, as demon-
strated by comparison of pie graphs within Figure 4b and c.

This assay provides initial insight into molecular-level inter-
actions between proteins from different natural-product sys-
tems. Carrier proteins found in metabolic pathways can be
functionally visualized and classified, even in the absence of
genetic information. We have expanded on earlier work that
identified reactivity in recombinant proteins from different sys-
tems[8] by investigating this reactivity on the molecular level.
Recent publications have also demonstrated the use of carrier
proteins as fusion partners for functional labeling in vitro and
in cellular systems.[10] By combining the techniques presented
here, such fusion systems could be adapted to track multiple
proteins simultaneously. This multiple analysis of the three-
component reaction between carrier protein, modifying
enzyme (PPTase), and label (fluorescent CoA analogue) pro-
vides a robust system for the selective coding of these pro-
teins. In addition, the extension of this assay to secondary met-
abolic systems, fusion systems, and truncated or modified car-
rier-protein domains might provide a robust tool to selectively
decipher complex biological networks.
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Figure 4. Labeling of carrier proteins with three PPTases (Sfp, ACPS, and PCPS) and two dye sets (A and B). Rela-
tive dye labeling with a) Sfp (B. subtilis), b) ACPS (B. subtilis), and c) PCPS (P. aeruginosa). Relative dye labeling of
carrier proteins is represented by pie charts. * indicates no reaction, as given by a lack of crypto-state formation.
Assignments of dye sets are given in Figure 2a.
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Cloning The genes pcps and acps were PCR amplified and cloned using the Gateway 

Cloning System (Invitrogen, San Diego, CA) according to the manufacturer using the 

following nested primers: ACPS GTWF 5'-AAAAAGCAGGCTCCATGATTTACGGCA-

TTG-3'; GTWR 5'-AGAAAGCTGGGTCTAGCTTGACAACCTTTC-3'; PCPS GTWF 

5'AAAAAGCAGGCTCCATGCGCGCCATGAACGA-3'; GTWR 5'-AGAAAGCTGGGTT-

CAGGCGCCGACCGCC-3'; Gateway Sequence: Attb1 5'-GGGGACAAGTTTGTACAAA-

AAAGCAGGCTCC-3'; Attb2 5'-GGGGACCACTTTGTACAAGAAAGCTGGGT-3'. The 

amplified genes were recombined into the entry vector pDon207 (Invitrogen), and then 

into destination vector pHIS8 using the Gateway Cloning System.[1]  

Protein Preparation Expression plasmids containing pcps and acps were transformed 

into E. coli (BL21). At OD600 = 0.6-0.8, 0.24 g/L IPTG was added. The cells were allowed 
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to grow for 4 h and recovered by centrifugation at 3400 rpm. The cells were then resus-

pended in 50 mM NaH2PO4, 300 mM NaCl, and 10 mM Imidazole (pH 8). Lysozyme (1 

mg/mL final concentration), Triton X100 (0.1%), DNAse, and RNAse were added and 

the cells incubated on ice for 1 h. Cells were sonicated by pulsing for 5 min on ice. His-

tagged PCPS and ACPS proteins were purified by nickel chromatography using Ni-NTA 

His-Bind Resin (Novagen, Madison, WI) according to the manufacturer and dialyzed 

against 50 mM NaH2PO4, 300 mM NaCl. Fren, Otc, and VibB were used as previously 

described.[2] ACP was used as previously described from E.coli strain DK554 generously 

provided by Cronan.[3] 

CoA Conjugate preparation. Each CoA derivative was synthesized individually via 

Michael addition of the thiol in CoA onto a maleimide-linked fluorescent probe. 

Fluorescent compounds were purchased as maleimide conjugates from Molecular 

Probes. Dye and CoA (5 mM each) were reacted as previously described.[2]  

Multiplex Assay Carrier proteins (20 µM) were incubated with PPtase (1 µM) and dye 

mix (10 µM each) in MES-acetate buffer (75 mM MES acetate, 12.5 mM MgCl2 pH 6.0) 

for reactions with Sfp or PCPS, or 50 mM Tris, 12.5 mM MgCl2 pH 8.8 for reactions 

containing ACPS, for 1 hr at 37°C. Samples were then run on a standard 12% SDS-

PAGE gel. The fluorescent protein bands were visualized on a VWR LE-20 Transilli-

uminator, excised from the gel, and the samples electroeluted for 2 h at 200 V in 3.5 KD 

dialysis tubing. The samples were recovered, and 200 µL was analyzed for fluorescence 

at the respective wavelengths with a PTI Fluorimeter (Model QM4). Each experiment 

was performed six times (twice, in triplicate), providing standard deviations. Alexa Fluor 

350 was excited at λ = 346 nm and emission was collected at λ = 442 nm. Alexa Fluor 

532 was excited at λ  = 532 nm and emission was collected at λ = 554 nm. BODIPY-FL 

was excited at λ = 505 nm and emission was collected at λ = 513 nm. Alexa Fluor 594 

was excited at λ = 588 nm and emission was collected at λ = 612 nm. Alexa Fluor 633 

was excited at λ = 632 nm and emission was collected at λ = 647 nm. For each exper-

iment a standard curve was created using serial dilutions of the CoA-Dye mix in electro-

elution buffer. This standard curve was used to calculate the relative concentration of 

each dye in the electroeluted protein samples.  
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Fluorescent Properties of Reporter Molecules 

 λ (ex) λ (em) e/cm-1M-1 

Alexa Fluor® 350 345 444 17 000 

Alexa Fluor® 532 528 552 78 000 

Alexa Fluor® 594 588 612 96 000 

Alexa Fluor® 633 622 640 143 000 

BODIPY® FL 504 510 79 000 
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Selective chemical control of biochemical processes within a
living cell enables the study and modification of natural biological
systems in ways that may not be obtained through in vitro
experiments.1a,b Accordingly, access to promiscuous metabolic
pathways has provided a unique chemical entry into small molecule
engineering in vivo.1c We recently introduced a method for covalent
reporter labeling of carrier proteins using promiscuous phospho-
pantetheinyltransferase (PPTase) enzymes and reporter-labeled
coenzyme A (CoA).2a To date, this method has been limited to in
vitro and cell-surface protein labeling,2,3 as CoA derivatives have
not been shown to penetrate the cell. To overcome this obstacle,
we demonstrate addition of labeled metabolic precursors to cell
culture that results in cellular uptake and metabolic conversion into
active, labeled CoA derivatives. We now establish a chemoenzy-
matic route to protein modification via a four-step enzymatic
sequence in vivo.

The chemical synthesis and activity of CoA has been studied
for well over a half-century, yet the full biosynthesis of the cofactor
has only recently been elucidated in prokaryotes and eukaryotes.4,5

CoA is biosynthesized by five enzymes inEscherichia coli, CoAA-
CoAE, while eukaryotes contain a fusion of CoAD and CoAE,
PPAT/DPCK. Knowledge of the substrate specificity of these
enzymes remains incomplete, although some evidence points to
promiscuity within this pathway. Early studies on CoAA indicated
that the enzyme will also accept pantetheine as a substrate.6 This
ability has since been used in the chemoenzymatic synthesis of
CoA analogues.7 This permissiveness suggests using the CoA
biosynthetic pathway to convert reporter-labeled pantetheine to
reporter-labeled CoA in vivo. To this end, the synthesis of
fluorescently labeled pantetheine analogues provides a direct link
to reporter-labeled post-translational modifications.8

A key facet to any in vivo modification relies on access to a
viable uptake mechanism. We chose the nonhydrolyzable, fluores-
cent pantetheine analogue1 in an effort to probe its uptake and
retention. InE. coli, excess pantetheine is exported from the cell,
and a sodium-dependent symporter has been suggested to import
pantetheine from the surrounding media.9 Once inside the cell,
pantetheine analogue1 can be phosphorylated by CoAA and ATP
to yield2 (Figure 1). Further processing by CoAD and CoAE should
proceed by stepwise adenylation of2 to dephospho-CoA3 and
further phosphorylation to yield CoA analogue4. This analogue
would now be captured within the cell and, therefore, remain viable
for downstream processing events. Given the correct strain, this
process could be used to selectively transfer the label in4 onto a
carrier protein domain (5).

In selecting analogue1, we chose to eliminate the thioester
linkage found in natural CoA metabolites, thereby avoiding potential
side reactions due to hydrolysis and oxidation in vivo. To create
the non-natural connectivity, we began by protecting the 1,3-diol
of pantothenic acid (7) as p-methoxybenzylacetal8 (Scheme 1).
Acetal 8 was coupled to fluorescent amine6,10 providing the

protected pantetheine mimic9 in 77% yield. Final deprotection
under acidic conditions provided analogue1 in an overall yield of
37% from6 and7.

To test if analogue1 would be an acceptable substrate forE.
coli CoAA, CoAD, and CoAE, we reconstituted the CoA pathway

Figure 1. In vivo metabolic labeling of a carrier protein (CP) via cellular
uptake of pantetheine analogue1 and conversion to CoA analogue4 by
CoAA, CoAD, and CoAE. This process is followed by reaction of a PPTase
with 4 and a carrier protein yielding labeled protein5. VibB, a natural fusion,
is depicted as a carrier protein fused with isochorismate lyase (ICL).

Scheme 1. Synthesis of Pantetheine Mimic 1
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with recombinant proteins in vitro and followed the progress of
each enzymatic reaction, as illustrated in Figure 2. The conversion
of analogue1 to 4 was followed by HPLC in a stepwise manner,
and 1 was shown to be an acceptable substrate for the pathway
(Figure 2a). Additionally, carrier protein modification was ac-
complished in vitro with the addition of recombinant, purified VibB,
a carrier protein fusion fromVibriobacter cholerae, and Sfp, a
PPTase fromBacillus subtilis. As shown by SDS-PAGE (Figure
2b),2 VibB becomes fluorescently labeled as in5. We found that
VibB was also tagged without the addition of CoAE, due to con-
taminating native CoAE that co-purifies with overexpressed CoAD.

As a practical concern, reagents for in vivo labeling should be
nontoxic. As illustrated byE. coli growth (Figure 3a), minimal
bacteriostatic activity was seen at concentrations above 180µM.
This result is in accord with prior studies ofN-pentylpantothen-
amide,11 in which bacteriostatic activity was observed only in
minimal media. When greater concentrations are required, introduc-
tion of 1 may coincide with protein induction, thereby minimizing
toxic effects. Comparable growth studies were conducted to
determine uptake. Analogue1 was added to media during IPTG
induction ofE. coli co-transformed withVibB- andsfp-harboring
expression vectors.2 The outcome of these studies (Supporting
Information) indicated that up to 4% of1 is uptaken when exposed
to 1 mM of 1 in LB media.

While the percentage uptake of1 is modest, the intracellular
concentration is sufficient to allow the labeled precursor to
incorporate into the CoA pathway. Following incubation of the co-

transformedE. coli with 1 mM 1 and IPTG, lysate from the isolated
cells was visualized via fluorescent SDS-PAGE (Figure 3b),
indicating post-translational modification of VibB by Sfp and
fluorescent CoA analogue4. Fluorescent intensity reaches a
maximum at 5-8 h post-induction (Figure 3b). Lower intensity is
also readily visualized when incubation is carried out in 100µM 1
(Figure 3c). As a control, no labeling was seen from addition of1
to cell lysate from induced, untreated cells.

The flux of pantetheine throughE. coli is high due to constituent
biosynthesis and rapid export.9 We anticipate that other organisms
that do not produce pantetheine precursors or lack export mecha-
nisms may be effective hosts for this protein-labeling technique.
The fact that1 was viable inE. coli provides strong support for
the general application of these tools to natural product pathway
elucidation, fusion protein localization, and the analysis of complex
expression patterns. The tolerance to modification throughout this
pathway should allow delivery of a wide variety of chemical motifs
to in vivo processes. We are currently investigating the use of these
methods to visualize and manipulate heterologous proteins, fusion
constructs, and natively expressed carrier protein domains.
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Figure 2. In vitro enzymatic reconstitution of the metabolic-labeling
process. (a) HPLC analysis of the stepwise conversion of1 to fluorescent
CoA analogue4. (b) Fluorescent SDS-PAGE gel depicting the labeling
of VibB by 4 with Sfp. Note intermediates2 and3 can also be visualized
through gel analysis.

Figure 3. In vivo tagging of carrier protein fusion (VibB) withinE. coli.
(a) Growth ofE. coli culture (OD600) over a range in concentrations of1.
∞ was measured at 1360 min. (b) In vivo formation ofcrypto-VibB
following a time course following addition of 1 mM1 to culture. (c) In
vivo formation ofcrypto-VibB following a time course following addition
of 100 µM 1 to culture.
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General Experimental Procedures. 
 
All reactions were carried out under an atmosphere of argon in flame-dried glassware with magnetic 
stirring. Flash chromatography was conducted on 200 μm flash (Silicycle). TLC analysis was examined 
using Silica Gel 60 F254 plates (EM Scientific) and visualization was accomplished with UV light 
(λ=254 nm), o-tolidine, cerium molybdate, or ninhydrin dips followed by heating. 1H-NMR and 13C-
NMR analyses were conducted at ambient temperature at 500, 400, and 300 MHz. Chemical shifts were 
recorded in parts per million (δ, ppm) from deuterated methanol (CD3OD), deuterated chloroform 
(CDCl3), or deuterated dimethyl sulfoxide (DMSO). Multiplicities are given as s=singlet, d=doublet, 
t=triplet, q=quartet, and m=multiplet using integration and coupling constant in Hertz (Hz). High 
resolution mass spectrometry was obtained using fast atom bombardment (FAB) as the ion source. The 
matrix in all cases was 3-nitrobenzyl alcohol and the reference was polyethylene glycol. 
 
3-{[2-(4-Methoxy-phenyl)-5,5-dimethyl-[1,3]dioxane-4-carbonyl]-amino}-propionic acid (8). 
Carboxylic acid 7 (4.6 g, 22.4 mmol) in dry CH2Cl2 (30 mL) was treated with 10-camphorsulfonic acid 
(0.52 g, 2.24 mmol) and p-anisaldehyde dimethyl acetal  (3.82 mL, 22.4 mmol) overnight at rt. The 
reaction vessel was capped with drying tube to eliminate moisture. The crude reaction product was 
concentrated and purified by flash chromatography (6:1 hexane:EtOAc to EtOAc) to yield colorless oil 8 
(3.8 g, 51% yield). 1H-NMR (400 MHz, DMSO) 0.93 (s, 3 H), 0.99 (s, 3 H), 2.38 (t, 2H, J= 6.8 Hz), 
3.25 (m, 1H), 3.34 (m, 1H), 3.59 (d, 1H, J=10.8 Hz), 3.62 (d, H, J=10.8 Hz), 3.74 (s, 3 H), 4.07 (s, 1H), 
5.50 (s, 1H), 6.91 (d, 2H, J=8.8 Hz), 7.41 (d, 2H, J=8.8 Hz). 13C-NMR (400 MHz, DMSO) 19.7, 22.2, 
33.2, 34.4, 34.9, 55.8, 78.0, 83.8, 101.1, 114.0, 128.4, 131.1, 160.3, 168.9, 173.8. IR (NaCl, thin film), 
3420, 2959, 1729, 1654, 1617, 1540, 1520, 1251, 1105 cm-1. MS (ESI) [M+Na]+ 360.1. HRMS (FAB) 
(m/z): [M+H]+ calcd for C17H23O6N, 338.1598, found 338.1594. 
 
7-dimethylaminocoumarin-4-acetic acid (11). Coumarin 11 was prepared according to a literature 
procedure.10 Ethyl 7-dimethylaminocoumarin-4-acetate (10) (2.03 g, 7.37 mmol) was dissolved in THF 
(40 mL) and was subsequently treated with LiOH.H2O (0.616 g, 14.7 mmol) in water (60 mL). After 2.5 
h at rt, the reaction was diluted with water (200 mL), and the aqueous layer was washed twice with ether 
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(200 mL). The aqueous layer was then acidified to pH~2, and yellow precipitate was collected 
(1.80g,100%). 1H-NMR (300 MHz, DMSO) δ 2.97 (s, 6H), 3.75 (s, 2H), 6.02 (s, 1H), 6.50 (d, 1H, J=2.1 
Hz), 6.67 (dd, 1H, J= 9.0, 2.1 Hz), 7.42 (d, 1H, J= 9.0 Hz). 13C-NMR (400 MHz, DMSO) 38.0, 40.3, 
98.1, 108.8, 109.8, 110.3, 126.6, 150.9, 153.5, 156.1, 161.4, 171.5. IR (NaCl, thin film), 2916, 1713, 
1618, 1603, 1400 cm-1. MS (ESI) [M+H]+ 248.10. HRMS (FAB) (m/z): [M+H]+ calcd for C13H14O4N, 
248.0917, found 248.0919. 
 
{6-[2-(7-Dimethylamino-2-oxo-2H-chromen-4-yl)-acetylamino]-hexyl}-carbamic acid tert-butyl 
ester (13). 7-Dimethylaminocoumarin-4-acetic acid (11) (0.680g , 2.75 mmol) was dissolved in DMF 
(40 mL) and treated sequentially by the addition of hydroxybenzotriazole (HOBT) (0.842 g, 5.50 mmol), 
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide, EDAC, (1.08 g, 5.50 mmol), and triethylamine (0.767 
mL, 5.50 mmol). After incubation for 10 min, mono-boc-diaminohexane 12 (0.595 g, 2.75 mmol) in 
DMF (5 mL) and added to the reaction mixture. The reaction stirred overnight at rt before being 
evaporated to yield a yellow oil. The oil was redissolved in 50 mL of CH2Cl2 and the organic layer 
washed with 15% citric acid (3 x 50 mL), saturated NaHCO3 (3 x 50 mL), water (2 x 50 mL), and brine 
(2 x 50 mL) and dried with sodium sulfate. The concentrated crude product was purified by flash 
chromatography (CH2Cl2: 5% MeOH: CH2Cl2) to yield 13 as a yellow oil (1.08 g, 81% yield). Rf = 0.27 
(5% MeOH/ CH2Cl2). 1H-NMR (400 MHz, CDCl3) δ 1.21 (m, 4H), 1.36 (m, 13H), 3.00 (s, 8H), 3.16 
(dt, 2H, J= 6.8, 6.0 Hz), 3.57 (s, 2H), 4.62 (bs, 1H, NH), 6.00 (s, 1H), 6.39 (d, 1H, J=2.1 Hz), 6.42 (bs, 
H, NH), 6.56 (dd, 1H, J= 9.2, 2.1 Hz), 7.45 (d, 1H, J= 9.2 Hz). 13C-NMR (400 MHz, CDCl3) 26.2, 26.3, 
28.6, 29.3, 30.2, 39.7, 40.3, 40.8, 79.2, 98.3, 108.6, 109.4, 110.3, 126.0, 150.5, 153.2, 156.1, 156.3, 
162.1, 168.2. IR (NaCl, thin film), 3317, 2930, 1700, 1651, 1617, 1531, 1403 cm-1 . MS (ESI) [M+Na]+ 
468.11. HRMS (FAB) (m/z): [M+H]+ calcd for C24H35O5N3, 446.2649, found 446.2641. 
 
6-[2-(7-Dimethylamino-2-oxo-2H-chromen-4-yl)-acetylamino]-hexyl-ammonium; trifluoro-acetate 
(6). Amide 13 (0.6 g, 89.8 μmol) was dissolved in a 1:1 mixture of TFA and CH2Cl2. The reaction was 
incubated at rt for 0.5 h. The TFA salt of amine 6 (0.595 g, 99% yield) was isolated after removal of the 
solvent. 1H-NMR (400 MHz, CD3OD) δ 1.29 (m, 4H), 1.44 (m, 2H), 1.54 (m, 2H), 2.80 (t, 2H, J= 7.6 
Hz), 2.94 (s, 6H), 3.11 (t, 2H, J= 7.2 Hz), 3.56 (s, 2H), 5.91 (s, 1H), 6.38 (d, 1H, J=2.8 Hz), 6.61 (dd, 
1H, J= 9.2, 2.8 Hz), 7.43 (d, 1H, J= 9.2 Hz). 13C-NMR (400 MHz, CD3OD) 25.8, 26.1, 27.3, 28.9, 38.9, 
39.1, 39.2, 39.4, 97.6, 108.6, 108.9, 109.4, 125.7, 152.0, 153.5, 155.9, 163.1, 169.9. IR (NaCl, thin film), 
3317, 2930, 1700, 1651, 1617, 1531, 1430 cm-1. MS (ESI) [M-CF3O2]+ 346.15. HRMS (FAB) (m/z): 
[M-CF3O2]+ calcd for C19H28O3N3, 346.2125, found 346.2124. 
 
2-(4-Methoxy-phenyl)-5,5-dimethyl-[1,3]dioxane-4-carboxylic acid (2-{6-[2-(7-dimethylamino-2-
oxo-2H-chromen-4-yl)-acetylamino]-hexylcarbamoyl}-ethyl)-amide (9). EDAC (0.529g , 2.68 x10-3 

mol), HOBT (0.411 g , 2.68 mmol), and triethylamine (0.374 mL, 2.68 mmol) were added to acid 8 
(0.434g , 1.34 mmol) in DMF (30 mL) at rt. After incubation for 10 min at rt, coumarin 6 (0.6 g, 1.34 
mmol) in DMF (5 mL) was added, and the reaction mixture stirred overnight at rt. The solvent was 
evaporated in vacuo to yield a yellow oil. The oil was redissolved in 50 mL of CH2Cl2 and the organic 
layer was washed with 15% citric acid (3 x 50 mL), saturated NaHCO3 (3 x 50 mL), water (2 x 50 mL), 
and brine (2 x 50 mL) and dried with sodium sulfate. The concentrated crude product was purified by 
flash chromatography (CH2Cl2: 10% MeOH : CH2Cl2) to yield a pale yellow solid 9 (0.680 g , 77% 
yield). 1H-NMR (400 MHz, CDCl3) δ 1.04 (s, 3H), 1.06 (s, 3H), 1.21 (m, 4H), 1.39 (m, 4H), 2.38 (t, 2H, 
J= 6.4 Hz), 3.00 (s, 6H), 3.12 (m, 4H), 3.45 (m, 2H), 3.55 (s, 2H), 3.61 (d, 1H, J= 11.2 Hz), 3.66 (d, 1H, 
J= 11.2 Hz), 3.76 (s, 3H), 4.02 (s, 1H), 5.42 (s, 1H), 6.00 (s, 1H), 6.39 (d, 1H, J=2.4 Hz), 6.48 (t, 1H, J= 
4.8 Hz, -NH), 6.55 (dd, 1H, J= 8.8, 2.4 Hz), 6.68 (t, 1H, J= 5.2 Hz, -NH), 6.86 (d, 2H, J= 8.8 Hz), 7.09 
(t, 1H, J= 6.0 Hz, -NH), 7.39 (d, 2H, J= 8.8 Hz), 7.46 (d, 1H, J= 8.8 Hz). 13C-NMR (400 MHz, CDCl3) 
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19.4, 22.1, 26.2, 29.3, 29.5, 33.3, 35.3, 36.2, 39.2, 39.6, 40.3, 40.6, 55.5, 78.6, 84.0, 98.2, 101.5, 108.7, 
109.4, 110.0, 113. 9, 126.1, 127.7, 130.3, 150.8, 153.2, 156.1, 160.4, 162.3, 168.4, 169.7, 171.2. IR 
(NaCl, thin film), 3320, 2930, 2860, 1707, 1652, 1616, 1531, 1403 cm-1 . MS (ESI) [M+Na]+ 687.40. 
HRMS (FAB) (m/z): [M+H]+ calcd for C36H48O8N4, 665.3545, found 665.3542. 
 
N-(2-{6-[2-(7-Dimethylamino-2-oxo-2H-chromen-4-yl)-acetylamino]-hexylcarbamoyl}-ethyl)-2,4-
dihydroxy-3,3-dimethyl-butyramide (1). Compound 9 (0.680 g, 1.0 mmol) was dissolved in THF (30 
mL) and 1 M HCl (30 mL). After 2 h at rt, AG-1-X8 Strong Basic anionic exchange resin was added to 
the reaction mixture until the solution was neutral. The crude product was concentrated under vacuum 
and re-dissolved in methanol (50 mL) and washed with hexanes (3 x 20 mL). The crude product was 
concentrated and purified by flash chromatography (CH2Cl2: 10% MeOH: CH2Cl2) to yield pure pale 
yellow solid 1 (0.529g, 95%). mp=135-136°C. 1H-NMR (400 MHz, CD3OD) δ 0.80 (s, 3H), 1.20 (m, 
4H), 1.35 (m, 2H), 1.40 (m, 2H), 2.29 (t, 2H, J= 6.4 Hz), 3.00 (s, 6H), 3.01 (m, 2H), 3.10 (t, 2H, J=6.8 
Hz), 3.32 (m, 4H), 3.56 (s, 2H), 3.77 (s, 1H), 5.93 (s, 1H), 6.43 (d, 1H, J=2.8 Hz), 6.63 (dd, 1H, J= 9.2, 
2.8 Hz), 7.45 (d, 2H, J= 9.2 Hz). 13C-NMR (400 MHz, CDCl3) 20.9, 21.4, 27.5, 27.6, 30.2, 30.3, 36.4, 
36.5, 40.3, 40.4, 40.5, 70.3, 77.1, 98.6, 109.6, 110.2, 110.4, 126.7, 152.8, 154.5, 156.9, 164.0, 170.7, 
173.3, 175.7. IR (NaCl, thin film), 3488, 3310, 2917, 1712, 1634, 1606, 1542 cm-1. MS (ESI) [M+Na]+ 
569.32. HRMS (FAB) (m/z): [M+H]+ calcd for C28H42O7N4, 547.3126, found 547.3121. 
 
In Vivo Labeling and Cellular Uptake Studies 
 
For the in vivo carrier protein labeling studies, E. coli (BL-21) were co-transformed by electroporation 
with pET22b-VibB and pREP4-Sfp, plasmids encoding the genes for VibB (V. cholera) and Sfp (B. 
Subtilis), respectively, and grown in LB-Amp/Kan media. Cultures were grown to OD600 = 0.6 and then 
induced with 1 mM IPTG. At the same time differing concentrations of 1 were added. The cultures were 
grown up to 16 h with time points taken at intervals to investigate uptake and labeling. The cells were 
centrifuged and resuspended in lysis buffer (50 mM sodium phosphate, 300 mM NaCl), washed three 
times in an equal volume of lysis buffer, and then lysed by incubation with lysozyme (1 mg/ml) for 1 h 
on ice followed by sonication (5 x 10 second pulses) and centrifugation. All cultures were 3ml, and were 
resuspended in 300ul lysis buffer for analysis. Lysates were then read for fluorescence (excitation at 360 
nm; emission at 465 nm) and run on 12% PAGE for visualization (Figure 3b-c). Figure S1 below shows 
a second time course study taken out to 1500 minutes with accompanying Coomassie-stained gel. Figure 
S2 contains quantified fluorescence data from Figure 3b-c in the main text. 
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Figure S1. Second time course demonstrating in vivo protein labeling with pantetheine analog 1. 
Compound 1 added to media at the same time as induction. Lane 1: 0 mins post-induction, Lane 2: 180 
mins post-induction, Lane3: 300 mins post-induction, Lane 4: 450 min post-induction, Lane 5: 510 mins 
post-induction, Lane 6: 570 mins post-induction, Lane 7: 1500 mins post-induction. 
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Figure S2. Cellular uptake of analog 1 via fluorescence monitoring of cell lysate from. Lysates from 
Figure 3b and 3c in the main text were analyzed for fluorescence at ex: 360 nm, em: 465 nm.  
 
 
Growth Study 
 
To assess the bacteriostatic affect of 1 on E. coli, cultures of co-transformed BL-21 E. coli were grown 
with increasing concentrations of 1. Culture tubes containing 5 ml of LB were inoculated with 1 μl of E. 
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coli from overnight growths. At the same time 1 was added. Growth was measured by monitoring the 
OD600 (Spectronic 20, Bausch and Lomb) of the cultures over time.  
 
Cloning and Protein Expression 
 
CoAD and CoAE were cloned from E. coli using standard procedures. Primers were designed to include 
NdeI and XhoI sites, which allowed for digestion and ligation into a pET24b vector (Novagen).  
 
CoAA-F 5’AGCAGGCTTAATGAGTATAAAAGAGCAAAC3’ 
CoAA-R 5’AAAGCTGGGTCTTATTTGCGTAGTCTGACC3’ 
CoAD F 5’ CAGCGGCCATATGCAAAAACGGGCGAT 3’ 
CoAD R 5’GTCCTCGAGCGCTAACTTCGCCATCAGC 3’ 
CoAE-F 5’ TCGCGCCATATGAGGTATATAGTTGCCTT3’ 
CoAE-R 5’ TATACTCGAGCGGTTTTTCCTGTGAGACAA3’ 
 
CoAA was cloned using the Gateway system (Invitrogen) following the manufacturer’s instructions. All 
proteins were produced as 6-His fusions. Proteins were expressed by growth in LB-Kan to OD600 = 0.6 
and then induced with 1 mM IPTG. Cells were recovered after 4 h and lysed by incubation with 1 mg/ml 
lysozyme followed by sonication. Proteins were purified using His-Bind resin (Novagen) following 
manufacturer’s instructions.  
 
In Vitro Synthesis of fluorescently labeled-CoA 4 and HPLC Analysis 
 
The conversion of 1 to CoA analog 4 was achieved in vitro by incubation of the pantetheine analogue 
with the enzymes CoAA, CoAD, and CoAE from E. coli. Reactions were run in 20 mM KCl, 5 mM 
ATP, 10 mM MgCl2, and 50 mM Tris-Cl pH 7.5. CoAA, CoAD, and CoAE were then added (150nM 
each, final concentration) and the reactions were incubated at rt for 1 h. Progress of the reactions was 
analyzed using a reverse-phase Alltech Econosil 60035 C18 column equilibrated in 100% solution A 
(0.05% TFA in H2O). Products were eluted using a gradient with solution B (0.05% TFA in acetonitrile) 
at a flow rate of 0.9 mL/min. The method used began with an isocratic step from 0 to 5 min at 100% 
solution A, followed by an increasing gradient with solution B until at 25 min the solvent composition 
was 50% Solvent A and 50% solvent B. The in vitro synthesis reactions of CoA analog 1 were also 
visualized by SDS-PAGE. The carrier protein VibB and PPTase, Sfp, were added to the reaction mix, 
incubated for 30 min at 37°C and then run on a 12% gel (Figure S3). 
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Figure S3. Coomassie stained gel of in vitro experiment. Lane 1: 1, CoAA, CoAD, CoAE, Sfp, VibB. 
Lane 2: 1, CoAA, CoAE, Sfp, VibB. Lane 3: 1, CoAA, CoAD, Sfp, VibB. Lane 4: 1, CoAD, CoAE, 
Sfp, VibB.  
 
 
Complete Ref. 5c. 
Zhyvoloup, A.; Nemazanyy, I.; Babich, A.; Panasyuk, G.; Pobigailo, N.; Vudmaska, M.; Naidenov, V.; 
Kukharenko, O.; Palchevskii, S.; Savinska, L.; Ovcharenko, G.; Verdier, F.; Valovka, T.; Fenton, T.; 
Rebholz, H.; Wang, M.L.; Shepherd, P.; Matsuka, G.; Filonenko, V.; Gout, I.T. J. Biol. Chem. 2002, 
277, 22107-22110. 
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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 ofO-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.Science2003,300, 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,
M.; Daly, C.; Walsh, C. T.J. Am. Chem. Soc.2004,126, 13570-13571.

(6) (a) George, N.; Pick, H.; Vogel, H.; Johnsson, N.; Johnsson, K.J. Am.
Chem. Soc.2004,126, 8896-8897. (b) Yin, J.; Lin, A. J.; Buckett, P. D.;
Wessling-Resnick, M.; Golan, D. E.; Walsh, C. T.Chem. Biol.2005,12,
999-1006. (c) Vivero-Pol L.; George, N.; Krumm, H.; Johnsson, K.;
Johnsson, N.J. Am. Chem. Soc.2005,127, 12770-12771.

(7) Yin, J.; Straight, P. D.; McLoughlin, S. M.; Zhou, Z.; Lin, A. J.; Golan, D.
E.; Kelleher, N. L.; Kolter, R.; Walsh, C. T.Proc. Natl. Acad. Sci. U.S.A.
2005,102, 15815-15820.

(8) (a) Mahal, L. K.; Yarema, K. J.; Bertozzi, C. R.Science1997, 276, 1125-
1128. (b) Yarema, K. J.; Mahal, L. K.; Bruehl, R.; Rodriguez, E. C.;
Bertozzi, C. R. J. Biol. Chem.1998,273, 31168-31179. (c) Saxon, E.;
Bertozzi, C. R.Science2000,287, 2007-2010.

(9) (a) Speers, A. E.; Cravatt, B. F.Chem. Biol. 2004, 11, 535-546. (b) Speers,
A. E.; Adam, G. C.; Cravatt, B. F.J. Am. Chem. Soc.2003,125, 4686-
4687. (c) Alexander, J. P.; Cravatt, B. F.Chem Biol.2005, 12, 1179-
1187.

(10) (a) Hwan-Ching, T.; Khidekel, N.; Ficarro, S. B.; Peters, E. C.; Hsieh-
Wilson, L. C.J. Am. Chem. Soc.2004,126, 10500-10501. (b) Khidekel,
N.; Ficarro, S. B.; Peters, E. C.; Hsieh-Wilson, L. C.Proc. Natl. Acad.
Sci. U.S.A.2004,36, 13132-13137.
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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 theR-proton following
protection of the pantolactone secondary alcohol. At this point,

the presumption was made that the identities of cystamine and
â-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 theâ-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 thatE. 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 andâ-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-(â-alanyl)-â-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 by1H
NMR (Table 1, see Supporting Information for1H 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. Acta1964,93, 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 analogue28, which is then transferred to the carrier protein by a PPTase to yield bioorthogonally labeled carrier protein28. 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 byN-Boc ethylenediamine21)
is conjugated to the biodetectible tag of choice by standard

peptide coupling conditions. After deprotection, this amine can
be conjugated to either pantolactone24 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

a Microwave-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 analogue28, which is
subsequently transferred to a conserved residue of the carrier
protein by a PPTase to produce reporter-modifiedcrypto-carrier
protein30.

Analogues12-18were synthesized by this route in order to
test the permissibility of CoA biosynthesis toward unnatural
pantetheine analogues, particularly the effect of changes in the
â-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 compound12 to be synthesized in two
steps fromN-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. Compound13 was synthesized as previously
described,4 while dansylated pantetheine14was synthesized by
an analogous route. Compounds15and16were 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 diamines32b and 33d.
Subsequent EDAC mediated conjugation to dye31, azido/Boc
deprotection by standard conditions, and nucleophilic ring
opening of pantolactone afforded enzyme probes15 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 conjugate17 in a 41%
overall yield through an analogous dye conjugation/deprotection/
nucleophilic ring-opening sequence starting from previously
describedN-Alloc diaminoethylene glycol34e. Compound18
was chosen to test the limits of linker length in CoA biosynthesis
and was easily attainable from the commercially available
monoazido/monoamino terminal nonaethylene glycol32athrough
a similar series of reactions.

Compounds1-8 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 theâ-Ala (1), cystamine (2), and thiol (5)
regions of natural pantetheine with terminal azide moieties were(20) La Clair, J. J.; et al.ChemBioChem2006,7, 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). Compounds2 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. Compounds4 and5 again
utilized 39 as a starting material, which was coupled to
2-azidoethanamine, deprotected to the corresponding amine, and
coupled to the correspondingN-hydroxysuccinimidyl keto/azido
(43a,b) ester. PEG linked pantetheine conjugates6 and 7
(Scheme 3) were constructed in a similar fashion by nucleophilic
ring-opening of pantolactone under microwave-conditions by

N-Alloc protected diaminoethylene glycol44 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, analogue8 was
synthesized in one step through microwave-assisted nucleophilic
ring-opening of pantolactone by monoazido/monoamino termi-
nated nonaethylene glycol32a.

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 fromE. 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 mimics2 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 substrates4, 5, 13, and14
show turnovers near equal to (4,13,14) or greater than (5) that
of pantetheine. Compounds5, 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 compounds8 and18 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 containingâ-Ala/diamine linkers. PEG linked pan-
toic acid conjugate6 differs only from7 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 analogues15 and

(21) Strauss, E.; Begley, T. P.J. Biol. Chem.2002,277, 48205-48209.

Scheme 2. Synthesis of â-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 ester43aor 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 ester43a or 43b, NEt3
(2 equiv), rt 4 h.
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16were synthesized. These compounds were designed to replace
the amide bond betweenâ-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)
showedKm values 2-fold higher than that for natural substrate
pantothenate, and compounds with traditionalâ-Ala/diamine
linkers showed values that were either the same (13, 14) or
2-fold higher (4, 5), theKm values for15 and16 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 that15 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. Azide1, which omitted entirely
theâ-Ala/carbon diamine or PEG linkages of other analogues,
showed turnover within the range of the natural substrate;
however theKm was 20-fold higher than that for pantothenate
suggesting deletion of an interaction involved in active site
binding. Another interesting pantoic acid analogue12, which
shortened the pantoic acid-reporter linker length to four carbons
and reversed the carbonyl and amideâ-Ala/cystamine linkage
of natural pantetheine, showed lower turnover and catalytic
efficiency than analogues containing the naturalâ-Ala/pantoic
acid linkage (5,13, 14).

In Vitro Pathway Incorporation: Gel Shift. The conversion
of apo-ACP to holo-ACP or reporter-modifiedcrypto-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 andapo-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 tocrypto-ACP
is obtained; however analogues with long PEG linkers (8, 18)
give multiple bands on the gel that suggestapo-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. Compound13 was reacted with the CoaA biosynthesis

(22) Mercer, A. C.; La Clair, J. J.; Burkart, M. D.ChemBioChem2005, 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 ofapo-ACP to reporter modifiedcrypto-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 of13causes

the expected mass change of 604 mass units. PEG analogues
17 and18 (Figure 4c,d) also show the expected mass shifts of
559 units and 916 units, respectively, corresponding to the
formation of acrypto-carrier protein. Only in the case of the
PEG-linked derivatives8 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 analogues1-8 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-
pounds4 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 and12-18.

In Vivo Pathway Incorporation. Next we tested our library
of pantetheine analogues for integration into theE. 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 ofgrowth
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. Compounds2, 3, 5,
12, and13demonstrated detectible modification of VibB in vivo
(Figure 3c,e). Keto-pantetheine analogue4 was also detectable
but showed much weaker labeling than the similarly linked
azido-analogue5 (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 transformedE. coli containing plasmids
for the carrier protein Fren and the PPTase Sfp were used. As
seen in Figure 5a compound13 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 overexpressedapo-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 analogue2 with Fren/
Sfp overexpressingE. 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 reporter11
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 compounds13 (b), 17 (c), and18 (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 betweenE. coli PANK and pantetheine analogues.
Despite the poor performance of compounds1, 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 â-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.12,23Our results verify the importance
of this interaction. Compounds1 and 3 contain the same
2-azidoethanamine-derived terminal azide, differing only in the
â-Ala linkage of3. 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
â-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 containingâ-Ala linkers. Compounds15 and16 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 pantetheine17, 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
analogue12, 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.
Compound12 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 ofE. coli overexpressing Fren and Sfp with (a) a
fluorescent pantothenate analogue13 and (b) a bioorthogonally tagged
analogue2. Click reaction of alkyne-modifiedcrypto-carrier protein with
biotin reporter11 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 ofâ-Ala containing bioorthogonal
pantetheines (2-5) compared withâ-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
â-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 of14 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.
Analogues2, 3, 4, 5, 12, and13were shown to be biodetectible
in E. coli by Western blot analysis and fluorescence visualiza-
tion. These show akcat between 11.5 and 40.9 min-1 andkcat/
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 analogues3 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 theE. 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 inE. 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 thanE. 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 bothE. 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.Science2006,

311, 1258-1262. (b) Maier, T.; Jenni, S.; Ban, N.Science2006, 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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General synthetic procedures 

All commercial reagents (SigmaAldrich, Spectrum, MP Biomedicals, Alfa Aesar, 
TCI America, Acros) were used as provided unless otherwise indicated. 
AldehydeReactive Probe 9 (N(aminooxyacetyl)N'(Dbiotinoyl) hydrazine, 
trifluoroacetic acid salt) was purchased from Molecular Probes. Allyl 2(2(2 
aminoethoxy)ethoxy)ethylcarbamate 1 (34a), levulinic acid succinimidyl ester 2 
(43a), 3azidopropionic acid succinimidyl ester 3 (43b), 2azidoethanamine 4 (42), 
N(7dimethylaminocoumarin4acetate)ethylenediamine 5 (38b), 7 
dimethylaminocoumarin4acetic acid 5 (31), paramethoxyphenyl (PMP) 
protected pantothenate 6 (39), fluorescent enzyme probe 13 6 , 3(2 
hydroxyethoxy)propanenitrile 7 (46), and monodansylated ethylenediamine 8 (54) 
were prepared according to published literature procedures.  All reactions were 
carried out under argon atmosphere in dry solvents with ovendried glassware and 
constant magnetic stirring unless otherwise noted. Triethylamine and ethylN,N 
diisopropylamine (DIPEA) were dried over sodium and freshly distilled. 1 HNMR 
spectra were taken at 300, 400, or 500 MHz and 13 CNMR 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. 9 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, 2,4dinitrophenylhydrazine, cerium molybdate, 
ninhydrin). Silica gel chromatography was carried out with Silicycle 60 Angstrom 
230400 mesh according to the method of Still 10 . TLC prep plate purification was 
performed with EMD Silica Gel 60 F254 precoated plates. 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.
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General Procedures and Spectroscopic Data for Microwave Assisted Nucleophilic 
Ring Opening of D()Pantolactone 

General synthetic procedures for microwave chemistry All commercial 
reagents (Spectrum, MP Biomedicals, Lancaster, TCI America) were used as 
provided unless otherwise indicated. In both general procedures detailed below 
the reaction vessel was not purged or put under an inert atmosphere. Mono 
dansylated hexane diamine (20) was synthesized by a procedure analogous to 54. 8 
Allyl 2(2(2aminoethoxy)ethoxy)ethylcarbamate (34a) was prepared as 
previously described. 1 Microwave heated reactions were performed in a 
SmithSynthesizer from Biotage AB. Reaction temperatures were determined using 
the builtin, online IRsensor. Racemization was checked for by reaction of the chiral 
amine (S)()αmethylbenzylamine (19) with (D)()pantolactone. Alternately in 
the case of the ringopening of D()pantolactone by allyl 2(2(2 
aminoethoxy)ethoxy)ethylcarbamate (34a) the diester with R()2phenylbutyric 
acid was synthesized (see SI II for spectra). Examination of the 1 HNMR spectra in 
multiple solvents showed a single diastereomer. The product of table entries 1 and 
7 (see below data table for table entry #s) were isolated as described in the general 
procedures below. Comparison of the yield compared to that predicted from the 
1 HNMR spectra of the homogeneously stirred crude reaction mixture showed 
good correlation, so yield of table entries 23 and 810 were estimated from 
evaluation of the crude 1 HNMR spectra without isolation. 

Table Entry  Amine  Solvent  Temp ( o C)  Time (hr)  Yield 
1 

NH 2 

(19) 

EtOH  160  0.5  91% 

2 
NH 2 

(19) 

DMF  165  0.5  63% 

3 
NH 2 

(19) 

THF  110  0.5  44% 

4  NH 2  (41)  EtOH  160  0.5  42% 

5 

S 

H 
N 

O  O 

N 

NH 2 (20) 

EtOH  160  0.5  82% 

6  NH 2 
O 

O 
H 
N O 

O  (34a) 
MeOH  135  0.5  70%
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7 
NH 2 

(19) 

EtOH  Reflux  7  97% 

8 
NH 2 

(19) 

MeOH  Reflux  7  84% 

9 
NH 2 

(19) 

CH3CN  Reflux  22  83% 

10 
NH 2 

(19) 

DME  Reflux  12  30% 

Model procedure for microwave assisted nucleophilic ringopening of 
pantolactone (D)()pantolactone (390 mg, 3 mmol), NEt3 (410 µL, 3 mmol), 
and (S)()αmethylbenzylamine (130 µL, 1 mmol) were dissolved in EtOH (2 
mL). The reaction vessel was sealed and subjected to microwave reaction 
conditions with mechanical stirring. Specific temperature data for nucleophilic 
ring opening of D()pantolactone in EtOH was: 120 s ramp time (rt160 o C) and 
1800 s hold time at 160 o C. After cooling to room temperature the reaction 
mixture was vented and the solvent removed under reduced pressure, before being 
purified by flash chromatography (1:4 EtOAc/hexanes to 2:1 EtOAc/hexanes) to 
yield a thin white film (228 mg, 91%). NMR data was collected in both deuterated 
MeOH and DMSO to determine whether a single diastereomer had been formed. 
1 HNMR (400 MHz, (CD3)2SO) δ 8.00 (d, J= 8.0 Hz, 2H), 7.337.17 (m, 5H), 
5.33 (d, J=6.0 Hz, 1H), 4.94 (p, J=8.0 Hz, 1H), 4.47 (t, J=5.6 Hz, 1H), 3.74 (d, 
J=6.0 Hz, 1H), 3.283.24 (dd, J=10, 6.0 Hz, 1H), 3.153.11 (dd, J=10.4, 5.6 Hz, 
1H), 1.36 (d, J=7.2 Hz, 3H), 0.76 (s, 3H), 0.75 (s, 3H). 1 HNMR (400 MHz, 
CD3OD) δ 8.06 (d, J=7.6 Hz, 1H), 7.367.20 (m, 5H), 5.05 (p, J=7.2 Hz, 1H), 
3.94 (s, 1H), 3.45 (d, J=10.8 Hz, 1H), 3.35 (d, J=11.2 Hz, 1H), 0.884 (s, 6H). 13 C 
NMR (100.6 MHz, CD3OD) δ 173.8, 143.9, 128.4, 127.0, 126.1, 76.2, 69.3, 48.7, 
39.4, 21.2, 20.3, 19.8. MS (ESI) [M+H] + 252.01. 

Model procedure for thermal (reflux) nucleophilic ringopening of 
pantolactone (D)()pantolactone (390 mg, 3 mmol), NEt3 (410 µL, 3 mmol), 
and (S)()αmethylbenzylamine (130 µL, 1 mmol) were dissolved in EtOH (3.5 
mL).  A reflux condenser was attached and the vessel was warmed to a gentle 
reflux with mechanical stirring for 7 hours. Reaction workup as described above 
yielded the product pantoic acid conjugate as a thin white film with spectral 
properties identical to those listed above. 

Spectral Data for Table Entry 4 (propargyl amine pantolactone conjugate) 
Table entry 4 was subjected to the microwave reaction conditions detailed above, 
using propargyl amine 41 as the limiting reagent (1 mmol). Reaction mixture was 
purified by flash chromatography (EtOAc to 5% MeOH/EtOAc) to yield a clear
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oil. 1 HNMR (400 MHz, CDCl3) δ 7.19 (bt), 4.05 (m, 3H), 3.50 (s, 2H), 2.24 (t, 
J=2.8 Hz, 1H), 0.99 (s, 3H), 0.92 (s, 3H). 13 CNMR (100.6 MHz, CDCl3) δ 173.4, 
79.4, 77.7, 71.8, 71.4, 39.6, 28.9, 21.2, 20.6. MS (ESI) [M+H] + 185.99. 

Spectral Data for Table Entry 5 (monodansyl hexanediamine pantolactone 
conjugate) Table entry 5 was subjected to microwave reaction conditions in 
EtOH as detailed above, using monodansyl hexanediamine 20 as the limiting 
reagent (0.5 mmol). Reaction mixture was purified by flash chromatography 
(EtOAc to 5 % MeOH/EtOAc) to yield a green fluorescent oil. 1 HNMR (400 
MHz, (CD3)2SO) δ 8.43 (d, J=8.4 Hz, 1H), 8.28 (d, J=8.4Hz, 1H), 8.07 (dd, 
J=1.6, 7.2 Hz, 1H), 7.85 (t, J=5.6 Hz), 7.617.54 (m, 2H), 7.22 (d, J=7.6 Hz, 1H), 
5.27 (d, J=5.2 Hz, 1H), 4.47 (t, J=5.6 Hz, 1H), 3.65 (d, J=5.6 Hz, 1H), 3.26 (dd, 
J=6.0, 10.4 Hz), 3.14 (dd, J=4.8, 10.0 Hz), 3.002.86 (m, 1H), 2.80 (s, 6H), 2.73 
(q, J=6.8 Hz, 1H), 1.251.13 (m, 4H), 1.050.97 (m, 4H), 0.76 (s, 3H), 0.75 (s, 
3H). 13 CNMR (100.6 MHz, (CD3)2SO) δ 173.4, 152.0, 136.9, 129.9, 129.8, 
129.7, 128.9, 128.4, 124.2, 119.9, 115.8, 75.9, 68.8, 45.8, 42.9, 39.6, 38.6, 29.7, 
29.6, 26.5, 26.3, 21.6, 21.1. MS (ESI) [M+H] + 480.14. 

Spectral Data for R()2phenylbutyric acid DiEster of Table Entry 6 (Allyl 
2(2(2aminoethoxy)ethoxy)ethylcarbamate pantolactone conjugate) The di 
ester of the reaction product of tableentry 6 was prepared according to the 
procedure of Mosher. 11  1 HNMR (400 MHz, (CDCl3) δ 7.327.27 (m, 5H), 5.91 
(m, 1H), 5.44 (s, 1H), 5.29 (d, J=17 Hz, 2H) 5.27 (bs, 1H), 5.19 (d, J=10.5 Hz, 
1H), 4.94 (s, 1H), 4.55 (d, J=5.5 Hz, 2H), 3.92 (d, J=11 Hz, 1H), 3.79 (d, J=11 
Hz, 1H), 3.523.23 (m, 10H), 2.97 (t, J=8.5 Hz, 2H), 2.12 (m, 4H), 1.83 (m, 2H), 
0.910.83 (m, 9H). 13 CNMR (75.5 MHz, CDCl3) δ 173.9, 172.2, 168.0, 156.5, 
139.1, 138.6, 133.1, 129.17, 128.8, 128.3, 128.2, 127.9, 127.5, 117.9, 76.6, 70.5, 
70.3, 69.5, 69.4, 65.7, 53.7, 53.4, 41.0, 38.8, 37.6, 26.3, 25.7, 21.4, 20.7, 12.4, 
12.2. (m/z) [M] + calcd for C36H50N2O9 654.3511, found 654.3513.
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Synthetic Procedures and Spectroscopic Data for Pantetheine Analogs and 
Detection Agents 118 

(a) Synthesis of C7azidopantothenate (1) 

2azidoethanamine 42 (42 mg, 0.49 mmol), (D)()pantolactone (191 mg, 1.47 
mmol), and triethylamine (0.134 mL, 0.98 mmol) were dissolved in MeOH (2 
mL) and heated to a gentle reflux for four hours. The solvent was removed under 
reduced pressure to yield a clear oil, which was purified by flash chromatography 
(EtOAc to 5% MeOH: EtOAc) to yield 1 (35.5 mg, 33.8%) as an oil. 1 HNMR 
(500 MHz, CD3OD) δ 7.22 (s, 1H), 4.04 (s, 1H), 3.493.44 (m, 6H), 0.99 (s, 3H), 
0.92 (s, 3H); 13 CNMR (75.5 MHz, CD3OD) δ 174.0, 77.9, 71.5, 51.0, 39.5, 38.3, 
21.3, 21.3, 20.5. HRMS (EI) (m/z) [M] + calcd for C8H16N4O3 216.1217, found 
216.1214. 

(b) Synthesis of C10Propargyl Pantetheine (2) 

Propargylamine 41 (220mg, 4.00 mmol), pantothenate 49 (876 mg, 4.00 mmol), 
EDAC (1533 mg, 8.00 mmol), and HOBt monohydrate (1530 mg, 10.00 mmol) 
were combined and dissolved in dry DMF (10 mL). DIPEA (1.39 mL, 8.00 mmol 
) was added, and the reaction was allowed to stir overnight. The solvent was 
removed under reduced pressure, and the resultant oil was purified by column 
chromatography (EtOAc to 5% MeOH/EtOAc) to yield 2 (387 mg, 38%) as a 
thick yellow oil. 1 HNMR (300 MHz, (CD3)2CO) δ 7.95 (s, 1H), 7.76 (s, 1H), 
5.17 (bs, 1H), 4.55 (bs, 1H), 3.96 (m, 3H), 3.46 (m, 5H), 2.48 (t, J= 6.6 Hz, 2H), 
0.91 (s, 3H), 0.87 (s, 3H). 13 CNMR (75.5  MHz, (CD3)2CO) δ 174.1, 171.5, 80.5, 
76.6, 71.8, 69.9, 39.5, 35.4, 35.3, 28.5, 20.9, 20.4. HRMS (EI) (m/z) [M] + calcd 
for C12H20O4N2, 256.1418, found 256.1414. 

(c)  Synthesis of C11AzidoPantetheine (3)
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PMPprotected pantothenate 39 (3.11g, 9.23 mmol), 2azidoethanamine 42 (1.58 
g, 9.23 mmol), EDAC (3.49 g, 18.22 mmol), and HOBt (3.52 g, 22.99 mmol) 
were combined and dissolved in dry DMF (10 mL).  DIPEA (4.7 mL, 27.03 
mmol) was added, and the reaction was allowed to stir overnight. The solvent was 
removed under reduced pressure, and the resultant oil was resuspended in EtOAc 
and washed with saturated NaHCO3 (3 x 45 mL) and brine (1 x 45 mL). Elution 
through a plug of Sigel with EtOAc gave the pure product 50 (3.03 g, 82%) as a 
yellow oil. 1 HNMR (500 MHz, (CD3)2SO) δ 8.13 (1H, bt), 7.46 (1H, bt), 7.42 (d, 
2H, J= 9.0 Hz), 6.91 (d, 2H, J=  8.5Hz), 5.50 (s, 1H), 4.06 (s, 1H), 3.744 (s, 2H), 
3.61 (q, 2H, J= 8.0 Hz), 3.353.19 (m, 6H), 2.27 (t, 2H, J= 7.0 Hz), 0.98 (s, 3H), 
0.93 (s, 3H). 13 CNMR (75.5  MHz, (CD3)2CO) δ 171.7, 169.7, 160.4, 130.3, 
127.8, 113.9, 101.5, 84.0, 78.5, 50.7, 39.1, 35.8, 35.1, 33.2, 22.0, 19.3. MS (ESI) 
[M+Na] + 428.08. HRMS (EI) (m/z): [M+H] + calcd for C19H27O5N5, 405.2007, 
found 405.2005. 

Compound 50 (136 mg, 0.34 mmol) was dissolved in THF (1 mL) and 1 M HCl 
(1 mL) was added. After 1.5 h at rt, AG1X8 Strong Basic anionic exchange 
resin was added to the reaction mixture until the solution was neutral. The crude 
product was filtered and solvent removed under reduced pressure and redissolved 
in methanol (40 mL) and washed with hexanes (3 x 20 mL). The crude product 
was concentrated and purified by flash chromatography (CH2Cl2  to 15% MeOH: 
CH2Cl2) to yield 3 (76 mg, 79%) as a clear oil. 1 HNMR (400 MHz, CDCl3) δ 
7.55 (s, 1H), 6.89 (s, 1H), 3.99 (s, 1H), 3.55 (q, J=6.0 Hz, 2H), 3.40 (m, 6H), 
2.47(t, J= 6.0 Hz, 2H), 0.97 (s, 3H), 0.91(s, 3H). 13 CNMR (75.5  MHz, CDCl3) δ 
174.2, 172.2, 77.6, 70.9, 50.8, 39.5, 39.1, 35.9, 35.4, 21.5, 20.7. HRMS (EI) (m/z) 
[M] + calcd for C11H21O4N5, 287.1592, found 287.1588.
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(d) Synthesis of N12PantetheineLevulinate (4) 

To a solution of the azide 50 (475 mg, 1.17 mmol) in THF (2.5 mL), PPh3 (338 
mg, 1.29 mmol), and water (250 µL) were added and stirred at room temperature 
for 24 h. Evaporation of the solvent under reduced pressure gave oil from which 
amine 40 was isolated by flash chromatography (CH2Cl2  to 15% MeOH: CH2Cl2  : 
1.5% NEt3) as a brownyellow oil (350 mg, 78%). 1 HNMR (500 MHz, CDCl3) δ 
7.41 (d, J= 8.5 Hz, 2H), 7.06 (bt, 1H), 6.92 (d, J= 8.5 Hz, 2H), 6.37 (bt, 1H), 5.45 
(s, 1H), 4.08 (s, 1H), 3.82 (s, 3H), 3.68 (q, , J= 7.3 Hz, 2H), 3.55 (m, 2H), 3.25 
(m, 2H), 2.76 (bs), 2.66 (q, J= 8.5 Hz, 2H), 2.43 (t, J= 7.3 Hz, 2H), 1.10 (s, 3H), 
1.09 (s, 3H). 13 CNMR (75.5 MHz, CDCl3) δ 171.7, 169.8, 160.4, 130.3, 127.8, 
113.9, 101.5, 84.0, 78.6, 55.6, 41.2, 36.2, 33.4, 33.3, 22.1, 19.4. MS (ESI) 
[M+H] + 380.11. HRMS (EI) (m/z): [M+H] + calcd for C19H29O5N3, 379.2102, 
found 379.2109. 

To a stirring solution of NHS ester 43a (126 mg, 0.59 mmol) in DCM (2 mL) was 
added triethylamine (122 µL, 0.89 mmol) and amine 40 (112 mg, 0.30 mmol). 
The reaction was monitored by TLC and stirred at room temperature for 8h. 
Evaporation of the solvent gave an oil which was ran through a plug of silica 
(10% MeOH/DCM eluent) to give the crude PMPprotected ketone product, as 
evidenced by TLC and 1 HNMR analysis of the crude. This material was 
dissolved in THF (1 mL) and 1M HCl (1 mL) was added without further 
purification. After 1.5 h at rt, AG1X8 Strong Basic anionic exchange resin was 
added to the reaction mixture until the solution was neutral. The crude product 
was filtered and solvent removed under reduced pressure and redissolved in 
water (30 mL) and washed with CH2Cl2 (4 x 25 mL). The water layer was frozen 
and lyophilized to afford the product 4 (45 mg, 42%) as the hydrate of the ketone.
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1 HNMR (500 MHz, CD3OD) δ 3.89 (s, 1H), 3.243.48 (m, 6H), 2.66 (bs, 2H), 
2.262.63 (m, 2H), 2.032.18 (m, 2H), 1.91 (s, 1H), 1.48 (s, 3H), 0.890 (s, 3H), 
0.882 (s, 3H). 13 CNMR (100.6 MHz, D2O, internal standard 0.01% MeOH) δ 
178.7, 175.6, 174.6, 91.7, 76.4, 69.0, 39.2, 38.9, 38.6, 35.9, 35.9, 34.4, 29.3, 25.6, 
21.1, 19.7. MS (ESI) [M+Na] + 382.16. HRMS (EI) (m/z): [M+H] + calcd for 
C16H29O6N3, 359.2056 found 359.2056. 

(e)  Synthesis of C15AzidoPantetheine (5) 

To a stirring solution of NHS ester 43b (134 mg, 0.63 mmol) in dry DCM (2 mL) 
was added triethylamine (150 µL, 1.05 mmol) and amine 40 (80 mg, 0.21 mmol). 
The reaction was monitored by TLC and stirred at room temperature for 8 h. 
Evaporation of the solvent gave a crude oil from which product 51 was isolated 
by flash chromatography (CHCl3  to 5% MeOH: CHCl3) as a yellow oil (95 mg, 
95%) contaminated with Nhydroxysuccinimide. This product was carried onto 
the next step without further purification. 1 HNMR (300MHz, CDCl3) δ 7.4 (d, J= 
9 Hz, 1H), 7.17.3 (m, 3H), 6.88 (d, J= 8.7 Hz, 1H), 5.43 (s, 1H), 4.06 (s, 1H), 
3.78 (s, 3H), 3.603.69 (m, 3H), 3.403.55 (m, 3H), 3.31 (s, 2H), 2.39 (m, 4H), 
1.06 (s, 3H), 1.02 (s, 3H). 13 CNMR (75.5 MHz, CDCl3) δ 178.7, 175.6, 174.6, 
91.7, 76.4, 69.0, 39.2, 38.9, 38.6, 35.9, 35.9, 34.4, 29.3, 25.6, 21.1, 19.7. HRMS 
(EI) (m/z): [M] + calcd for C22H32N6O6, 476.2378 found 476.2381. 

Compound 51 (80 mg, 0.17 mmol) was dissolved in THF (1 mL) and 1 M HCl (1 
mL). After 2 h at rt, AG1X8 Strong Basic anionic exchange resin was added to 
the reaction mixture until the solution was neutral. The crude product was filtered 
and solvent removed under reduced pressure and redissolved in methanol (30 
mL) and washed with hexanes (3 x 20 mL). The crude product was concentrated 
and purified by flash chromatography (1% MeOH: CH2Cl2  to 15% MeOH: 
CH2Cl2) to yield pure 5 (45 mg, 75%) as a colorless oil. 1 HNMR (500 MHz,
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(CD3)2CO) δ 7.65 (bs, 1H), 7.54 (bs, 1H), 7.48 (bs, 1H), 5.00 (d, J=5 Hz, 1H), 
4.26 (t, J=3.5 Hz, 1H), 3.94 (d, J=5 Hz, 1H), 3.57 (t, J=6.25 Hz, 2H), 3.50 (q, 
J=6.0 Hz, 4H), 3.49 (t, J=6.25 Hz, 2H), 3.27 (m, 4H), 2.47 (t, J=6.5 Hz, 2H), 2.41 
(t, J=6.5 Hz, 2H), 0.95 (s, 3H), 0.87 (s, 3H). 13 CNMR (75.5 MHz, (CD3)2CO) δ 
173.7, 171.7, 170.5, 76.8, 70.0, 47.4, 39.5, 39.2, 35.8, 35.3, 35.2, 21.2, 20.0. 
HRMS (EI) (m/z): [M] + calcd for C14H26N6O5 358.1959, found 358.1961 

(f)  Synthesis of PEG2LevulinatePantoic Acid Conjugate (6) 

Monoallyl carbamate 44 (228 mg, 0.98 mmol), (D)()pantolactone (408 mg, 
3.14 mmol), and triethylamine (430 µL, 3.14 mmol) were dissolved in EtOH (5 
mL). The reaction vessel was sealed and subjected to microwave reaction 
conditions (160 o C, 30 min, see above) with mechanical stirring. After cooling to 
room temperature the reaction mixture was vented and the solvent removed under 
reduced pressure, before being purified by flash chromatography (EtOAc to 7.5% 
MeOH: EtOAc) to yield 52 (288 mg, 82%) as a yellow oil. 1 HNMR (500 MHz, 
CDCl3) δ 7.55 (bs, 1H), 5.91 (m, 1H), 5.5 (bs, 1H), 5.30 (dd, J= 1.5, 17 Hz, 1H), 
5.21 (d, J= 10.5 Hz, 1H), 4.55 (d, J= 5 Hz, 2H), 4.02 (s, 1H), 3.633.36 (m, 14H), 
1.05 (s, 3H), 0.90 (s, 3H). 13 CNMR (75.5 MHz, CDCl3) δ 173.7, 156.8, 133.0, 
118.0, 77.6, 71.0, 69.8, 65.8, 41.0, 39.5, 38.9, 21.9, 20.3. HRMS (EI) (m/z) [M] + 
calcd for C16H30N2O7, 362.2048, found 362.2052. 

To a solution of allylcarbamate 52 (628 mg, 1.74 mmol) in dried THF (7 mL) 
was added dimedone (1.70 g, 12.2 mmol), PPh3 (91 mg, 0.35 mmol) and 
Pd(Ph3P)4 (100 mg, 0.087 mmol). The flask was allowed to stir at room 
temperature overnight. The solvent was removed under reduced pressure to give a 
crude oil, which was taken up in CH2Cl2 and purified by flash chromatography 
(CH2Cl2  to 15% MeOH: CH2Cl2: 1.5% NEt3) to yield the pure product 45 as a 
yellow oil (310 mg, 64%). 1 HNMR (500 MHz, CDCl3) δ 7.43 (bs, 1h), 3.94 (s, 
1H), 3.593.49 (m, 11H), 3.31 (m, 1H), 2.83 (m, 2H), 0.98 (s, 1H), 0.87 (s, 1H). 
13 CNMR (75.5  MHz, CDCl3) δ 174.4, 77.1, 71.8, 71.0, 70.7, 70.2, 69.8, 41.2, 
39.4, 38.9, 22.2, 20.5. HRMS (EI) (m/z) [M] + calcd for C12H26N2O3, 278.1836, 
found 278.1835.
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To a stirring solution of NHS ester 43a (114 mg, 0.54 mmol) in dry DCM (1 mL) 
was added triethylamine (222 µL, 1.62 mmol) and amine 45 (75 mg, 0.27 mmol). 
The reaction was monitored by TLC and stirred at room temperature for 4 h. 
Evaporation of the solvent gave a crude oil from which product 6 was isolated by 
flash chromatography (CHCl3  to 5% MeOH: CHCl3). Pure fractions were taken to 
give the product as a colorless oil (34 mg, 34 %). Nhydroxysuccinimide 
contaminated product was also recovered. δ 1 HNMR (500 MHz, CDCl3) 7.34 
(bs, 1H), 6.50 (bs, 1H), 4.45 (d, J=5 Hz, 1H), 4.01 (d, J= 4.5 Hz, 2H), 3.96 (bs, 
1H), 3.573.32 (m, 14H), 2.80 (t, J= 6.5 Hz, 2H), 2.41 (t, J= 6.5 Hz, 2H), 2.17 (s, 
3H), 1.02 (s, 3H), 0.90 (s, 3H). 13 CNMR (100.6 MHz, CDCl3) δ 20.19, 173.3, 
172.2, 77.2, 70.9, 70.4, 70.3, 70.1, 69.6, 40.9, 39.4, 38.7, 38.5, 29.9, 29.8, 22.1, 
20.0.  HRMS (EI) (m/z) [M] + calcd for C17H32N2O7, 276.2204, found 376.2216. 

(g) Synthesis of PEG2(βAlaN3)Pantoic Acid Conjugate (7) 

To a stirring solution of NHS ester 43b (141 mg, 0.67 mmol) in dry DCM (1 mL) 
was added triethylamine (91 µL, 0.72 mmol) and amine 45 (62 mg, 0.22 mmol). 
The reaction was monitored by TLC and stirred at room temperature for 4 h. 
Evaporation of the solvent gave a crude oil which was taken up in CH2Cl2 and 
isolated by flash chromatography (EtOAc to 10% MeOH: EtOAc). Pure fractions 
were taken to give 7 as a colorless oil (25 mg, 30 %). 1 HNMR (500 MHz, 
CDCl3) δ 7.29 (s, 1H), 6.57 (s, 1H),  4.36 (d, J= 5.5 Hz, 1H), 4.00 (d, J= 5.5 Hz, 
2H), 3.93 (bs, 1H), 3.603.40 (m, 16H), 2.43 (t, J= 6.0 Hz, 2H), 1.03 (s, 3H), 0.90 
(s, 3H). 13 CNMR (75.5  MHz, CDCl3) δ 173.6, 170.6, 77.5, 71.0, 70.5, 70.5, 
70.3, 69.9, 47.6, 39.7, 39.6, 38.9, 36.0, 22.2, 20.3. HRMS (EI) (m/z) [M] + calcd 
for C15H29N5O6, 375.2112, found 375.2121. 

(h) Synthesis of PEG10N3Pantoic Acid Conjugate (8) 

32a (50 mg, 0.095 mmol), (D)()pantolactone (37 mg, 0.285 mmol), and 
triethylamine (39 µL, 0.0285 mmol) were dissolved in EtOH (2.25 mL). The 
reaction vessel was sealed and subjected to microwave reaction conditions
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(160 o C, 30 min, see above) with mechanical stirring. After cooling to room 
temperature the reaction mixture was vented and the solvent removed under 
reduced pressure, before being purified by flash chromatography (EtOAc to 15% 
MeOH: EtOAc) to yield 8 (44 mg, 71%) as a yellow oil. 1 HNMR (500 MHz, 
CDCl3) δ 4.45 (bs, 1H), 4.12 (d, J=6.0 Hz, 1H), 3.99 (d, J= 6.0 Hz, 1H), 3.81 (bs, 
1H), 3.663.35 (m, 46H), 1.03 (s, 3H), 0.86 (s, 3H).  13 CNMR (100.6 MHz, 
CDCl3) δ 173.6, 77.2, 71.0, 70.9, 70.9, 70.8, 70.8, 70.5, 70.3, 69.9, 50.9, 39.0, 
22.5, 20.2. HRMS (EI) (m/z) [M] + calcd for C28H56N4O13 656.3838, found 
656.3833. 

(i)  Synthesis of BiotinAlkyne (10) 

Biotin 53 (40 mg, 0.16 mmol), propargylamine 41 (15 µL, 0.21 mmol), HATU 
(68 mg, 0.18 mmol), and HOBt monohydrate (27 mg, 0.18 mmol) were combined 
and dissolved in dry DMF (3 mL). DIPEA (85 µL, 0.50 mmol) was added, and 
the reaction was allowed to stir for 4 hours. The solvent was removed under 
reduced pressure to yield a crude oil which and purified by column 
chromatography (CH2Cl2  to 12.5% MeOH/CH2Cl2) to yield 10 (34 mg, 74%), a 
white precipitate with limited organic solubility. 1 HNMR (400 MHz,(CD3)2SO) δ 
8.21 (bs, 1H), 6.42 (s, 1H), 6.35 (s, 1H), 4.28 (t, J= 6.4 Hz, 1H), 4.10 (q, J= 3.2 
Hz, 1H) 3.81 (d, J = 2.4 Hz, 2H), 3.06 (m, 1H), 2.80 (dd, J= 4.8, 12.4 Hz, 1H), 
2.55 (d, J=12.4 Hz, 1H), 2.06 (t, J= 7.2 Hz, 2H), 1.591.24 (m, 6H). 13 CNMR 
(100.6 MHz, (CD)2SO) δ 172.5, 163.4, 82.0, 73.5, 61.7, 59.9, 56.1, 40.5, 28.8, 
28.7, 28.3. HRMS (EI) (m/z) [M] + calcd for C13H19N3O2S 281.1192, found 
281.1191. 

(j)  Synthesis of BiotinAzide (11) 

Biotin 53 (100 mg, 0.41 mmol), 2azidoethanamine 42 (70 mg, 0.82 mmol), 
HATU (171 mg, 0.45 mmol), and HOBt monohydrate (69 mg, 0.45 mmol) were 
combined and dissolved in dry DMF (2 mL). DIPEA (350 µL, 2.05 mmol) was
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added, and the reaction was allowed to stir for 4 hours. The solvent was removed 
under reduced pressure to yield a crude oil which was taken up in CH2Cl2 and 
purified by column chromatography (CH2Cl2  to 10% MeOH/CH2Cl2) to yield 11 
contaminated with HOBt. Tituration with acetone yielded the pure product 11 (87 
mg, 68%), again as a white precipitate with limited organic solubility. 1 HNMR 
(500 MHz,(CD3)2SO) δ 8.04 (s, 1H), 6.42 (s, 1H), 6.35 (s, 1H), 4.28 (t, J= 7.0 Hz, 
1H), 4.11 (q, J= 5 Hz, 1H), 3.22 (m, 2H), 3.08 (m, 1H), 2.80 (dd, J= 5.5, 12.5 Hz, 
1H), 2.56 (d, J= 12 Hz, 1H), 2.06 (t, J= 7.0 Hz, 2H), 1.61.2 (m, 6H). 13 CNMR 
(75.5 MHz, (CD3)2SO) δ 174.4, 164.0, 61.9, 60.0, 56.1, 50.5, 40.4, 35.8, 28.8, 
28.5, 25.8. HRMS (EI) (m/z) [M] + calcd for C12H20N6O2S, 312.1363, found 
312.1366. 

(k) Synthesis of DMACAethylenediaminePantoic Acid Conjugate (12) 

38c (20 mg, 0.069 mmol), (D)()pantolactone (26 mg, 0.204 mmol), and 
triethylamine (92 µL, 0.69 mmol) were dissolved in MeOH (2 mL), heated to a 
gentle reflux, and monitored by TLC. After 18 hrs the solvent was removed under 
reduced pressure to yield an oil, which was purified by flash chromatography 
(EtOAc to 15% MeOH: EtOAc) to yield 12 (25 mg, 85%) as a fluorescent oil. 1 H 
NMR (300 MHz, CDCl3) δ 7.55 (d, J= 9.0 Hz, 1H), 6.77 (dd, J= 2.7, 9.0 Hz, 1H), 
6.56 (d, J= 2.7 Hz, 1H), 6.05 (s, 1H), 3.86 (s, 1H), 3.68 (d, J= 0.6 Hz, 2H), 3.46 
3.34 (m, 6H), 3.07 (s, 6H), 0.904 (s, 3H), 0.902 (s, 3H).  13 CNMR (75.5 MHz, 
CD3OD) δ 175.3, 170.3, 163.2, 155.9, 153.6, 151.5, 125.7, 109.4, 109.2, 108.6, 
97.5, 76.2, 68.9, 39.2, 39.2, 39.1, 38.9, 38.3, 20.3, 20.0. HRMS (EI) (m/z) [M] + 
calcd for C21H29N3O6, 419.2051, found 419.2048. 

(l)  Synthesis of DansylethylenediaminePantothenate Conjugate (14)
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Fluorescent amine 54 (50 mg, 0.15 mmol) was coupled to PMPprotected 
pantothenate 39 (50 mg, 0.15 mmol) by the method of Clarke 7  to yield 55 (65 mg, 
71%) as a green fluorescent oil. 1 HNMR (500 MHz, CDCl3) δ 8.52 (d, J = 8.5 
Hz, 1H), 8.28 (d, J= 8.5 Hz), 8.18 (d, J= 7.5 Hz, 1H), 7.547.47 (m, 2H), 7.40 (d, 
J= 8.5 Hz, 1H), 7.16 (d, J= 7.5 Hz, 1H), 7.05 (bt, J= 6.5 Hz, 1H), 6.90 (d, J=8.5 
Hz, 1H), 6.45 (bt, J= 6 Hz, 1H), 6.17 (bt, J= 5.5 Hz, 1H), 5.43 (s, 1H), 4.10 (s, 
1H), 3.77 (s, 3H), 3.65 (q, J= 6.5 Hz, 2H), 3.493.4 (m, 2H), 3.283.16 (m, 2H), 
2.992.95 (m, 2H), 2.87 (s, 6H), 2.26 (q, J=6 Hz, 2H), 1.06 (d, J= 10 Hz, 6H). 
13 CNMR (100.6 MHz, CDCl3) δ 172.0, 170.1, 160.5, 152.2, 135.0, 130.7, 130.4, 
130.1, 129.7, 129.7, 128.6, 127.8, 123.5, 119.1, 115.5, 114.0, 84.0, 78.6, 77.6, 
77.3, 76.9, 55.5, 43.1, 39.6, 36.3, 35.3, 33.3, 22.1, 19.4. HRMS (EI) (m/z): [M] + 
calcd for C31H40N4O7S 612.2612, found 612.2618. 

Compound 55 (40 mg, 0.065 mmol) was dissolved in THF (1 mL) and 1 M HCl 
(0.5 mL). After 1.5 h at rt, AG1X8 Strong Basic anionic exchange resin was 
added to the reaction mixture until the solution was neutral. The reaction mixture 
was filtered and solvent removed under reduced pressure to yield a crude oil 
which was purified by flash chromatography (CH2Cl2  to 15% MeOH: CH2Cl2) to 
yield 14 as a fluorescent green oil (25 mg, 79%). 1 HNMR (500 MHz, (CD3)2SO) 
δ 8.44 (d, J= 8.5 Hz, 1H), 8.25 (d, J= 8 Hz, 1H), 8.08 (dd, J= 1, 7.5 Hz, 1H), 7.97 
(bs, 1H), 7.83 (t, J= 6 Hz, 1H), 7.657.56 (m, 3H), 7.23 (d, J= 7.5 Hz, 1H), 5.32 
(d, J= 5.5 Hz, 1H), 4.44 (t, J= 5.5 Hz, 1H), 3.66 (d, J= 5.5 Hz, 1H), 3.273.22 (m, 
2H), 3.183.11 ( m, 2H), 3.01 (q, J= 7.5 Hz, 2H), 2.832.75 (m, 8H), 2.14 (m, 
2H), 0.72 (d, J= 12.5 Hz, 6H).  13 CNMR (75.5 MHz, CDCl3) δ 174.7, 172.9, 
152.1, 134.7, 130.7, 130.0, 129.7, 129.5, 128.7, 123.5, 119.0, 115.5, 77.2, 70.5, 
45.6, 42.8, 39.8, 39.4, 36.1, 35.8, 21.3, 20.9. HRMS (EI) (m/z): [M] + calcd for 
C20H34N4O6S 494.2194, found 494.2199. 

(m)Synthesis of DMACAβAla Probe–Pantoic Acid Conjugate I (15)
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Compound 48 (300 mg, 1.23 mmol) was dissolved in dioxane (4 ml) and cooled 
to 0°C. 4M HCl in dioxane (2 mL 61.4 mmol) was added and the resulting 
reaction mixture was allowed to warm to room temperature and stirred overnight. 
The solvent was removed under reduced pressure, giving 32b (214mg, 97%) as a 
light brown oil. 1 HNMR (400MHz, CD3OD) δ  3.64 (m, 4H), 3.40 (t, J= 4.8 Hz, 
2H), 3.07 (t, J= 6.8 Hz, 2H), 1.943 (q, J= 6 Hz, 2H). 13 CNMR (100.6 MHz, 
CD3OD) δ 69.9, 68.2, 50.6, 37.9, 27.4. HRMS (EI) calcd for C5H12N2O [M] + : m/z 
144.1006, found 144.1004. 

Compound 32b (200 mg, 1.11mmol), 7dimethylaminocoumarin4acetic acid 31 
(273 mg, 1.11 mmol), and EDAC (530.6 mg, 2.77 mmol) were combined and 
dissolved in dry DMF (8 mL).  DIPEA (0.96 ml, 5.54 mmol) was added, and the 
reaction was allowed to stir 48 hours. The solvent was removed under reduced 
pressure, and the resultant oil and purified by flash chromatography (100% 
EtOAc) to yield the product 35b (94 mg, 23%) as a yellow solid. 1 HNMR (500 
MHz, CDCl3); δ 7.49 (d, J= 9, 1H), 6.63 (dd, J= 2.5, 8.5, 1H), 6.53(d, J= 2.5, 1H), 
6.18 (b s, 1H), 6.053 (s, 1H), 3.61 (s, 2H), 3.53 (t, J=4.5, 2H), 3.49 (t, J= 5, 2H), 
3.37 (q, J= 6, 2H),  3.33 (q, J= 5, 2H), 3.06 (s, 6H), 1.74 (q, J= 5.5, 2H). 13 C 
NMR (75.5 MHz, CDCl3) δ 168.2, 162.1, 156.2, 153.3, 150.3, 125.9, 110.4, 
109.4, 108.6, 98.3, 70.2, 69.9, 50.9, 40.9, 40.4, 38.4, 29.1. HRMS (EI) calcd for 
C19H22O4N3 [M] + : m/z 373.1745, found 373.1749. 

To a solution of the azide 35b (90 mg, 0.20 mmol) in THF (5 mL), PPh3 (105 mg, 
0.402 mmol) and water (500 µL) were added and stirred at room temperature 
overnight. Evaporation of the solvent under reduced pressure gave a crude oil 
from which amine 38b was isolated by flash chromatography (5% MeOH/CH2Cl2 
to 15% MeOH: CH2Cl2  : 1.5% NEt3) as a light oil (44 mg, 63%). 1 HNMR (400 
MHz, CD3OD) δ 7.55 (d, J= 9.2 Hz, 1H),  6.74 (dd, J= 2.8, 9.2 Hz, 1H), 6.53 (d, 
J= 2.8 Hz, 1H), 6.03 (s, 1H), 3.64 (s, 2H). 13 CNMR (75.5 MHz, CDCl3) δ 168.5, 
162.4, 156.1, 153.2, 150.8, 126.1, 110.1, 109.4, 108.7, 98.2, 72.2, 69.3, 50.6, 
40.63, 40.3, 37.9, 30.0, 29.0. HRMS (EI) calcd for C18H25O4N3 [M] + : m/z 
347.1840, found 347.1839.
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Compound 38b (44 mg, 0.127 mmol), (D)()pantolactone (32.9 mg, 0.253 
mmol), and triethylamine (70 µL, 0.47 mmol) were dissolved in MeOH (5 mL), 
heated to a gentle reflux, and monitored by TLC. After 48 hrs the solvent was 
removed under reduced pressure to yield a crude brown oil, which was purified by 
flash chromatography (EtOAc to 20% MeOH: EtOAc) and preparative thinlayer 
chromatography (15% MeOH:EtOAc) sequentially to yield 15 (16 mg, 26%) as a 
light fluorescent oil. 1 HNMR (300 MHz, CDCl3) δ 7.50 (d, J= 9 Hz, 1H), 7.30 
(bs, 1H), 6.62 (dd, J= 2.7, 6.3 Hz, 1H), 6.54 (bs, 1H) 6.46 (d, J= 1.8 Hz, 1H), 6.03 
(s, 1H), 4.59 (bs, 1H), 4.05 (s, 1H), 3.62 (s, 1H), 3.41 (m, 10H), 3.05 (s, 6H), δ 
1.84 (s, 1H), 1.68 (p, J=5.7 Hz, 2H), 1.03 (s, 3H), 0.89 (s, 1H). 13 CNMR (100.6 
MHz, CDCl3) δ 173.9, 168.7, 162.6, 156.2, 153.4, 150.7, 126.1, 110.0, 109.6, 
108.6, 98.3, 77.8, 71.3, 69.8, 68.6, 40.7, 40.3, 39.5, 38.9, 37.7, 29.3, 21.9, 20.4. 
HRMS (EI) calcd for C2H35N3O7  [M] + : m/z 477.2470, found 477.2471. 

(n) Synthesis of DMACAβAla Probe–Pantoic Acid Conjugate II (16) 

To a solution of azide 48 (111 mg, 0.45 mmol) in THF (5 mL), PPh3 (131 mg, 
0.50 mmol) and water (500 µL) were added and stirred at room temperature 
overnight. Evaporation of the solvent under reduced pressure gave a crude oil 
from which amine 33d was isolated by flash chromatography (5% MeOH/CH2Cl2 
to 7.5% MeOH: CH2Cl2: 1.5% NEt3) as a light brown oil (54 mg, 54%). 1 HNMR 
(300 MHz. CD3OD) 3.49 (t, J= 5.7 Hz, 2H), 3.48 (t, J= 5.4 Hz), 3.13 (t, J= 6.9 
Hz, 2H), 2.81(t, J= 4.8 Hz, 2H), 1.72 (p, J= 6.3 Hz, 2H), 1.43 (s, 9H). 13 CNMR 
(100 MHz, CD3OD) δ 160.2, 80.1, 68.3, 40.7, 37.3, 29.8, 27.6. HRMS (EI) calcd 
for C10H22N2O3  [M] + : m/z 218.1625, found 218.1626.
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Compound 33d (54 mg, 0.25 mmol), 7dimethylaminocoumarin4acetic acid 31 
(67 mg, 0.27 mmol), and EDAC (118 mg, 0.61 mmol) were combined and 
dissolved in dry DMF (5 mL).  DIPEA (170 µl, 0.98 mmol) was added, and the 
reaction was allowed to stir 48 hours. The solvent was removed under reduced 
pressure, and the resultant oil purified by flash chromatography (5% MeOH: 
CHCl3) to yield the product 36d (55 mg, 50%) as a yellow solid. 1 HNMR (400 
MHz, (CD3)2CO) δ 7.62 (d, J= 9.2 Hz, 1H), 6.72 (dd, J= 2.8,6.0 Hz, 1H), 6.5 (d, 
J=2.4 Hz, 1H), 6.05 (s, 1H), 3.7 (s, 2H), 3.46 (t, J= 5.6 Hz, 2H), 3.43 (t, J= 6.0 
Hz, 2H), 3.16 (q, J= 6.4 Hz, 2H), 3.08 (s, 6H), 1.67 (p, J= 6.4 Hz, 2H), 1.4 (s, 
9H). 13 CNMR (100.6 MHz, (CD3)CO) δ 168.4, 162.0, 156.6, 156.1, 153.0, 150.3, 
126.1, 110.7, 109.4, 109.2, 98.7, 77.4, 69.1, 67.3, 40.4, 40.3, 39.9, 37.0, 29.9, 
28.6. HRMS (EI) calcd for C23H33N3O6  [M] + : m/z 447.2364, found 447.2362. 

Compound 36d (45 mg, 0.10 mmol) was dissolved in dioxane (4 ml) and cooled 
to 0°C. 4M HCl in dioxane (0.3 mL, 61.4 mmol) was added and the resulting 
reaction mixture was allowed to warm to room temperature and stirred overnight. 
The solvent was removed under reduced pressure, yielding 38d (36 mg, 94%) as a 
dark yellow oil. 1 HNMR (300 MHz, CD3OD) δ 7.68 (d, J= 9 Hz, 1H), 6.96 (dd, 
J= 2.4, 9 Hz, 1H), 6.81 (d, J = 2.7 Hz, 1H), 6.17 (s, 1H), 3.76 (s, 2H), 3.633.43 
(m, 6H), 3.14 (s, 6H), 3.04 (q, J= 6.9 Hz, 2H), 1.91 (p, J= 6.0 Hz, 2H). 13 CNMR 
(75.5 MHz, CD3OD) δ 169.7, 163.2, 155.8, 153.6, 151.8, 126.0, 109.4, 109.1, 
108.7, 97.4, 69.3, 68.5,41.1, 40.7, 40.1, 39.6, 29.8. HRMS (EI) calcd for 
C18H25N3O4  [M] + : m/z 347.1845, found 347.1847. 

Compound 38d (36 mg, 0.09 mmol), (D)()pantolactone (18 mg, 0.14 mmol), 
and triethylamine (70 µL, 0.47 mmol) were dissolved in MeOH (5 mL), heated to 
a gentle reflux, and monitored by TLC. After 72 hrs the solvent was removed 
under reduced pressure to yield a crude brown oil, which was purified by flash 
chromatography (EtOAc to 20% MeOH: EtOAc) and preparative thinlayer 
chromatography (15% MeOH:EtOAc) sequentially to yield 16 (12 mg, 27%) as a 
light fluorescent oil. 1 HNMR (400 MHz), CDCl3) δ 7.56 (d, J= 8.8 Hz, 1H), 7.33 
(bs, 1H), 7.17 (bs, 1H), 6.62 (dd, J= 2.4, 8.8 Hz, 1H), 6.46 (d, J= 2.4 Hz, 1H), 
6.08 (s, 1H), 4.05 (s, 2H), 3.44 (m, 10H), 3.05 (s, 6H), 1.71 (p, J= 8 Hz), 1.01(s,
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3H), 0.92 (s, 3H). 13 CNMR (100.6 MHz, CDCl3) δ 173.5, 168.7, 162.9, 156.1, 
153.4, 151.1, 126.2, 109.9, 109.6, 108.8, 98.3, 78.2, 71.6, 69.6, 69.3, 40.5, 40.3, 
40.1, 39.9, 39.3, 37, 29.6, 21.4, 20.7. HRMS (FAB) calcd for C24H36N3O7 [M+H]: 
m/z 478.2548, found 478.2554. 

(o) PEG2 LinkedDMACAPantoic Acid Conjugate (17) 

Monoallylcarbamate 44 (469 mg, 2.02 mmol), 7dimethylaminocoumarin4 
acetic acid 31 (500 mg, 2.02 mmol), and EDAC (860 mg, 4.48 mmol) were 
combined and dissolved in dry DMF (6 mL).  DIPEA (778 µL, 4.48 mmol) was 
added, and the reaction was allowed to stir overnight. The solvent was removed 
under reduced pressure, and the resultant oil was resuspended in EtOAc and 
washed with saturated NaHCO3 (3 x 45 mL) and brine (1 x 45 mL). Flash 
chromatography (EtOAc to 10% MeOH:EtOAc) gave the pure product 37e (700 
mg, 75%) as a fluorescent pink oil. 1 HNMR (400 MHz, CDCl3) δ 7.40 (d, J= 8.8 
Hz, 1H), 6.80 (bs, 1H), 6.51 (d, J= 8.8 Hz, 1H), 6.35 (s, 1H), 5.98 (s, 1H), 5.85 
5.77 (m, 1H), 5.49 (bs, 1H), 5.20 (dd, J= 1.2, 17.2 Hz, 1H), 5.10 (d, J= 10.4 Hz, 
1H), 4.45 (d, J=5.2 Hz, 2H), 3.55 (s, 2H), 3.46 (s, 8H), 3.37 (t, J= 6.1 Hz, 2H), 
3.27 (q, J= 5.2 Hz, 2H), 2.95 (s, 6H). 13 CNMR (100.6 MHz, CDCl3) δ 168.3, 
161.9, 155.8, 152.9, 150.3, 133.0, 125.8, 117.7, 110.1, 109.2, 108.6, 98.1, 79.3, 
07.7, 70.7, 70.6, 70.6, 70.6, 70.4, 70.3, 70.2, 69.8, 69.8, 69.7, 65.7, 41.6, 41.0, 
40.4, 40.4, 39.9. HRMS (EI) (m/z) [M] + calcd for C20H31N3O7, 461.2157, found 
461.2160. 

To a solution of allylcarbamate 37e (440 mg, 0.95 mmol) in dried THF (10 mL) 
was added dimedone (930 mg, 6.7 mmol), PPh3 (50 mg, 0.19 mmol) and 
Pd(Ph3P)4 (54 mg, 0.048 mmol). The flask was allowed to stir at room 
temperature overnight. The solvent was removed under reduced pressure to give a 
crude oil, which was taken up in CH2Cl2 and purified by flash chromatography 
(CH2Cl2  to 15% MeOH: CH2Cl2: 1.5% NEt3) to yield the pure product 38e as a 
thin fluorescent film (215 mg, 60%). 1 HNMR (400 MHz, CDCl3) δ 7.42 (d, J = 
8.8 Hz, 1H), 7.15 (bs, 1H), 6.52 (dd, J= 2, 8.8 Hz, 1H), 6.38 (d, J= 2.4, 1H), 5.99 
(s, 1H), 3.55 (s, 2H), 3.483.36 (m, 12H), 2.96 (s, 6H) 2.79 (bs, 1H). 13 CNMR 
(100.6 MHz, CDCl3) δ 168.2, 161.9, 155.9, 152.9, 150.2, 125.8, 110.1, 109.2,
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108.3, 98.2, 73.2, 70.5, 70.2, 69.8, 41.8, 40.5, 40.4, 39.9. HRMS (EI) (m/z) [M] + 
calcd for C19H27N3O5, 377.1945, found 377.1948. 

Compound 38e (176 mg, 0.46 mmol), (D)()pantolactone (181 mg, 1.4 mmol), 
and triethylamine (192 µL, 1.4 mmol) were dissolved in MeOH (5 mL), heated to 
a gentle reflux, and monitored by TLC. After 48 hrs the solvent was removed 
under reduced pressure to yield a crude oil, which was purified by flash 
chromatography (EtOAc to 15% MeOH: EtOAc) to yield 17 (214 mg, 92%) as a 
pink fluorescent oil. 1 HNMR (500 MHz, CDCl3) δ 7.53 (d, J= 9 Hz, 1H), 6.63 
(dd, J= 2.5, 9 Hz, 1H), 6.51(d, J=3 Hz, 1H), 6.06 (s, 1H), 4.04 (s, 1H), 3.63 (s, 
2H), 3.543.4 (m, 14H), 3.06 (s, 6H), 1.04 (s, 3H), 0.91 (s, 3H). 13 CNMR (100.6 
MHz, CDCl3) δ 171.3, 166.2, 159.9, 153.4, 150.6, 148.1, 123.3, 107.3, 106.8, 
106.1, 95.6, 74.9, 68.4, 67.8, 67.8, 67.2, 37.6, 37.6, 37.3, 36.9, 36.3, 19.2, 17.8. 
HRMS (EI) (m/z) [M] + calcd for C25H37N3O8, 507.2575, found 507.2581. 

(p) PEG10 LinkedDMACAPantoic Acid Conjugate (18) 

Monoazido PEG 32a (121 mg, 0.23 mmol), 7dimethylaminocoumarin4acetic 
acid 31 (80 mg, 0.32 mmol), and EDAC (100 mg, 0.52 mmol) were combined and 
dissolved in dry DMF (3 mL).  DIPEA (79 µL, 0.46 mmol) was added, and the 
reaction was allowed to stir overnight. The solvent was removed under reduced 
pressure, and the resultant oil was resuspended in CHCl3 and purified by flash 
chromatography (EtOAc to 15% MeOH:EtOAc) gave the pure product 35a (125 
mg, 72%) as a fluorescent pink oil. 1 HNMR (500 MHz, CDCl3) δ 7.49 (d, J= 9 
Hz, 1H), 6.79 (bs, 1H), 6.59 (dd, J=2.6, 9 Hz, 1H), 6.46 (d, J= 1.5 Hz, 1H), 6.05 
(s, 1H), 3.653.37 (m , 46H), 3.02 (s, 6H).  13 CNMR (75.5 MHz, CDCl3) δ 168.4, 
161.9, 156.1, 153.0, 150.7, 126.0, 110.4, 109.3, 108.6, 98.3, 70.8, 70.8, 70.8, 70.7, 
70.7, 70.6, 70.4, 70.2, 69.8, 50.8, 40.5, 40.3, 39.8. MS (ESI) [M+H] + 756.2.
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To a solution of azide 35 (115 mg, 0.15 mmol) in THF (2 mL), PPh3 (44 mg, 0.17 
mmol) and water (500 µL) were added and stirred at room temperature for 24 
hours. Evaporation of the solvent under reduced pressure gave a crude oil which 
was resuspended CHCl3 and extracted into water (3x25 mL). The aqueous layer 
was washed with CH2Cl2 (3x15mL) and lyophilized to yield 38a (81 mg, 74%). as 
a light fluorescent oil. 1 HNMR (300 MHz, CDCl3) δ 7.42 (d, J=9 Hz, 1H), 6.81 
(bs, 1H), 6.52 (dd, J= 2.7, 9 Hz, 1H), 6.39 (d, J= 2.7 Hz, 1H), 5.98 (s, 1H), 3.6 
3.32 (m, 46H), 2.96 (s, 6H), 1.66 (bs, 1H).  13 CNMR (75.5 MHz, CDCl3) δ 
168.3, 161.9, 156.0, 153.1, 150.3, 125.9, 110.3, 109.2, 108.7, 98.2, 73.5, 70.6, 
70.4, 70.3, 69.7, 41.9, 40.4, 40.2, 39.8.  HRMS (EI) (m/z) [M] + calcd for 
C35H59N3O13, 729.4042, found 729.4051. 

Compound 38a (42 mg, 0.058 mmol), (D)()pantolactone (37 mg, 0.28 mmol), 
and triethylamine (39 µL, 0.288 mmol) were dissolved in MeOH (5 mL), heated 
to a gentle reflux, and monitored by TLC. After 48 hrs the solvent was removed 
under reduced pressure to yield a crude oil, which was purified by flash 
chromatography (EtOAc to 12.5% MeOH: EtOAc) to yield 18 (27 mg, 55%) as a 
pink fluorescent oil. 1 HNMR (500 MHz, CDCl3) δ 7.52 (d, J= 9 Hz, 1H), 6.84 
(bs, 1H), 6.61 (dd, J= 2.5, 9 Hz, 1H), 6.49 (d, J=3 Hz, 1H),  6.07 (s, 1H),  4.01 (s, 
1H),  3.673.51 (m, 48H),  3.04 (s, 6H),  1.03 (s, 3H),  0.88 (s, 3H). 13 CNMR 
(75.5 MHz, CDCl3) δ 173.7, 168.5, 162.1, 156.1, 153.2, 150.4, 126.1, 110.4, 
109.3, 108.7, 98.4, 77.2, 70.9, 70.7, 70.7, 70.6, 70.4, 70.3, 69.8, 40., 40.4, 39.8, 
39.5, 38.9, 22.5, 20.2. HRMS (FAB) (m/z) [M+H] + calcd for C41H69N3O16, 
860.4751, found 860.4742
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Route, Synthetic Procedures, and Spectroscopic Data for Diprotected Linker 48 

General Synthetic Procedures General materials and methods as described 
above (pg. S2). 

Synthetic Route to Diprotected Linker 48 

Synthetic Procedures and Spectroscopic Data for Diprotected Linker 48 

A solution of 46 (2 g, 17.4 mmol) in dry methanol was prepared and cooled to 
0°C.  To the reaction mixture ditertbutyl dicarbonate (7.5 g, 34.7 mmol) and 
nickel (II) chloride hexahydrate (413 mg, 1.7 mmol) were added sequentially. 
This was followed by the addition of NaBH4 (4.6 g, 121.6 mmol) in small 
aliquots.  The reaction was then let warm to room temperature and stirred over 
night.  Upon completion ethylene diamine (1.2 ml, 17.4 mmol) was added to the 
reaction mixture and let stir for an additional 30mins. The resulting mixture was

82



concentrated and dissolved in EtOAc (300 ml).  The resulting solution was then 
washed with saturated NaHCO3 (2x300 ml) and dried over  Na2SO4.  The solvent 
was removed under reduced pressure to afford a clear oil (2.7 g, 71%). 1 HNMR 
(400 MHz, CDCl3) δ 4.77 (bs, 1H), 3.72 (m, 2H), 3.53 (m, 4H), 3.3 (d, J= 4.4, 
2H), 1.75 (p, J= 6, 2H); 13 CNMR (75.5 MHz, CDCl3) δ 156.4, 79.5, 72.4, 68.8, 
61.9, 38.1, 28.6, 28.5;   HRMS (EI) calcd for C10H21NO4 [M] + : m/z 219.1465, 
found 219.1463. 

Tertbutyl carbamate protected alcohol 47 (1.60g, 7.3 mmol) was dissolved in 
CH2Cl2 (15 ml) and cooled to 10°C.  After the solution had cooled triethylamine 
(1.22 ml, 8.8 mmol), dimethylaminopyridine (223 mg , 1.8 mmol), and tosyl 
chloride (1.53 g, 8 mmol) were added sequentially.  The reaction was warmed to 
room temperature and allowed to stir overnight.  The reaction mixture was 
concentrated under reduced pressure and taken up in CH2Cl2 (250 ml). The 
organic layer was washed with 0.5M HCl (250 ml), saturated aqueous NaHCO3 
(250 ml), H2O (250 ml) and then dried over Na2SO4 and the solvent removed to 
yield 56 (2.29 g, 85%) as a dark yellow oil. 1 HNMR (300MHz, CD3OD) δ 7.81 
7.77 (m, 1H), 7.467.43 (m, 1H), 4.154.12 (m, 2H), 3.593.56 (m, 2H), 3.40 (t, 
J= 6.0 Hz, 2H), 3.04 (t, J= 6.9 Hz, 2H), 1.63 (p, J= 6.6 Hz, 2H), 1.43 (s, 9H). 13 C 
NMR (75.5 MHz, CDCl3) δ 156.2, 145.1, 133.2 130.1 128.2 69.6, 69.4, 68.5, 
38.4, 29.9, 28.7, 28.5, 21.9. HRMS (EI) calcd for C17H27NO6S [M] + : m/z 
373.1554, found 373.1559. 

To a solution of compound 56 (1.60 g, 4.3 mmol) dissolved in DMF, NaN3 (1.25 
g, 19.3 mmol) was added and stirred at 100°C overnight.  The reaction mixture 
was concentrated under reduced pressure, taken up in EtOAc (350 ml), and 
washed with H2O (3x 250 ml), and saturated aqueous NaCl (250 ml). The organic 
layer was dried over Na2SO4 and solvent removed to afford diprotected linker 48 
(996 mg, 95%) as a light brown oil. 1 HNMR (500 MHz, CDCl3) δ 4.83 (bs, 1H), 
3.62 (t, J=5 Hz, 2H), 3.55 (t, J= 6.5 Hz, 2H), 3.39 (t, J= 5 Hz, 2H) 3.25 (q, J= 5.5 
Hz, 2H) 1.79 (p, J= 6.5 Hz, 2H) 1.45 (s, 9H). 13 CNMR (75.5 MHz, CDCl3) δ 
156.3, 79.3, 69.9, 69.7, 50.9, 38.5, 29.8, 28.6. HRMS (EI) calcd for C10H20O3N4 
[M] +  : m/z 244.1530, found 244.1523.
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Kinetic, In Vitro, and In Vivo Assay Data 

Kinetic Assays 
Kinetics with CoAA for the panel of compounds were performed as previously 
described in the literature. 12 To test compound 16 as an inhibitor a competition 
assay was designed. The assay was set up as in the other kinetic runs with 
pantothenate as the substrate (500µM3µM). A dilution series of compound 16 
was added, keeping the total volume and the concentration of all other reagents 
the same. At 125µM of compound 16, the Kcat for CoAA with pantothenate was 
reduced between 30 and 40 percent, without any change in Km. 

In Vitro Assays 

The gel shift assay was performed by incubating compounds with the CoA 
biosynthetic enzymes, the carrier protein ACP (E. coli), and the PPTase Sfp, as 
previously described. 13 Samples were then run on a native 15% SDS PAGE gel. 

Figure S1. Gel Shift Assay. Apo lane corresponds to the apo form of the fatty acid 
synthase acyl carrier protein from E. coli, ACP. Gelshift indicates formation of 
cryptoACP by reaction of ACP, Sfp, and the appropriate pantetheine analog. 

In vitro assays were done as previously described, 6 with 0.4mM analogue per 
reaction. Reactions with fluorescent compounds were run on 12% PAGE and 
visualized with UV. Bioorthogonally tagged pantetheine analogs 18 were 
incubated with the enzyme mixture and then the appropriate reactive biotin 
reporter (9, 10, 11) was added. In the case of azide and alkyne derivatives (13, 5,
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78) the procedure of Alexander was followed. 13 For ketoderivatives 4 and 6 
reactions were incubated with biotin hydroxylamine (9, Molecular Probes) as 
follows. 5µL of 100mM stock (DMSO) was added and the reaction was incubated 
at room temperature overnight. Samples were then run on 12% PAGE gels, 
blotted onto nitrocellulose and developed with streptavidinalkaline phosphotase 
using standard procedures. 

Figure S2.  In vitro  reactions of fluorescent pantetheine derivatives 1214, 17 
18 with negative controls. Bands are fluorescently tagged VibB, the vibriobactin 
synthase carrier protein from Vibrio cholerae. Negative controls lack Sfp.
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Figure S3. In vitro reactions of fluorescent pantetheine derivatives 15 and 16. 

Figure S4. Western blot showing in vitro reaction of bioorthogonally tagged 
pantetheine analogs 24, 68, with negative controls. Bands are biotinligated 
VibB. Negative controls lack Sfp.
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Figure S5. Western blot showing in vitro reaction of bioorthogonally tagged 
pantetheine analogs 15, 7, with negative controls. Bands are biotinligated VibB 
after reaction with strepdavidinlinked alkaline phosphatase. Negative controls 
lack Sfp. 

In Vivo Assays 

In vivo assays were performed as previously described, but samples were grown 
in a volume of 1mL LB. 6 Samples were visualized as in the in vitro assays. In the 
case of azide and alkyne derivatives (13, 5, 78)  43µL of lysate was used in the 
click reaction following the procedure of Alexander. 14 For ketoderivatives 4 and 
6 35µL of lysate was added to 25µL of 0.5 Tris buffer pH 6.0 and 5µL of biotin 
hydroxylamine (9, Molecular Probes). The reaction proceeded overnight at room 
temperature.
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Figure S6. In vivo  assay of fluorescent pantetheine derivatives 1213, 1718. 
Bands are fluorescently tagged VibB.
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Figure S7. Western blot showing in vivo assay of bioorthogonally tagged 
pantetheine analogs 18. Bands are biotinligated VibB after reaction with 
strepdavidinlinked alkaline phosphatase. 

Figure S8. Western blot showing in vivo assay of bioorthogonally tagged 
pantetheine analogs 6 and 4. Bands are biotinligated VibB after reaction with 
strepdavidinlinked alkaline phosphatase.
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Abstract  

The carrier protein is central to a large number of important biosynthetic pathways, 

including those responsible for the production of fatty acid, polyketide, and nonribosomal 

peptide natural products. Here we describe in vivo labeling and manipulation of carrier 

proteins in both type I and II fatty acid synthases. Utilizing natural promiscuity in the 

CoA biosynthetic pathway in combination with synthetic pantetheine derivatives, we 

demonstrate for the first time in vivo labeling of carrier proteins with reporter tags in 

genetically unmodified organisms. The highly specific nature of the posttranslational 

modification utilized for tagging allows for simple visualization of labeled carrier 

proteins, either by direct fluorescence imaging or after click reaction with fluorescent 

reporters. In addition we demonstrate the feasibility of this approach for the isolation and 

enrichment of carrier proteins via reaction with biotin reporters. Finally we use these 

techniques to identify a carrier protein from an unsequenced organism, a finding which 

both demonstrates the potential of and validates our reverse genetics approach to natural 

product biosynthetic enzyme discovery.   

 

0Introduction 

 

The carrier protein is central to the biosynthetic pathways of a number of 

important primary and secondary metabolites.[1] These small proteins, functioning either 
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by themselves or as small domains within larger synthases, facilitate biosynthesis by 

acting as a scaffold for the growing natural product. This scaffold serves to isolate and 

protect the growing natural product from the rest of the cellular milieu, while allowing 

for complex chemical transformations to be enzymatically achieved.  Fatty acids, 

polyketides, non-ribosomal peptides, and a number of intermediate metabolites utilize 

carrier protein domains to tether intermediates during biosynthesis.[2-6] The site at which 

the growing product is linked to the carrier protein is through the thioester terminus of a 

coenzyme A (CoA) derived 4’-phosphopantetheine arm. This phosphopantetheine 

prosthetic group is a posttranslational modification which is introduced by a dedicated 

phosphopantetheinyltransferase (PPTase), responsible for the transfer of the group from 

CoA to a conserved serine of the apo-carrier protein.[7] The requirement for this 

posttranslational modification offers an opportunity for selective labeling of carrier 

proteins, provided the phosphopantetheinylation reaction can be co-opted to accept useful 

CoA analogues. Our interest in this strategy lead us to initially synthesize several reporter 

linked CoA analogues and demonstrate that they could be used to modify a number of 

apo-carrier protein domains through the activity of a promiscuous PPTase enzyme.[8]  

However, carrier proteins are modified in vivo by their native partner PPTaes leaving 

little apo-form available for modification in lysate; And these labeling reactions are not 

feasible in vivo as CoA and its derivatives are not cell permeable.[9, 10] In order to 

circumvent this problem we set out to develop reporter-tagged analogs of pantetheine, a 

CoA precursor, that were cell permeable and could be processed by native CoA 

biosynthetic and PPTase enzymes for the in vivo labeling of carrier proteins. [11, 12] 
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Figure 1.  In vivo labeling strategy. 
Cells are grown in the presence of compounds 1 or 2.  After uptake, the native CoA 
biosynthetic enzymes convert the pantetheine analogs to CoA analogs which then are 
appended to carrier proteins via the PPTase enzyme. After cell lysis modified carrier 
proteins can be detected by reaction with alkyne probes. 
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CoA is biosynthesized from the starting material pantothenate by the action of 5 

enzymes, CoaA-E.[13] Recently we reported a method of co-opting the CoA biosynthetic 

pathway for the production of CoA analogs in vitro and in vivo.[12, 14] This strategy 

arose from the observation that the first CoA biosynthetic enzyme, pantothenate kinase 

(CoaA or panK), will accept pantetheine as well as its natural substrate pantothenate, 

implying a tolerance for pantothenate amides. The ability of CoaA to process amide 

linked pantothenate analogs (henceforth referred to as pantetheine analogues) is essential 

as it allows for the facile synthetic elaboration of the pantothenate backbone with a 

number of useful amine-linked functionalities. A number of groups have tried to exploit 

this substrate promiscuity in the CoA biosynthetic pathway as a target for antibacterial 

development by testing the ability of pantetheine analogues to inhibit the panK enzyme. 

However, almost all of the pantetheine analogs tested thus far have been found to be 

competitive substrates rather than inhibitors of CoaA.[15] In a similar fashion we have 

demonstrated the ability of CoaA in combination with CoaD and CoaE to convert a large 

number of pantetheine analogs into CoA analogs in vitro, and extended this methodology 

to the development of an in vivo assay which allowed us to monitor conversion of 

pantetheine analogs to CoA analogs via the native CoA biosynthetic machinery in 

Escherichia coli. [11] 

The widespread occurrence of 4’-phosphopantetheine modified carrier proteins 

and their presence in many interesting natural product biosynthetic systems has lead to a 

renewed interest in the ability to isolate, characterize, and identify these proteins from 
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their proteomic environments. While PKS and NRPS genes are often identified by 

homology, a large number of “orphan” gene clusters exist whose function cannot be 

readily be deduced from bioinformatic methods. In addition many natural product 

producing organisms of interest are not sequenced. While some genetic techniques are 

exist for searching for natural product producing systems in unsequenced organisms, such 

as degenerate PCR or library construction, these methods are almost prohibitively 

complicated in organisms that contain genomes of a very large size or that contain many 

natural product synthases.[16, 17] Working at the protein level eliminates complications 

arising from a large number of inactive gene clusters and does not require extensive 

library searching.  In addition it may lead to the discovery of new carrier protein 

containing systems whose function cannot be deduced from homology alone. Here we 

report techniques for the in vivo labeling of carrier proteins in native systems, the 

isolation and recovery of those proteins, and the identification of a carrier protein from an 

unsequenced organism.   

 

1Results 

  

In vivo labeling of native ACP in E. coli. 

For our initial attempt at in vivo labeling of carrier proteins in a native system we 

directed our efforts at the fatty acid ACP of E. coli as a model system. Fatty acid and 

CoA metabolism is well understood in this organism and our previous studies had shown 

that the CoA biosynthetic pathway in modified (BL-21) strains of E. coli was permissive 



 122

enough to allow for in vivo conversion of our pantetheine analogs into CoA analogs.[12] 

Those studies showed production of CoA analogs in vivo correlated with the activity 

pantetheine analogues showed with the first enzyme in the CoaA biosynthetic pathway, 

the aforementioned panK. Azido-pantetheine 1, containing a terminal bioorthgonal azide 

reporter, was chosen for these initial labeling studies because of its good kinetic 

parameters with panK, versatilility of bioorthogonal detection, and amenity to large scale 

synthetic production. 

With K12 E. coli as our model system we set out to demonstrate in vivo 

modification of the native fatty acid carrier protein AcpP. Overnight growth with 

compound 1 followed by protein extraction and Cu-catalyzed click reaction with 

fluorescent alkyne (3 or 4) allowed visualization of the modified carrier protein via SDS-

PAGE (Figure 2).  Control cultures grown without compound 1 showed no similar 

fluorescence after click reaction with 3 or 4. The modified protein from E. coli lysate 

runs at the same apparent molecular weight as recombinantly purified labeled AcpP on 

both denaturing and native PAGE gels.  Because of its small size and charge AcpP is 

readily separated from most other proteins on high percentage native gels, leading us to 

identify AcpP as the likely labeled protein.[18] In order to definitively identify the 

labeled protein we excised the fluorescent band and submitted it to proteolytic digest 

followed by MS/MS analysis. The results confirmed that the labeled band was indeed the 

AcpP protein from E. coli (Figure 2).  

 

Toxicity of Pantetheine Analogues  
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Carrier proteins are found in both primary and secondary metabolism pathways. 

One concern in the utilization of a strategy such as the one outlined above must be the 

possible toxicity of pantetheine, CoA, or carrier proteins primed with unnatural 4’-

phosphopantetheine arms to the organisms being labeled. Modification of fatty acid 

carrier proteins with reporter-terminated pantetheine analogues would render them unable 

to tether growing intermediates and thus inactivate them. Accumulation of inactivated 

carrier protein could lead to inhibition of fatty acid biosynthesis and thus growth 

inhibition, as is proposed to be the mode of action for a class of bacteriostatic compounds, 

the pantothenamides.[19]  

Our goal was to derive a strategy that would be general enough to label any carrier 

protein without being toxic to the organisms being labeled. In order to asses the potential 

toxicity of our chosen pantetheine analogs we conducted growth inhibition assays. In 

addition we performed in vivo carrier protein labelings in minimal media, to test whether 

the presence of pantothenate found in richer media (including LB) was obscuring the 

toxic effects of our compounds, as it does pantothenamides. As opposed to Npan5, which 

inhibits E. coli growth at 30uM in our assay, the compounds used in this study (1, 2) 

showed no growth inhibition up to 500uM. Additionally, modification of E. coli ACP in 

minimal media was comparable to the level seen in LB media. (Figure 2)  
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Figure 2. Detection of in vivo modified carrier proteins. 
(A) Cultures were grown with or without compound 1 and reacted with TAMRA alkyne 
after lysis. Distinct carrier protein labeling is seen in E. coli (lane 1), B subtilis O168 
(lane 3), B.subtilis 6051 (lane 5), and S. oneidensis (lane 7) as compared to negative 
controls (lanes 2,4,6,8 respectively) (B) Labeling of E.coli carrier protein 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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In vivo modification of ACPs from other bacteria.  

 

Having demonstrated in vivo carrier protein modification in wild-type E. coli, we 

tested this methodology in other bacterial species. The last step in the processing of 

pantothenate (or in our case pantetheine analogues) to CoA, to holo-carrier protein is the 

transfer of the 4’-phosphopantetheine arm from CoA to the conserved serine residue of 

ACP by a PPTase. Generally speaking there are two classes of PPTase: the AcpS type 

that are generally associated with primary metabolism and used to modify fatty acid 

carrier proteins, and the Sfp type that is associated with secondary metabolism and 

modifies carrier proteins in NRPS and PKS systems.[20-22] While some cross-reactivity 

has been seen, AcpS type PPTases are usually less permissive of variation in carrier 

protein partner and CoA analog.[23] The Sfp type, specifically Sfp itself which comes 

from Bacillus  subtilis surfactin biosynthesis, shows much more relaxed specificity in 

terms of both CoA and carrier protein.[21] This intrinsic difference lead us to test our 

method in bacterial systems both containing and lacking Sfp type PPTases to ensure that 

our carrier protein labeling strategy would not be stymied at the last step by a non-

permissive PPTase. We chose B. subtilis to test this phenomena, as the known permissive 

PPTase Sfp comes from this organism, but most common lab strains of B. subtilis are 

Sfp0. For this purpose two strains,  B. subtilis O168 which is a Sfp knockout and the 

ATCC 6051 strain which carries functional copy of Sfp, were grown with compound 1 

overnight. Lysis followed by Cu-catalyzed click reaction with fluorescent alkynes 

allowed the fatty acid ACP to be easily visualized by SDS-PAGE. Once again this 
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tentative identification was verified by band excision and LC-MS/MS analysis. 

Additionally we applied this protocol to the labeling and identificaton of acyl-carrier 

proteins from type II fatty acid biosynthesis in Shewanella oneidensis MR-1, and 

Brevibacillus brevis ATCC 8246 (Figure 2).  

These results indicate that the azido-CoA analogue formed by 1 is compatible with 

a variety of less promiscuous AcpS type PPTases, a desired feature for the labeling of 

carrier proteins from disparate biosynthetic systems. In addition these findings address a 

major hurdle for in vivo labeling techniques, the ability of the small molecule to enter the 

cell. CoA analogs will not enter cells, as their negative charge makes them membrane 

impermeable. Likewise in our previous work we showed that charged pantetheine 

analogs did not show in vivo conversion to CoA analogs due to their inability to enter the 

cell. Here we have demonstrated that azido-pantetheine 1 possesses properties compatible 

with cellular uptake and processing in both gram positive and negative bacterial species, 

which constitute a large number of known natural product producing organisms.  

 

In vivo labeling of a Type I FAS 

 

Fatty acid, polyketide, and non-ribosomal 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 multimodular 

megasynthases (type I).[1]  Bacterial fatty acid synthases are type II and as such have 

discrete active domains including the acyl carrier protein. In eukaryotes most fatty acids 
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are biosynthesized by type I synthases. We wanted to test our method to see if incubation 

of eukaryotic cells with our pantetheine analogs would result in labeling of carrier protein 

domains used in type I fatty acid biosynthesis.   

We chose as our model system the SKBR3 cell line, which is derived from human 

breast cancer cells.[24] Incubation of the cells with compound azido-pantetheine 1 for up 

to 60 hours did not result in the detectable labeling of the FAS after cell lysis and reaction 

with fluorescent alkyne. This was surprising as compound 1 had proven successful for the 

in vivo labeling of fatty acid carrier proteins previously tested bacterial systems. Unlike 

most bacteria, mammalian cells cannot synthesize pantothenate.[25] Therefore we 

assumed that labeling in these organisms might be enhanced due to the necessity for 

import pathways to be in place. After our initial negative results we tested another analog, 

fluorescent pantetheine 2, for in vivo ACP modification in the SKBR3 line.  Interestingly 

this compound, which had proven ineffective in modifying carrier proteins from native 

bacterial systems, was able to label the type I FAS in human cells (fig 2A). Incubation of 

2 with SKBR3 cells for between 40 and 60 hours resulted in visibly bright labeling of the 

cells along with increasing levels cell death, indicating a high level of uptake. In order to 

quantify the level of uptake, cell cultures grown with 2 or vehicle DMSO were subjected 

to analysis by flow cytometry (FACS, Figure 3B). Of cells grown with coumarin-

pantetheine 2, 100% of the cells could be identified via FACS as containing significant 

fluorescence. Lysis of the cells and visualization of the fluorescent labeled FAS via 

PAGE gel confirmed labeling of the FAS protein. Interestingly however, this labeling 

was relatively modest compared to our expectations based on the extremely strong uptake 
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of the compound by the cells. In order 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 2 by the CoA biosynthetic pathway. The 

major fluorescent peak found in SKBR3 lysate was found to co-elute with the product of 

2 and panK, leading us to identify it as the singly processed phosphopantetheine analogue 

of 2. (Figure 4) This is consistent with previous reports which indicated the bifunctional 

CoaD/CoaE as the major point of blockage for formation of CoA analogs from 

pantetheine prodrugs in vivo.[26] While we have previously shown that human 

CoaD/CoaE can be used to convert fluorescent pantetheine analogues into CoA 

analogues for carrier protein labeling in vitro, in vivo these enzymes are most likely 

present at far lower levels, and only process the most efficient 4’-phosphopantetheine 

substrates at high levels. Efforts are currently ongoing in our lab develop an analogue that 

shows uptake similar to 2 and is better processed by the human CoA biosynthetic 

enzymes.  
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Figure 3. In vivo modification of the human type I FAS. 
(A) Lysate from cultures grown with compound 2 showed fluorescent modification of the 
FAS megasynthase as compared to negative controls (right). Blot with anti-FAS antibody 
confirms the presence and location of FAS on the gel (left). (B) FACS analysis of 
SKBR3 cells grown with compound 2 shows 99% of the SKBR3 cells grown with 2 took 
up the compound.  
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Figure 4. HPLC traces of compound 2 after modification with pantothenate kinase. 
(A) Compound 2 (red) incubated with panK results in addition of a phosphate on the 4’ 
hydroxyl and a shift to lower retention time (green). (B) After 120 minutes the reaction is 
complete with all of 2 converted to the phospho-analog. (C) Lysate from SKBR3 cells 
grown with 2 contains mostly phospo-analog. No further conversion to the CoA analog in 
the SKBR3 cells could be detected in this assay.    
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Pull-Down of a Carrier Protein from Labeled Lysate. 

 

One of the major goals of this research is the isolation and identification of new 

carrier proteins with our techniques. Although labeled carrier proteins from known 

systems can easily be identified by tryptic digest and MS analysis of bands cut from 

PAGE gels followed by comparison to genomic databases, identification of novel 

proteins will require removal of contaminating proteins found in bands from whole lysate 

labeling. Our previous experiments had demonstrated the ease with which we could label 

and identify acyl carrier proteins from human, E. coli B. subtilis, S. oneidensis, and B. 

brevis lysates. In these studies however, the MS results commonly contained other 

proteins of similar size that were also present in the excised band. In order to remove 

contaminating proteins and to verify that the carrier protein was indeed being modified 

specifically by our techniques we decided to use a biotin based pull-down method to 

isolate the modified proteins.  

We demonstrated this technique using S. oneidensis MR-1, a bacterial strain of 

known to produce carrier protein based polyunsaturated fatty acid products and of interest 

due to its unique metabolism.[27] In order to recover modified carrier protein required 

scaling up our labeling procedure to 1L cultures. While the bacterial type II fatty acid 

biosynthesis acyl carrier protein is fairly abundant in most systems, we knew from 

previous studies that our techniques must leave a substantial amount of the total cellular 

carrier protein unmodified in order to not be toxic to the growing bacteria. This scale-up 
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was greatly facilitated by the use of azido-pantetheine 1, which is easily synthesized in 

large quantities from relatively affordable starting materials. Accordingly S. oneidensis 

MR-1 was grown overnight in the presence of 1mM 1, pelleted, lysed, and subjected to 

the Cu-catalyzed click reaction with biotin alkyne as the conjugate probe. Excess biotin 

probe was removed by desalting the reaction mix with a Econo-Pac 10 DG column (Bio-

Rad). The protein was incubated with streptavidin agarose beads. After washing, affinity 

purified proteins were recovered by the addition of SDS-PAGE running buffer and 

boiling.  The resulting supernatant was run on PAGE-gels and compared with the crude 

lysate and the supernatant from the bead incubation as controls. Figure 5 shows a single 

band of approximately 10 kD was isolated from the lysate of S. oneidensis cultures grown 

with 1 and subjected to click reaction with biotin alkyne. Tyrptic digest and MS analysis 

confirmed that this band was ACP. To our satisfaction none of the contaminate proteins 

from earlier experiments were observed. Controls were also performed to account for the 

presence of naturally biotinylated proteins or non-specific biotinylation by biotin alkyne. 

Both showed no recovery of proteins from lysate untreated with 1 but treated with biotin 

alkyne or from lysate treated with 1 but not subjected to click chemistry with biotin 

alkyne. This experiment shows that our in vivo carrier protein labeling techniques can be 

used to specifically recover labeled carrier proteins from their native systems.  

 

 

 

 



 133

 

 

 

 

 

Figure 5. ACP pulldown. 
Lysate from cultures of S. oneidensis MR1 grown with compound 1 and then treated with 
biotin-alkyne were incubated with streptavidin agarose allowing for purification of 
modified carrier protein (crude lysate lane 1, desatlting column flow lane 2, recovered 
ACP band—above red arrow—10kD lane 3).  Cultures grown with compound 1 but not 
reacted with biotin-alkyne (lanes 4,5,6) or grown without compound 1 (lanes 7,8,9) 
showed no protein enrichment after incubation with streptavidin agarose.  
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Identification of a carrier protein from an unsequenced organism.  

 

Brevibacillus brevis is a gram negative bacterium responsible for the production of 

the natural products gramicidin and tyrocidine.[28] We chose a non-producing strain 

(ATCC 8246) of this unsequenced organism to test whether our reverse genetic approach 

was capable of identifying carrier proteins without the aid of a genomic sequence. Our 

previous identifications of carrier proteins labeled by 1 and 2 relied on database searches 

of known bacterial genomes to identify peptides observed by MS after tryptic digest. 

Extending this methodology to the much broader class of unsequenced natural product 

producing organisms would validate our approach to studying carrier protein-based 

natural product biosynthetic enzymes.  

To achieve this B. brevis was gown overnight in the presence or absence of 

compound 1. The cultures were lysed and worked up as in our other in vivo labeling 

experiments, followed by reaction with cognate fluorescent alkyne. As can be seen in 

Figure 6, B. brevis cultures grown in the presence of 1 show distinct labeling of a protein 

with an apparent MW of 15kD as compared to control cultures. Although this organism is 

unsequenced, many other bacillus species have been well studied and lead to the 

expectation that this labeled protein was the type II fatty acid acyl carrier protein, as we 

had seen in our previous work with B. subtilis. In order to verify this we once again 

excised the fluorescent band and submitted it to MS/MS analysis. Since no database was 
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available for this unsequenced organism, we constructed a data set comprising all known 

bacterial FAS acyl carrier proteins to search against. Searching the observed peptide 

fragments against this database returned a single hit matching a trypic fragment from the 

acyl carrier protein in Bacillus cereus. Because of the small size of type II fatty acid acyl 

carrier proteins only a small number of trypic peptides are generated on proteolytic digest, 

and a single matching peptide represents a significant percentage of sequence coverage.  

To complete our reverse genetic identification of the carrier protein from B. brevis 

8246 we constructed a set of degenerate primers from the identified peptide. Using 

degenerate and arbitrary PRC techniques we were able to generate PCR fragments from 

genomic DNA. Sequencing confirmed that we had amplified the ACP gene from 8246. 

As seen in figure 7, the sequence is nearly identical to the ACP gene from B. cereus and 

has high homology to the ACP genes from Bacillus thuringenes and Bacillus anthrasis. It 

differs considerably 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 

showing that B. brevis and B. cereus are closely related.[29]   

While this analysis relied on the relatively good sequence homology among small 

carrier proteins, we are currently refining our MS techniques to allow for de novo 

sequencing of larger type I labeled carrier proteins from unsequenced organisms.  
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Figure 6. Identification of a carrier protein from and unsequenced organism. 
(A) Labeling experiments in B. Brevis 26A1 gave a band around 10kD that was not 
present in the negative control. Tryptic MS analysis of this band using a database of 200 
known bacterial ACP sequences identified a peptide fragment matching an ACP 
sequence. Degenerate and arbitrary PCR allowed for sequencing of the gene encoding 
this peptide and identification as the fatty acid carrier protein.   
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       Brevibacillus_brevis    (1) ----AGATGACTCTCTATGTAAGTCACAGC 
         Bacillus_anthracis    (1) TTATAGATGACTCTCTATGTAAGTCACAGC 
            Bacillus_cereus    (1) TTATAGATGACTCTCTATGTAAGTCACAGC 
     Bacillus_thuringiensis    (1) TTATAGATGACTCTCTATGTAAGTCACAGC 
Bacillus_weihenstephanensis    (1) TTATAGATGACTCTCTATGTAAGTCACAGC 
                                   31                          60 
       Brevibacillus_brevis   (27) ATCGCCAACAGTAGCAATCTTTTCAGCATC 
         Bacillus_anthracis   (31) ATCGCCAACAGTAGCAATCTTTTCAGCATC 
            Bacillus_cereus   (31) ATCGCCAACAGTAGCAATCTTTTCAGCATC 
     Bacillus_thuringiensis   (31) ATCGCCAACAGTAGCAATCTTTTCAGCATC 
Bacillus_weihenstephanensis   (31) ATCGCCAACAGTAGCAATCTTTTCAGCATC 
                                   61                          90 
       Brevibacillus_brevis   (57) TTCATCAGAAATTTCCATTTCGAATTCATC 
         Bacillus_anthracis   (61) TTCATCAGAAATTTCCATTTCGAATTCGTC 
            Bacillus_cereus   (61) TTCATCAGAAATTTCCATTTCGAATTCATC 
     Bacillus_thuringiensis   (61) TTCATCAGAAATTTCCATTTCGAATTCGTC 
Bacillus_weihenstephanensis   (61) TTCATCAGAAATTTCCATTTCGAATTCATC 
                                   91                         120 
       Brevibacillus_brevis   (87) TTCTAATTGCATTACAAGTTCTACTACATC 
         Bacillus_anthracis   (91) TTCTAATTGCATTACAAGTTCTACTACATC 
            Bacillus_cereus   (91) TTCTAATTGCATTACAAGTTCTACTACATC 
     Bacillus_thuringiensis   (91) TTCTAATTGCATTACAAGTTCTACTACATC 
Bacillus_weihenstephanensis   (91) TTCTAATTGCATTACAAGTTCTACTACATC 
                                   121                        150 
       Brevibacillus_brevis  (117) TAGGGAGTCTGCTCCTAAATCTTCCTTGAA 
         Bacillus_anthracis  (121) TAGGGAGTCTGCTCCTAAATCTTCCTTGAA 
            Bacillus_cereus  (121) TAGGGAGTCTGCTCCTAAATCTTCCTTGAA 
     Bacillus_thuringiensis  (121) TAGGGAGTCTGCTCCTAAATCTTCCTTGAA 
Bacillus_weihenstephanensis  (121) TAGGGAGTCTGCGCCTAAATCTTCTTTGAA 
                                   151                        180 
       Brevibacillus_brevis  (147) GCTTGCAGCTGGTACTACCTCAGTCTCTTC 
         Bacillus_anthracis  (151) GCTCGCAGCTGGTACTACTTCTGTTTCTTC 
            Bacillus_cereus  (151) GCTTGCAGCTGGTACTACCTCAGTCTCTTC 
     Bacillus_thuringiensis  (151) GCTCGCAGCTGGTACTACTTCTGTTTCTTC 
Bacillus_weihenstephanensis  (151) GCTTGCAGCTGGTACTACTTCAGTTTCTTC 
                                   181                        210 
       Brevibacillus_brevis  (177) TACTCCTAAACGATCAACGATGATTTTTGT 
         Bacillus_anthracis  (181) TACTCCTAAACGATCAACGATAATTTTTGT 
            Bacillus_cereus  (181) TACTCCTAAACGATCAACGATGATTTTTGT 
     Bacillus_thuringiensis  (181) TACTCCTAAACGATCAACGATAATTTTTGT 
Bacillus_weihenstephanensis  (181) TACTCCTAAACGATCAACGACAATTTTGGT 
                                   211                        240 
       Brevibacillus_brevis  (207) TACGCGCTCTAAAACAGCTGCCATTCCATT 
         Bacillus_anthracis  (211) TACACGCTCTAAAACATCTGCCAT------ 
            Bacillus_cereus  (211) TACGCGCTCTAAAACATCTGCCATTCCATT 
     Bacillus_thuringiensis  (211) TACACGCTCTAAAACATCTGCCATTCCATT 
Bacillus_weihenstephanensis  (211) TACACGCTCTAAAACATCTGCCAT------ 
                                   241 
       Brevibacillus_brevis  (237) CAC 
         Bacillus_anthracis  (235) --- 
            Bacillus_cereus  (241) CAC 
     Bacillus_thuringiensis  (241) CAC 
Bacillus_weihenstephanensis  (235) --- 
 

Figure 7. Alignment of Bacillus ACP sequences 
Alignment of the new ACP sequence from B. Brevis shows high homology with known Bacillus 
ACP sequences.  
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Discussion 

 

Natural products and compounds derived from them make up a large percentage of 

pharmaceuticals. A significant number of these biologically relevant natural products are 

produced in systems that tether the growing product to a 4’-phosphopantetheine modified 

carrier protein. Previous attempts to label carrier proteins in vivo with functionally useful 

tags had been stymied by the inability of charged CoA analogs to permeate the cell 

membrane. We resolved this issue by introducing uncharged pantetheine analogs and 

relying on the native CoA pathway to convert them into CoA analogs in vivo. Using this 

strategy we were able to modify carrier proteins from both gram positive and negative 

bacteria. The modified type II fatty acid carrier proteins in these organisms were easily 

detectable after cell lysis by the reaction of fluorescently tagged alkynes with the 

bioorthogonal handle of azido-pantetheine 1. After visualization by PAGE these labeled 

proteins could be easily identified from MS analysis of excised gel fragments. 

Alternatively, reaction of crude cell lysates from organisms grown with 1 could be 

subjected to Cu-catalyzed reaction with biotin alkyne and isolated. This technique was 

shown to be nontoxic and compatible with CoA and PPTase pathways from a variety of 

different natural product producing organisms. This new ability to selectively label and 

pull down a single carrier protein of interest from native organisms should allow for the 

discovery of novel carrier proteins and their associated biosynthetic systems. 

Also demonstrated was the first in vivo labeling of a type I system. The ability to 

modify type I systems, and to use our techniques in eukaryotes, should provide a means 
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for isolation and identification of large megasynthases responsible for the production of 

interesting natural products. Interestingly, while azido-pantetheine 1 was effective in 

modifying type II fatty acid acyl carrier proteins in prokaryotes, it did not efficiently co-

opt the same pathway in our human cell line. Our previous work has demonstrated that 

turnover of an analog in both the CoA biosynthetic pathway and the 

phosphopantetheinylation reaction can be greatly influenced by small changes in the 

structure of the particular analog. In this case an additional factor responsible for the 

differences in labeling by analogues 1 and 2 may have been the extremely robust uptake 

of 2, as evidenced by FACS and HPLC analysis of the cells grown with 2 as well as its 

increased toxicity. It seems likely that even though labeling of the human FAS carrier 

protein domain was modest due to low turnover of the phosphopantetheine analog by the 

CoaD/E enzyme, the very efficient uptake of 2 allowed some CoA to be produced and 

shuttled to the carrier protein by the human PPTase. This differential activity of 

pantetheine analogues in different organisms could prove useful for the specific tuning of 

the labeling reaction to a single organism, or even conducting labeling in complex 

mixtures of organisms. Since many natural products are produced as a response of 

bacteria to their local environment, the presence of more than one species in a culture can 

result in increased production or even activation of gene pathways that would otherwise 

be dormant.[30] With further refinement our techniques may open a window to these 

systems by allowing for time-dependent carrier protein labeling in an organism specific 

fashion.  
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Here we describe techniques that allow for the labeling, identification and 

purification of carrier proteins from their native organisms. Our previous work had given 

us insight into the structural features necessary for in vivo production of CoA analogs 

from synthetic pantetheine analogs. In that study the over-expression of a carrier protein 

and PPTase allowed us to monitor the conversion of our analogs in vivo and revealed the 

relationship between the kinetic profile of a pantetheine analog with panK and its ability 

to co-opt the CoA biosynthetic pathway in vivo. Here we extend this technique, utilizing 

the endogenously expressed phosphopantetheinyltransferase to transfer our in vivo 

synthesized CoA analogues to apo-carrier proteins at native levels. Thus our analogue 

must be accepted by five different enzymes in order to result in labeled carrier protein. 

Additionally our pantetheine analogues are capable of successfully competing with the 

natural substrates for the CoA biosynthetic enzymes and PPTase without any genetically 

engineered or media-based advantages. Although this competition results in only 

intermediate to low-level labeling of carrier proteins by our unnatural 4’-

phosphopantetheine precursors, it also offers advantages as compared to genetic or post-

lysis protein identification techniques. Because the protein label is present throughout the 

growth of the organism, labeling may occur during different phases and still be detectable. 

Strategies that require cell lysis, such as RT-PCR analysis of mRNA or post-lysis protein 

active site labeling can only assay for proteins that are in production at the time of lysis. 

Additionally the competition between our metabolic labels and the native substrates 

highlights the specificity with which our protein labels act. Only carrier proteins can be 

modified with our pantetheine analogs making them very specific probes. The loss in 
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labeling efficiency that results from abundant native CoA being present in the cells is 

offset by the low toxicity of our strategy, which allows for labeling to take place over a 

long time period without disrupting the organism’s native metabolism.     

 

Significance  

 

Using native metabolic pathways as a means of in vivo modification of carrier 

proteins has allowed for the identification of a previously unknown carrier protein. Here 

we have demonstrated a new set of tools for investigation and discovery of natural 

product producing systems. Because carrier proteins and carrier protein domains are 

found in fatty acid, polyketide, non-ribosomal peptide, and other metabolite biosynthetic 

pathways the ability to specifically modify these peptides in vivo allows for a large 

number of interesting systems to be probed. We have demonstrated for the first time the 

modification of natively carrier proteins by our reporter-labeled CoA precursors in both 

prokaryotic and eukaryotic systems, giving access to the full range of carrier protein 

dependent systems. By investigating these systems at the protein level many problems 

associated with genomic study are avoided. No genetic information is required and 

complications arising from silent biosynthetic gene clusters are removed.  These 

techniques can be used to identify and isolate carrier proteins from a wide range of 

organisms and discover new carrier proteins from unsequenced organisms without the 

use of laborious techniques such as genomic library construction and screening. In vivo 

labeling of native carrier proteins should allow for the discovery of a myriad of novel 
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carrier protein dependent enzymes and thus add greatly to our knowledge of natural 

product producing synthases.  

 

 

Experimental Procedures 

Strains and cell lines used in this study 

Organism    Media    Reference 

Escherichia coli K12  LB/M9   [31] 

Bacillus subtilis O168  LB    [32]  

Bacillus subtilis 6051  LB    ATCC 6051 

Brevibacillus brevis 26A1  RM    ATCC 8246 

Shewanella oneidensis MR-1 RM    [33]  

Human SKBR3   McCoy's 5a Medium [34] 

 

Media 

LB was purchased from Fisher Scientific (Waltham, MA). M9 was made according 

to the standard procedure.[35] RM media contained 1% bactopeptone, 1% beef 

extract, .25% NaCl. McCoy’s 5a Media was modified to contain a final concentration of 

10% fetal bovine serum.  

 

 

In vivo carrier protein labeling  
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Bacteria were grown in the media noted above with or without compound 1 (1mM) 

for 12-17hrs in an orbital shaker at 37˚. Cells were harvested by centrifugation at 20,000 

rpm for 5 minutes, and responded in lysis buffer (100mM NaCl, 25mM KPO4 pH 7.0). 

For small cultures (less than 10 ml), cells were lysed by addition of 3mg/ml lysozyme 

(Worthington) incubation at 25˚ for one hour, and sonication (3x 30s with a micotip at 

low power). For large cultures cells were resuspended in 10ml of lysis buffer per liter of 

culture with .1mg/ml lysozyme. After one hour incubation shaking on ice cells were 

lysed in by two passes through a French pressure cell.  

 

TISSUE CULTURE 

   SKBR3 human breast cancer cells were grown in McCoy's 5A media (Invitrogen) 

supplemented with 10% FBS (HyClone) and 2% Penicillin-Streptomycin-Glutamine 

(Invitrogen).   

 

  Cells were plated at ~25% confluency on Day 0.  On Day 1, the media was 

changed to media containing 1mM compound 2, or 0.5%DMSO control.  On Day 3, cells 

were tripsinized and washed 2x with cold PBS.  Cells  were lysed by incubation in lysis 

buffer and .1% Triton on ice. Protein was recovered by centrifugation.  

 

FACS ANALYSIS 

  1e6 cells were trypsinized and washed once in cold PBS + 1% FBS 

(HyClone).  Cells were resuspened in 1mL PBS + 1% FBS and analyzed by flow 
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cytometry.  Live cells, as determined by forward and side scatter profile, were analyzed 

using a FACScalibur (Becton Dickinson) for uptake of compound 2. 

 

Large Scale In vivo Carrier Protein Labeling and Pull Down 

Lysate from 1L of MR-1 culture grown with or without compound 1 was 

subjected to the click reaction as in previous studies with biotin alkyne as the conjugate 

probe.[12] 1ml reactions were diluted to 3ml in RIPA buffer (10mM Tris pH 7.5, 100mM 

NaCl, 1mM EDTA, .5% deoxycholate, .1% SDS, 1% TritonX 100) and run over two 

desalting columns (Econo-Pac 10 DG, Bio-Rad) to remove unreacted biotin alkyne. The 

reaction was eluted in lysis buffer and incubated with strept-avidin agarose resin (Thermo 

Sci) for 2hrs at room temperature. The resin was collected by centrifugation and washed 

5 times in RIPA buffer. The bound protein was then recovered from the resin by addition 

of SDS-PAGE loading buffer and incubation at 95˚ for 10 minutes. After brief 

centrifugation to remove the melted agarose the supernatant was loaded onto a 12% SDS-

PAGE gel for analysis.  

 

Mass Spec Analysis 

 1-D SDS-PAGE and in-gel digestion.  The proteins were separated by 1-D SDS-

PAGE using 10% Bis-Tris NuPAGE gels (Invitrogen).  The gel was fixed overnight in 

50% MeOH / 43% H2O / 7% AcOH, washed twice with 200 mL water for 10 minutes, 

and stained overnight with Gel Code Blue (Pierce).  Subsequently, the gel was washed 

with 200 ml of water for 1 hr.  Excised gel bands were washed twice with 200 uL of 50% 
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acetonitrile (ACN) and 50% 5 mM DTT / 25 mM NH4HCO3 with vortexing for 10 min, 

and finally washed with 200 uL ACN.  The dehydrated gel piece was rehydrated by 

addition of 20 uL of ice-cold 10 ng/uL trypsin (Promega) in 5 mM DTT / 25 mM 

NH4HCO3, and incubated on ice for 30 min and the remaining trypsin solution was 

removed and replaced with fresh 5 mM DTT / 25 mM NH4HCO3.  The digestion was 

allowed to continue at 37°C overnight. The peptide mixture was then acidified with 2uL 

of 2% trifluoroacetic acid (TFA) (Sigma), vortexed for 30 min, and the supernate 

extracted.  Finally, 20uL of 20% acetonitrile/ 0.1% TFA was added followed by 

vortexing to extract the remaining peptides and combined with the previous fraction.  The 

combined extractions are analyzed directly by nanobore LCMSMS.  

 Mass spectrometry:  The samples were analyzed by electrospray ionization using a 

QSTAR-Elite hybrid mass spectrometer (Applied Biosystems/MDS Sciex) interfaced to a 

Tempo nanoscale reverse-phase HPLC (Eksigent/Applied Biosystems) using a 75 um x 

15 cm column (Grace Davison) packed with Vydac MS C18 (300 A, 5 um) packing 

material.  The buffer compositions were as follows:  buffer A: 98% H2O, 2% ACN, 0.1% 

acetic acid (Fluka), 0.005% heptafluorobutyric acid (Fluka); buffer B: 98% ACN, 2% 

H2O, 0.1% acetic acid, 0.005% heptafluorobutyric acid.  Samples of 10 uL were injected 

by the Tempo autosampler onto a C18 PepMap pre-column (5 mm x 300 um, LC 

Packings) using the Channel 1 loading pump at a flow rate of 15 uL/min 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 nL/min using Channel 2.  LCMSMS data were acquired in a data-



 146

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 

exclusion set to 100 ppm. TOF MS were acquired at m/z 500-1800 Da for 0.5 sec with 20 

time bins to sum. MSMS are acquired from m/z 65 – 2000 Da using "enhance all" and 20 

time bins to sum, Dynamic Background Subtract, Automatic Collision Energy, and 

Automatic MS/MS Accumulation with the Fragment Intensity Multiplier set to 12 and 

Maximum Accumulation set to 3 sec before returning to the survey scan.   

 Database search:  The MSMS were analyzed by Analyst 2.0 (Applied Biosystems) 

and subjected to database search using Mascot 2.2.1 (Matrix Science) with Mascot 

Daemon 2.2 (Matrix Science) data import filter parameters set as follows: default 

precursor charge state 2-4; precursor and MSMS data centroiding using 50 % height and 

0.05 amu merge distances.  MSMS peaks with intensity less than 1% of the base peak 

were discarded, as were MSMS spectra with less than 22 peaks remaining.  Data were 

searched against the Swissprot database obtained at 

ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/ containing 237,168 sequences.  The search 

identified tryptic peptides with up to 2 missed cleavages and used mass tolerances of 100 

ppm (MS) and 0.10 Da (MSMS), 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 
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A single colony of I 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 containing dilutions of pantetheine analogs in M9 media. The plate was 

incubated overnight at 37 and the wells assessed for growth.  

 

HPLC Analysis of SKBR3 Lysate 

Cytosolic extract from the growth of SKBR3 cells with 2 was TCA precipitated, 

centrifuged, and the supernatant analyzed by reverse-phase HPLC using a Burdick and 

Jackson OD5 column (4.6 mm by 25 cm) with monitoring at 254 and 360 nm. Solvents 

used were 0.05% TFA in water (Solvent A) and 0.05% TFA in acetonitrile (solvent B). 

Compounds were eluted at a flow rate of 1 mL/minute. The method used utilized an 

isocratic step from 0 to 5 minutes with 100% A, followed by a linear gradient to 45% B 

over 15 minutes, followed by an increasing gradient with solution B until at 25 minutes 

the solvent composition was 100% solution B. Under these conditions 2 and its CoA 

analogue intermediates eluted between 17 and 21 minutes. For comparison of the 

fluorescent compounds observed in SKBR3 lysate to authentic CoA analogue 

intermediates of 2, 2 was incubated in a stepwise manner with the recombinant E. coli 

biosynthetic enzymes CoaA (panK), CoaD, and CoaE as previously described (ref KC12 

paper). The product of the reaction of 2 and CoaA was combined with a small amount of 

SKBR3 lysate to verify co-elution of the two peaks.  

 

General synthetic procedures and materials 
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All commercial reagents (Sigma-Aldrich, Alfa Aesar, TCI America) were used as 

provided unless otherwise indicated. The 5-isomer of Rhodamine-Red X NHS Ester was 

purchased from Molecular Probes. Azido-pantetheine 1, coumarin-pantetheine 2, biotin 

alkyne, and 7-dimethylaminocoumarin-4-acetic acid were prepared as previously 

described.[11, 12] 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. [36] 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. [37] 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. 
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Synthetic Procedures and Spectroscopic Data for Bioorthogonal Labels 3 and 4 
 
(a) Synthesis of Propargyl-DMC (3) 

 
7-dimethylaminocoumarin-4-acetic acid (250 mg, 1.01 mmol), DIPEA (440 uL, 2.53 

mmol), propargyl amine (70 uL, 1.01 mmol), and HOBt (484 mg, 3.16 mmol) were 

dissolved in DMF (25 mL) with stirring and cooled to 0oC. EDC (485 mg, 2.53 mmol) 

was added in one portion and the reaction was allowed to slowly warm to RT and 

followed by TLC. After 20 hrs 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/DCM). This procedure was repeated several 

times on the EtOAc resuspended filter cake to afford propargyl-DMC 4 (87 mg, 30%) as 

an orange solid. 1H-NMR (500MHz, CDCl3) δ 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 (bs, 1H), 4.02 (dd, J=2.0, 4.5 Hz, 2H), 

3.647 (s, 2H), 3.061 (m, 7H). 13C-NMR (75.5 MHz, (CD3)2SO) δ 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): [M]+ calcd for C16H16N2O3, 284.1155 found 284.1154. 

 
(b) Synthesis of Propargyl-Rhodamine Red X (4) 

 
Rhodamine Red-X NHS Ester (10 mg, 0.013 mmol), DIPEA (10 uL, 0.06 mmol), and 

propargyl amine (5 uL, 0.07 mmol), were dissolved in DMF (0.5 mL), covered with 

aluminum foil, and allowed to stir 1 hour. After removal of the solvent under reduced 

pressure the bright red residue was redissolved in 1.4 mL acetonitrile and purified by RP-
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HPLC. Solvents used were 0.05% TFA in water (Solvent A) and 0.05% TFA in 

acetonitrile (solvent B). Compounds were eluted at a flow rate of 1 mL/minute with 

monitoring at 560 nm. The method used utilized an isocratic step from 0 to 5 minutes 

with 40% B, followed by a linear gradient to 58% B over 15 minutes, followed by an 

increasing gradient with solution B until at 16 minutes the solvent composition was 100% 

solution B. Under these conditions 4 eluted around 11.3 minutes. Pooling and 

lyophilization of multiple HPLC runs yielded 4 (6.5 mg, 72%) as a red solid. 1H-NMR 

(500MHz, (CD3)2SO) δ 8.39 (s, 1H), 8.20 (bt, J=5.0 Hz, 1H), 7.91, (d, J=8.0 Hz, 1H), 

7.90 (bs, 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 (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 731.25 [M+Na]+ (100%). 
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