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CONSPECTUS: The catalytic diversity of living systems
offers a broad range of opportunities for developing new
methods to produce small molecule targets such as fuels,
materials, and pharmaceuticals. In addition to providing cost-
effective and renewable methods for large-scale commercial
processes, the exploration of the unusual chemical phenotypes
found in living organisms can also enable the expansion of
chemical space for discovery of novel function by combining
orthogonal attributes from both synthetic and biological
chemistry. In this context, we have focused on the development of new fluorine chemistry using synthetic biology approaches.
While fluorine has become an important feature in compounds of synthetic origin, the scope of biological fluorine chemistry in
living systems is limited, with fewer than 20 organofluorine natural products identified to date. In order to expand the diversity of
biosynthetically accessible organofluorines, we have begun to develop methods for the site-selective introduction of fluorine into
complex natural products by engineering biosynthetic machinery to incorporate fluorinated building blocks. To gain insight into
how both enzyme active sites and metabolic pathways can be evolved to manage and select for fluorinated compounds, we have
studied one of the only characterized natural hosts for organofluorine biosynthesis, the soil microbe Streptomyces cattleya. This
information provides a template for designing engineered organofluorine enzymes, pathways, and hosts and has allowed us to
initiate construction of enzymatic and cellular pathways for the production of fluorinated polyketides.

■ INTRODUCTION

The remarkable facility of living systems for catalysis allows
them to constantly evolve new ways to interface with their
environment. Beyond the thousands of shared reactions of
primary metabolism, cells can also tap into a large set of
specialized transformations that enable a wide range of
chemical phenotypes, such as the ability to fix CO2, break
down recalcitrant plant biomass, or synthesize complex
molecules. As such, cellular reaction chemistry offers unique
opportunities to develop alternative approaches toward
chemical synthesis by rewiring these metabolic networks in
new ways for production of small molecule targets rather than
cell biomass.1,2 However, the logic of cellular chemistry is quite
different from synthetic chemistry, as it depends on tight
coupling between reactions to create metabolic pathways,
which cannot always easily be disconnected from each other
and recombined in the same way that independent synthetic
reactions can. In this regard, our ability to construct new
pathways and transplant chemistry from one host to another
relies on understanding both the chemistry and biology of these
systems. Toward this goal, we seek to study and elucidate the
function of unusual chemical phenotypes that allow us to create
synthetic connections between pathways in order to produce
pharmaceuticals, fuels, and materials of interest.
A particularly interesting interface between biological and

synthetic chemistry exists between natural products and
organofluorines, which have each been important to the
development of small molecule therapeutics but rarely intersect
in structural space. Fluorine’s small size and high electro-

negativity confer powerful effects on small molecule properties,
and drug fluorination can improve bioavailability, reduce
clearance, alter pKa and lipophilicity, block metabolism, or
increase potency.3,4 As a result, fluorine is now found in 20−
30% of therapeutics and agrochemicals, and methods for
generating diverse organofluorine structures continue to serve a
growing number of applications.5 Despite these advantages,
fluorine is rarely observed in naturally occurring compounds.
Using synthetic biology approaches to incorporate fluorine into
natural product biosynthesis would combine some of the
strengths of organic and biological chemistry and expand the
structural space of natural products, which have provided the
source for many human therapeutics (Figure 1). Toward this
goal, we have studied the fluorine metabolism of Streptomyces
cattleya,6 one of the few genetic hosts of fluorine metabolism, to
elucidate the molecular basis for fluorine-selective enzymes and
organisms in order to design and develop new fluorine
biosynthetic pathways.

■ PROPERTIES OF ORGANOFLUORINES RELEVANT
TO THEIR BIOCHEMISTRY

Fluorine has been a useful design element not only for
medicinal chemistry3,4,7 but also for enzymology8−10 and
metabolism.11,12 Consequently, the physical organic and
biochemical properties of synthetic organofluorines have been
well-studied and extensively reviewed.3,4,7−9,11,13−15 Here, we
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briefly summarize this work, as it provides a foundation for
understanding the behavior of fluorine with respect to our
current efforts in the design of fluorine-specific active sites and
pathways.
Fluorine is considered to be a sterically conservative

substitution for hydrogen or oxygen; the C−F unit is similar
in size to CO.7,14 Since C−F falls between C−H and C−OH
or C−CH3 in size, many enzymes that accept any of these
substituents can accommodate fluorine as well. However,
fluorine has very different properties with respect to electro-
negativitiy, polarizability, bond strength, dipolar interactions,
solvation, and conformation that can alter molecular recog-
nition in protein binding sites.
A signature property of fluorine is its high electronegativity

(4.0 on the Pauling scale). As a result, the C−F bond is
extremely strong, largely because of its substantial ionic
character (C∂+−F∂−).15 Fluorine substituents are therefore
fairly inert, with substitution reactions being uncommon and
elimination requiring an E1CB mechanism with full carbanion
formation.15 Fluorine substitution also has strong inductive
effects on neighboring functional groups, activating electro-
philes and increasing acidity. However, α-fluoro carbonyl
compounds are less acidic than would be expected because of
hybridization effects.7 While a fluoroenolate is stabilized by
induction, it is concomitantly destabilized because fluorine
prefers to be bonded to an sp3 rather than an sp2 carbon due to
unfavorable overlap between the filled p orbitals on F and C-sp2

and reduction in σ-electron density that can be polarized
toward F.7,15 A methyl group has the opposite hybridization
preference, so these two substituents can confer similar acidity.
By contrast, simple inductive effects make fluoroacetic acid over
2 pKa units more acidic than propionic or acetic acid.
Organofluorines are primarily stabilized by dipolar electro-

static interactions.14,15 The low polarizability of fluorine causes
induced dipole effects to be weak and the C−F unit to be a
poor hydrogen-bond acceptor (half as strong as C−OH at
most).7,15 However, the C−F dipole does interact favorably

with centers of positive charge, as with the “fluorophilic” Arg
side chain, where the C−F bond adopts either a perpendicular
or an out-of-plane parallel orientation to the plane of the
guanidinium group rather than the in-plane linear hydrogen-
bonding geometry.14 It is also favorable to orient the C−F
dipole toward the carbonyl carbon of a backbone amide or
Asn/Gln side chain16 or toward the peptide Cα−H bond.
Because the C−F dipole can form strong, favorable

interactions only within significant orientational constraints,
fluorine substituents can be used to achieve target selectivity by
formation of enthalpically favorable C−F dipole arrange-
ments.14 Moreover, entropic effects are also important, as
solvation of the C−F unit is unfavorable, given its poor
hydrogen-bonding ability and low polarizability.13 Since C−F is
a poor replacement for H2O, only a few arrangements of water
molecules will have their dipoles properly oriented to interact
favorably with C−F, leading to solvent ordering. As a result,
when the C−F unit is desolvated upon protein binding, the
release of ordered water provides an entropic driving force even
in the absence of specific C−F dipolar interactions in the
binding site. A very polar C−F unit can therefore bind
favorably in a nonpolar pocket, leading to the description of
organofluorines as polar hydrophobic.13

■ STUDYING FLUORINE SELECTIVITY IN NATIVE
ENZYMES: FlK AS A MODEL

A key part of redesigning enzyme active sites for fluorinated
substrates includes understanding how organofluorines interact
with their protein binding partners. While the design and
optimization of synthetic organofluorine compounds for
binding to macromolecular targets have yielded much
information in this regard, we would like to explore the
converse process of how an enzyme active site can be evolved
to select for organofluorine substrates. However, there are
fewer than 20 known organofluorine metabolites,17 with only a
few enzymes identified that specialize on organofluorine

Figure 1. Living systems offer the opportunity to mix natural and engineered pathways to produce new fluorinated compounds. Positions that could
be fluorine-substituted are shown with red dots. R = fluorine or naturally occurring extender unit substituents.
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substrates. The first organofluorine-selective enzymes to be
characterized were the fluoroacetate dehalogenases, but they
cleave the C−F bond without exhibiting highly selective C−F
recognition.18 To find enzymes that recognize and also preserve
the C−F unit, we turned our attention to S. cattleya, a soil
microbe that biosynthesizes fluoroacetate and fluorothreonine
(Figure 2).19,20

The Fluoroacetyl-CoA Thioesterase from S. cattleya (FlK)

Fluoroacetate is a potent toxin that depends on the lethal
synthesis of fluorocitrate, which inhibits the tricarboxylic acid
(TCA) cycle via mechanism-based inhibition of aconitase
(Figure 2).21 This process is initiated by activation of
fluoroacetate to fluoroacetyl coenzyme A (CoA), the
monofluorinated analogue of the ubiquitous cellular building
block, acetyl-CoA. A thioesterase (FlK) was identified within
the gene cluster encoding fluorometabolite biosynthesis in S.
cattleya and proposed to catalyze the specific hydrolysis of
fluoroacetyl-CoA to reverse this activation and guard S. cattleya
against self-poisoning.22−24 Interestingly, this hydrolysis is
formally an acyl transfer reaction (to water), which is the
same reaction class involved in the selection of acyl-CoA
substrates by enzymes involved in polyketide and isoprenoid
biosynthesis, which accept an acyl-CoA substrate by trans-
acylation to form a covalent enzyme intermediate. Thus, we set
out to characterize FlK in detail to investigate the molecular
details of fluorine selectivity in acyl transfer.

The function of FlK in clearing of low levels of toxic
fluoroacetyl-CoA (R = F) while maintaining integrity of the
substantial (mM) acetyl-CoA pool (R = H) requires both
specificity for fluorine and discrimination against hydrogen at
the α-position. In vivo experiments in Escherichia coli indicated
that expression of FlK can protect against fluoroacetate
poisoning without causing the growth defect that would be
expected if the acetyl-CoA pool were also hydrolyzed.23 In vitro
characterization of FlK revealed a surprisingly high 106-fold
selectivity based on the single fluorine substitution,23 in
contrast to other members of the hot-dog-fold thioesterase
superfamily which tend to exhibit substrate promiscuity.25,26

Structural studies of FlK revealed that it shares the catalytic
cluster of other hot-dog thioesterases in the active site (Thr42,
His76, and Glu50) as well as their overall fold.23,27 However, it
also contains a unique hydrophobic lid structure, including
Phe33, Phe36, Val23, Leu26, and Val39, which may desolvate
the C−F unit, freeing ordered water to make binding more
entropically favorable (Figure 3A). Of these, Phe36 appears to
be especially important and may serve as a gate that excludes
water from the active site.23 Within this hydrophobic
environment, the C−F dipole interacts electrostatically with
Arg120 (with the C−F bond oriented perpendicularly to the
guanidinium group) and the Gly69 backbone amide.27

The origin of the 106-fold discrimination between F and H
mainly resides in the increased rate of hydrolysis (kcat) of the

Figure 2. Organofluorine biosynthetic pathway from S. cattleya and downstream reactions of fluoroacetate.

Figure 3. Enzymatic fluorine selectivity in the fluoracetyl-CoA thioesterase (FlK). (A) The FlK active site includes fluorine-specific interactions and
catalysis elements that result in 106-selectivity for a fluorinated substrate over the hydrogen analogue. (B) Divergent mechanisms for the fluorinated
and nonfluorinated substrate occur within the same active site.
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fluorinated substrate (104-fold) rather than differences in KM

(102-fold).23 This rate enhancement is higher than the intrinsic
activation conferred by the fluorine substituent, which is only
10-fold for uncatalyzed thioester hydrolysis at neutral pH,
suggesting that additional mechanisms of rate acceleration
within the FlK active site contribute an additional factor of 103.
The rate of acetyl-CoA hydrolysis by FlK is especially slow
compared to that of related thioesterases, implying a catalytic
deficiency with unactivated substrates. Notably, FlK provides
only a single hydrogen bond to activate the thioester
carbonyl,25,27 which may result in weak oxyanion hole catalysis
compared to that of related hydrolases (Figure 3A).
A combination of mutagenesis, Hammett analysis, pre-

steady-state kinetic analysis, kinetic isotope studies, and
trapping experiments revealed that fluorine selectivity in FlK
relies on the existence of two different mechanisms of thioester
hydrolysis within the same active site (Figure 3B).22 For both
substrates, a common covalent acyl-enzyme intermediate is
generated on Glu50, with a rate constant that depends on the
inductive polarization of the substrate carbonyl.24 However, the
next step diverges depending on the substrate. The acetyl acyl-
enzyme intermediate undergoes slow hydrolysis by attack of
water on the carbonyl moiety through a canonical thioesterase
mechanism. In contrast, the fluoroacyl-enzyme intermediate
can access an accelerated Cα-deprotonation pathway because of
its lower pKa, using His76 as a base in a mechanism analogous
to that of the MaoC dehydratases.28,29 On the basis of chemical
model systems,30,31 the fluoroenolate is thought to break down
via a transient ketene intermediate, which could rapidly hydrate
to form fluoroacetate.
FlK provides a design template for engineering fluorine

selectivity in an acyltransferase active site. In this case, most of
the discrimination between F and H is provided not by
molecular recognition of fluorine but is encoded instead by the
reactivity of the substrate itself, where the presence of a single
fluorine atom opens up a new pathway for catalysis. The active
site is tuned to enhance reactivity with the more activated
substrate while being deactivated for a canonical reaction
pathway with the unactivated substrate. The stereospecific
deprotonation of the fluoroacyl intermediate suggests that FlK
may interact directly with fluorine.24 However, preliminary
studies indicate that the difference in KD between fluorinated
and nonfluorinated substrates is only approximately 10-fold.
This approach to fluorine selectivity allows FlK to distinguish
low levels of the fluorinated substrate over high concentrations
of the endogenous hydrogen analogue, a situation that might be
encountered in an engineered system.

Other Enzymes Involved in Organofluorine Metabolism

Additional enzymes participating in organofluorine manage-
ment in native producers may also be candidates for studying
interaction between evolved enzyme−organofluorine pairs. For
example, the fluorinase (FlA),32,33 5′-fluorodeoxyadenosine
phosphorylase (FlB), and threonine transaldolase appear to be
dedicated to fluorine metabolism but do not necessarily
distinguish F from H (Figure 2).34 In addition, the
fluoroacetaldehyde dehydrogenase does prefer fluoroacetalde-
hyde over acetaldehyde, although not over other substrates.35

Furthermore, the growing availability of new microbial genome
sequences may provide additional orthologues of known genes
or even enzymes from novel organofluorine biosynthetic
pathways.36

■ ELUCIDATING FLUORINE PHYSIOLOGY IN NATIVE
ORGANOFLUORINE-PRODUCING HOSTS

Studying native organofluorine producers allows us to explore
how organofluorines and their potential crosstalk with the rest
of their host metabolism can be handled in vivo. Information
from these studies will facilitate understanding of molecular
mechanisms of organofluorine resistance and provide a
potential template for design of engineered hosts that can
maintain orthogonal pools of fluorinated and nonfluorinated
building blocks for downstream biosynthetic pathways.

S. cattleya

Despite the observation of fluoroacetate production in plants, S.
cattleya was the only genetic host known to specifically utilize
fluorine as a key element in its life cycle, and we sought to
explore how it manages organofluorine toxicity. While the FlK
thioesterase provides a clear fluoroacetate resistance mecha-
nism, knockout studies showed that the gene encoding FlK is
not strictly required for survival of S. cattleya during
fluoroacetate biosynthesis and that other modes of resistance
likely exist.37 One possible alternative is that the enzymes
involved in the lethal synthesis of fluorocitrate or the aconitase
itself exclude fluorinated substrates to a higher level than those
from fluoroacetate-sensitive hosts (Figure 2). If this were true,
then these enzymes could be used to engineer fluoroacetate
resistance in a synthetic host while maintaining a pool of
fluoroacetyl-CoA. However, we found that the enzymes from S.
cattleya do not exhibit any significant difference in behavior
with fluorinated substrates in terms of kcat or KM compared to
those of orthologues from a related fluoroacetate-sensitive
species, Streptomcyes coelicolor, or the fluoroacetate-sensitive
model bacterium, E. coli.37

In contrast, we found that organofluorine toxicity was
mediated by transcriptional coordination, where biosynthesis is
activated upon the onset of stationary phase when the TCA
cycle is downregulated. Interestingly, we observed changes in
the global transcriptional landscape in response to fluoride,
indicating that S. cattleya senses either fluoride or an
organofluorine to regulate transcription and that organofluorine
biosynthesis plays an important role in its physiology. We also
observed that S. cattleya does not appear to support use of the
glyoxylate shunt pathway, which may protect against
fluoroacetate activation and minimize its incorporation into
other cellular metabolites. Overall, these observations suggest
that organofluorines are difficult to exclude from acetate
metabolism and that simultaneous use of fluoroacetate and the
TCA cycle should be avoided.

Discovery of New Organofluorine Hosts

The rapidly escalating effort to sequence and mine microbial
diversity has provided new information about distribution of
organofluorine biosynthetic pathways. Microbes other than S.
cattleya have since been found to contain genes encoding
fluorinase (FlA) orthologues,38 and some also produce new and
unidentified organofluorines.39 Interestingly, the different
organization of f l gene clusters compared to S. cattleya, where
only a few biosynthetic genes are found adjacent to the f lA
gene, may help further understanding of fluoroacetate and
fluorothreonine biosynthesis.38 In addition, other organisms
may reveal completely distinct organofluorine biosynthesis
pathways. For example, the production of the 4′-fluoronucleo-
side antibiotic nucleocidin by Streptomyces calvus may indicate
that C−F bond formation is different in this system.36 These
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few examples indicate that the scope of organofluorine diversity
is not limited to fluoroacetate and fluorothreonine pathways
and may serve as a rich area for discovery.

■ ENGINEERING ORGANOFLUORINE BIOCHEMISTRY

Synthetic biology approaches provide a framework for bringing
new diversity to molecular structure by mixing chemistry from
living systems with that from synthetic methodology. In this
regard, the intersection of natural products and organofluorine
compounds is an especially interesting one to explore, as they
are each very important in medicinal chemistry, but their
overlap has been underexplored for practical reasons. A
mechanism for expanding this scope is to engineer the
incorporation of fluorinated building blocks using natural
product biosynthetic machinery to generate complex fluori-
nated compounds, such as polyketides, isoprenoids, alkaloids,
and ribosomal or nonribosomal peptides (Figure 1). Indeed,
previous work has shown that fluorinated building blocks can
be accommodated by some of these pathways,17 whereas
semisynthesis of fluorinated natural product analogues has
shown that a fluorine substituent can improve pharmaceutical
function.40 An advantage of this approach is that it would
enable the production of value-added fluorinated products by
microbial fermentation, either by endogenously produced or

exogenously provided fluorinated building blocks in the form of
fluoride or relatively inexpensive organofluorines, respectively.
Toward this goal, we have focused on studying the uptake and
activation of fluorinated building blocks by cells and enzymes as
well as the engineering of pathways for site-selective
incorporation of fluorinated building blocks into natural
products in vitro and in vivo.

Fluorine and Polyketides

We chose to begin by investigating the addition of the fluorine
substituent to polyketide biosynthesis using fluoroacetate as a
monomer. Polyketides represent an expansive family of over
10 000 diverse structures with a broad range of applications in
human health, including antibiotic, anticancer, anti-inflamma-
tory, and immune suppression.41 Given this diversity, it is
surprising that polyketide backbones are largely derived from
just a few monomers, most commonly acetate and propionate.
The starter unit may be more chemically diverse, and a few
polyketides incorporate a specialized alternative extender unit
at a particular position, making it possible to replace these
starters and specialized extenders with non-native analogues,
including fluorinated species.17 Indeed, fluoroacetate has been
successfully used as a starter unit for the minimal actinorhodin
polyketide synthase (PKS), supporting formation of a full-
length polyketide.42 However, modular polyketide synthases

Figure 4.Mechanistic steps in a single chain extension cycle catalyzed by a modular PKS (light gray, upstream module; light blue, active module; red,
downstream module).

Figure 5. Possible derailment pathways of fluoroacetyl-CoA during polyketide synthesis.
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maintain much stricter substrate selectivity at the acetate- and
propionate-derived extender unit positions that form the bulk
of the polyketide backbone, limiting the diversity of accessible
analogues.
We therefore set out to develop methods for the site-

selective introduction of fluoroacetate in place of acetate or
propionate, providing a new monomer that could greatly
expand the structural diversity of this family of natural products.
In this regard, fluoroacetate is a particularly attractive building
block because it can be produced using the S. cattleya pathway,
enabling total biosynthesis from fluoride. We have focused our
initial efforts on the type I modular PKS family, which
coordinates the processive biosynthesis of a covalently tethered
polyketide using a modular assembly line organization (Figure
4).41 In these systems, each module typically encodes the
information for each chain elongation step and thus provides an
internal design for regioselective fluorine introduction.

Reactivity of Fluorinated Building Blocks

The presence of a fluorine substituent at the α-position creates
unique challenges by altering the chemistry and reactivity of
monomer intermediates and the growing polyketide chain itself
(Figure 5). Indeed, it is interesting to note that fluoroacetate is
found in nature to be incorporated into fatty acids only at the
starter position via fluoroacetyl-CoA6 rather than at any chain
extension positions via fluoromalonyl-CoA (Figure 2). Fluorine
activates pathway intermediates as electrophiles, which makes
CoA thioesters and thioester-tethered biosynthetic intermedi-
ates more labile to hydrolysis. For example, fluoroacetyl
phosphate hydrolyzes 63-fold faster than the already highly
activated acetyl phosphate at pH 7.43 Fluoroacetyl-CoA is
hydrolyzed only 10-fold faster than acetyl-CoA at pH 7, but it is
up to 110-fold more susceptible when hydroxide ion is readily
available at pH 11,22 a scenario that may mimic enzyme-

catalyzed hydrolysis. Thus, the stability of the more labile
intermediates in polyketide biosynthesis, particularly α-fluoro
β-keto thioesters, will need to be addressed.
In addition to hydrolytic stability, fluorine substitution will

affect the kinetics and thermodynamics of extender unit
decarboxylation, enolate generation, and C−C bond formation
during chain extension. Defluorination reactions have been
documented in enzyme active sites (Figure 6A−E);44 however,
a source of electrons adjacent to fluorine, directly or via
conjugation, is typically required for fluoride elimination, which
is a poor leaving group in water. The α-fluorinated
intermediates and reactions in polyketide synthesis should
avoid such configurations. The active site base that removes the
α-proton to generate an enolate could also serve as a
nucleophile for fluoride displacement and alkylation, leading
to covalent enzyme inactivation. In this regard, cysteine, but not
serine, proteases react rapidly with fluoromethyl ketones
(Figure 6F,G), suggesting that there are specific enzyme active
site requirements for reactivity.45 Finally, the stability and
activity of the fluoroenolate toward carbon−carbon bond
formation may also cause issues within a PKS assembly line.

Uptake and Activation of Organofluorine Building Blocks

To activate fluoroacetate as an extender unit for PKSs, it must
be converted to the CoA thioester and carboxylated to generate
fluoromalonyl-CoA. We investigated the naturally occurring
pathways for acetate activation (Figure 4), which can be carried
out by either acetyl-CoA synthetase (ACS) or acetate kinase/
phosphotransacetylase (AckA/Pta). Our previous studies had
shown that neither the E. coli nor the S. cattleya ACS is
competent to form substantial amounts of fluoroacetyl-CoA,37

so we used the AckA/Pta pathway, which accepts fluoroacetate
with only a 20-fold rate reduction across both steps.46 To
carboxylate fluoroacetyl-CoA, we used the E. coli acetyl-CoA

Figure 6. Reactions of enzymes with organofluorine substrates resulting in loss of fluoride or covalent enzyme inhibition. Only the key step(s) are
shown. (A) Cytochrome P450 enzymes. (B) PLP-dependent enzymes. (C) Thymidylate synthase. (D) Ribonucleotide reductase. (E) Aconitase. (F)
Serine proteases. (G) Cysteine proteases.
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carboxylase and found that it accepts fluoroacetyl-CoA with a
modest decrease in efficiency.46 Another approach is to directly
use the advanced intermediate, fluoromalonate, which can be
activated in a single step using MatB.47 Because malonyl-CoA is
itself committed to either fatty acid or polyketide biosynthesis,
we reasoned that fluoromalonyl-CoA might bypass the toxicity
associated with fluoroacetyl-CoA. Although we found that S.
coelicolor MatB has a 300-fold reduction in kcat/KM for
fluoromalonate, it is efficient enough to build a fluoromalon-
yl-CoA pool in vitro or in vivo for polyketide biosynthesis.46 In
the course of these studies, we found no evidence that any of
these enzymes catalyze defluorination or are covalently
inhibited by fluorinated substrates. While the stereochemistry
of the fluoromalonyl-CoA produced by MatB and the ACCase
has not been established, it can be racemized at the fluorinated
position both nonenzymatically and by methylmalonyl-CoA
epimerase.

Incorporation of Fluoromalonyl Extenders by Polyketide
Synthases

We first set out to examine C−C bond formation using
fluoromalonyl-CoA as an extender unit by testing standalone
proteins, NphT7 and PhaB, which are, respectively, homolo-
gous to the ketosynthase (KS) and ketoreductase (KR)
polyketide synthase domains (Figure 7A). We found that
NphT7 catalyzed condensation of acetyl-CoA with fluoroma-
lonyl-CoA with no change in KM and only a 6-fold reduction in
kcat and that PhaB was competent to reduce the resulting α-
fluoro β-keto acyl-CoA, indicating that there is no intrinsic
chemical barrier to these steps.46 With this information in hand,
we then turned our attention to exploring the behavior of
fluoromalonyl-CoA with a modular PKS (Figure 4). In these
systems, extender units are transferred from CoA to the acyl
carrier protein (ACP) by the acyl transferase domain (AT)
before chain extension takes place. We tested two different
modules from the well-studied erythromycin PKS (6-
deoxyerythronolide B synthase, DEBS), each of which carries
out one chain extension on a synthetic diketide substrate,
normally using a methylmalonyl extender, to produce a
triketide lactone (Figure 7B). We were encouraged to find
that fluorotriketide could be formed by either module in a one-
pot reaction starting from fluoroacetate or fluoromalonate.46

These results showed that the fluoromalonyl extender could
be accommodated by a methylmalonyl-specific PKS module.
However, the efficiency of chain extension with fluoromalonyl-
CoA remained very low compared to that with the native
substrate, even though we found no evidence of covalent

enzyme inhibition. Furthermore, we were interested in pursuing
a strategy for fluorine introduction that would enable it to be
incorporated site-selectively. In this regard, we observed that
the methylmalonyl-CoA-selective AT domain catalyzes sub-
stantial hydrolysis of fluoromalonyl-CoA, presumably in
preference to transacylation, giving rise to the hypothesis that
malonyl-CoA-selective ATs may demonstrate improved behav-
ior with the fluorinated extender. Previous studies have shown
that the native AT of a DEBS module can be inactivated via an
active site mutation and complemented with a trans-acting,
malonyl-specific AT.48 Thus, the use of a trans-AT could allow
targeting of fluorine to desired modules simply by inactivating
their ATs, bypassing the challenge of engineering fluorine
recognition in each individual AT domain of interest. Indeed,
we found that by using an AT-inactivated module in
combination with a malonyl-CoA specific trans-AT (DszsAT)
fluoromalonyl-CoA incorporation could be amplified to up to
30% of wild-type extender yields, depending on the module
(Figure 7B). We were also able to use this approach to target
the fluoromalonyl-CoA extender to a specific module in a
bimodular system that catalyzes two consecutive chain
extension steps, resulting in regioselective fluorine incorpo-
ration (Figure 7C).46

We would like to now extend this initial work to produce
full-length polyketides, achieve robust yields of fluorinated
products, and also examine β-carbon processing. In addition to
work in vitro, which will be augmented by the recent
reconstitution of the complete DEBS assembly line,49 we are
also interested in developing systems for in vivo production.
Our initial efforts in E. coli show that fluoromalonate can be fed
without significant toxicity and that MatB can produce
sufficient levels of fluoromalonyl-CoA to carry out PKS-
catalyzed chain extension in vivo.46 However, since PKS
expression in E. coli can be difficult, we also plan to explore
alternative hosts.

■ CONCLUSIONS

The chemistry of living systems can provide both the
inspiration and the tools to transform the production of
molecular targets of interest to society. Along these lines, the
divergence of structure and function between compounds of
biological or synthetic origin also creates new opportunities to
expand molecular diversity by merging these two areas using
synthetic biology approaches. Toward this goal, the study of
naturally occurring enzymes and organisms with unusual
chemical phenotypes allows us not only to elucidate the design

Figure 7. Polyketide synthesis from fluoromalonyl-CoA. (A) Standalone KS and KR enzymes catalyze a single chain extension. (B) In a single chain
extension cycle by a complete PKS module, cis-AT activity can be complemented by a trans-AT (DszsAT) to incorporate a fluorinated monomer
(NAC, N-acetyl cysteamine). (C) A bimodular system carries out two chain extensions to form tetraketides. Fluorine can be regioselectively
incorporated by one module or the other using cis-AT mutations and complementation by a trans-AT (DszsAT).
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principles that may enable these goals but also to increase our
fundamental understanding of how living systems function.
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