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Abstract 
 

Expanding the scope of organofluorine biochemistry through the study of natural and engineered 
systems  

by 

 Mark Chalfant Walker 

Doctor of Philosophy in Molecular and Cell Biology 

University of California, Berkeley 

Professor Michelle C. Y. Chang, Chair 

 

 
Fluorination has become a very useful tool in the design and optimization of bioactive small 

molecules ranging from pesticides to pharmaceuticals. Its small size allows a sterically 
conservative substitution for a hydrogen or hydroxyl, thus maintaining the overall size and shape 
of a molecule. However, the extreme electronegativity of fluorine can dramatically alter other 
properties of the molecule. As a result, the development of new methods for fluorine 
incorporation is currently a major focus in synthetic chemistry. It is our goal to use a 
complementary biosynthetic approach to use enzymes for the regio-selective incorporation of 
fluorine into complex natural product scaffolds through the fluoroacetate building block. 

Towards this goal, we initiated a study of the only known genetic host of a carbon-fluorine 
bond forming enzyme, the fluoroacetate- and fluorothreonine-producing bacterium Streptomyces 
cattleya. Sequencing and analysis of the genome identified several paralogs of enzymes 
predicted to be on the fluoroacetate and fluorothreonine biosynthetic pathway and whose 
function were probed by in vitro biochemistry and genetic knock-out studies. We sought to 
further explore how S. cattleya manages fluoroacetate, which is a potential biosynthetic building 
block but is also a potent toxin that operates by shutting down the tricarboxylic acid (TCA) 
cycle. Coordinated transcriptional changes of genes involved in central metabolism and 
organofluorine metabolism suggest transcriptional control may serve as the major mechanism for 
management of fluoroacetate toxicity. This hypothesis is further supported by biochemical 
analysis of S. cattleya enzymes involved in fluoroacetate toxicity, which showed that they were 
no more selective against fluorine than orthologs from non-producing bacteria.  

To explore the possibility of incorporating fluorinated building blocks into more complex 
natural products, we turned to type I polyketide synthases as their modular assembly line nature 
would make them ideal candidates for the engineering of site-selective incorporation of 
fluorinated subunits. We first developed methods to enzymatically synthesize fluoromalonyl-
CoA, which is a fluorinated congener of the malonyl-CoA extender unit. With this building 
block in hand, we were able to observe incorporation of fluorine into a triketide polyketide. We 
then showed that it is possible to site-selectively incorporate fluorine into tetraketide products. 
These results suggest that the production of complex fluorinated natural products is possible and 
may allow us to explore the medicinal chemistry of these compounds using site-selective 
fluorination.  
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1.1. Fluorine in pharmaceuticals 
Introduction. Fluorination has become a very important tool in the design and optimization 

of biologically active small 
molecules. Indeed, it has 
been estimated the 5 to 
15% of drugs launched in 
the past 50 years contain a 
fluorine substituent and 
over half of the top ten 
drugs sold in 2006 
contained fluorine [1]. 
Fluorine is commonly used 
for tuning drug molecules 
because its small size 
allows for a sterically 
conservative replacement 
of a hydrogen or oxygen, 
allowing for maintenance 
of the overall size and shape of a molecule, while its electronegativity, lipophilicity, the strength 
of the carbon-fluorine bond, and the ability of fluorine to act as a leaving group in certain 
situations allow for dramatic alterations in the chemical and pharmacokinetic properties of the 
molecule (Figure 1.1) [2].  

Fluorine induced changes in drug metabolism. For example, a major pathway of drug 
metabolism and elimination is cytochrome P450 (P450)-mediated oxidation. When a P450 oxidizes 
a drug molecule it can become more hydrophilic and therefore more easily excreted through the 
kidneys. If the proton that would be exchanged for a hydroxyl by a P450 is replaced with fluorine, 
the strength of the carbon-fluorine bond renders the P450 unable to extract the fluorine and 
hydroxylate the molecule, allowing a longer half life in the body, or preventing degradation to a 
toxic compound. Estradiol, a steroidal estrogen, is sometimes prescribed for hormone 
replacement therapy. However, it has been shown to cause kidney tumors in male Syrian 
hamsters nearly 100% of the time [3]. On the other hand, it has been noted that 2-fluoroestradiol 
does not lead to tumor formation [4]. This lack of carcinogenicity is presumably due to the  
 

 

Figure 1.2. Blockage of P450 degradation by fluorination. Fluorination of a small molecule drug can lead to 
blockage of cytochrome P450-mediated degradation. 

Figure 1.1. Potential impacts of fluorination on small molecules. 
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blockage of P450 mediated oxidation of the C2 carbon, reducing the production of 
catecholestrogens, which are thought to have mitogenic activity (Figure 1.2) [5].  

Fluorine based tuning of nearby functional groups. Another manner in which fluorine 
can impact the nature of a small molecule drug is based on the inductive electron withdrawing 
effect of fluorine. For example, placing a fluorine in the vicinity of a strongly basic group can 
reduce that group’s pKa, thereby lessening the positive charge and allowing the molecule to more  
 

 
Figure 1.3. Tuning of pKa by fluorination. Fluorine’s electron withdrawing nature can lead to the reduction in pKa 
of nearby functional groups, leading to changes in the bioavailability of the fluorinated compound. 

readily pass through membranes to reach its target or allow it to pass through the digestive tract 
lining to make the drug orally available. The series of 3-piperidinylindole antipsychotic drugs are 
a good example of this effect. Addition of a fluorine to the piperdine ring can improve 
bioavailability from non-detectable to an F value of 18%, and placement of a fluorine on the 
benzene ring blocks P450 mediated oxidation raising the bioavailability to 80% (Figure 1.3) [6].   

Fluorine in the design of mechanism based inhibitors. A final example of the impact of 
fluorination on a molecule is its ability to act as a leaving group. Trifluridine is an antiviral drug 
used for the treatment of eye infections by viral herpes. It is a mechanism based inhibitor of  
 

 
Figure 1.4. Fluorine in the design of a mechanism based inhibitor. (A) Mechanism of thymidylate synthase. (B) 
Inhibition of thymidylate synthase byTrifluridine. 

thymidylate synthase, an enzyme necessary for the synthesis of thymidine monophosphate and 
therefore DNA. Inhibition of thymidylase synthase causes apoptosis in rapidly dividing cells 
such as those infected with a virus. Here, the capacity of fluorine to act as a leaving group is 
responsible for the efficacy of the drug (Figure 1.4) [7].  
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Chemical synthesis of organofluorines. Fluorination chemistry has advanced 
tremendously in the past few decades. Milder fluorinating reagents such as diethylamido sulfur 
trifluoride (DAST) [8], a nucleophilic fluorinating reagent, and Selectfluor, an electrophilic 
fluorinating reagent [9], have reduced the need to use extremely hazardous and reactive reagents 
such as fluorine gas or 
hydrofluoric acid. More 
recently, great strides have 
been made in the design of 
fluorinating reagents that are 
more compatible with various 
functional groups [10, 11], 
and that can carry out 
enantio-selective fluorine 
incorporation [12, 13]. While 
these reagents have expanded 
the scope of possible 
fluorination reactions, the 
stereo- and regio-selective 
fluorination of complex natural products remains difficult. For example, Flurithromycin, a 
fluorinated version of erythromycin can be prepared from the non-glycosylated erthyomcin 
precursor. A dihydrofuran moiety is produced upon treatment of the aglycone with acetic acid, 
which enables the incorporation of fluorine with trifluorohypofluorite (F3COF). This fluorinated 
precursor can then be fed to Streptomyces antibioticus to add the sugars, resulting in the final 
product (Figure 1.5) [14]. However, the location of the fluorine substitution on C8 is the only 
position reported to fluorinated through chemical means for erythromycin, although 
chemoenzymatic syntheses from unnatural fluorinated starting material has been reported at one  
 

 
Figure 1.6. Naturally-occurring organochlorines and organobromines. Complex organochlorines and organobromines are fairly 
abundant in nature. Some examples include are the antibiotics vancomycin, and chlorobiocin, the statin dolstatin 15 and the 
cytotoxins psammaplin A and prevesol B. 

Figure 1.5. Fluorination of the complex natural product erythronolide A. 
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Figure 1.8. Naturally-occurring organofluorines. 

other location [15, 16]. Thus, enzymatic synthesis of complex natural products from fluorinated 
building blocks could be an attractive alternative to chemical fluorination, allowing for 
fluorination at positions inaccessible through organic synthesis.  

1.2 Halogens in biology 
Introduction. Halogenation has been broadly observed in natural products from many different 
families (Figure 1.6). Indeed, there were nearly 5,000 biogenic organohalogens identified as of 
2010 [17, 18].The majority of these compounds contain a bromine substituent and are produced 
by marine organisms. Organochlorines make up the next largest group and tend to be found 
terrestrially. Organohalogens with iodine and fluorine substituents are quite rare, with only ~30 
organofluorines identified to date [19].  

 

 
Figure 1.7. Active sites of halogenases. In these enzymes X- is oxidized to a formal X+ using hydrogen peroxide 
to generate the oxidizing intermediate. 

The most common route of biological halogenation is by way of haloperoxidases [20, 21]. 
This class of enzymes functions by oxidizing the halogen to a formal X+, which can then react 
with electrophilic sites (Figure 1.7). However, radical [22, 23] and nucleophilic mechanisms [24, 
25] are also observed. In general, the halogens typically incorporated into the molecule late in 
biosynthesis [20-22]. For example, the nonribosomal peptide antibiotic vanocmycin contains two 
chlorine substituents, which are 
incorporated by two different 
haloperoxidases after assembly 
ofthe nonribosomal peptide 
backbone. These chlorine 
substituents cause vancomycin to 
adopt the active conformation, as 
dechlorinated analogs show 
reduced anti-biotic activity [26]. 
There are examples of halogen 
incorporation into a secondary 
natural product through the use 
of halogenated building blocks. 
In the polyketide, 
salinosporamide A, chloroethylmalonyl-CoA extender unit is incorporated directly into the 
growing chain. In this case, the mechanism of chlorination is unusual in that the chlorinase 
mechanism involves a nucleophilic attack by chloride on an activated substrate, S-
adenosylmethionine (SAM), producing 5′-chloro-5′-deoxyadenosine. This molecule is then 
further processed to chloroethylmalonyl-CoA for incorporation [25]. Interestingly, enzymes that 
carry out radical halogenation have been found to react with amino acids loaded onto their 
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carrier protein, which also introduces the halogen through the monomer unit in non-ribosomal 
peptides [27-29]. 

Biogenic organofluorines. Although thousands of chlorinated and brominated natural 
products have been identified, only a handful of fluorinated natural products have been observed, 
almost all of which appear to arise from fluoroacetaldehdye as a common precursor (Figure 1.8)  
[30]. A possible explanation for low abundance of fluorinated natural products is the relative 
lack of bioavailable fluorine. Although it is common in the Earth’s crust, most of the fluorine on 
the planet is tied up in insoluble minerals, leaving the concentration of fluorine available to 
organisms rather low. Additionally, in aqueous solutions fluoride has an extremely tight shell of 
hydration, which must be removed before the fluoride can act as a nucleophile. Another possible 
explanation is that the extreme electronegativity of fluorine places the usual method of biogenic 
halogenation via oxidation out of range for biological systems.  

Despite their rarity, fluorinated natural products can be quite toxic. In particular, 
fluoroacetate has an LD50 of 0.5 mg/kg 
[31], which is on par with compounds 
used as anticancer and antibiotic 
therapies. The mechanism of toxicity 
of fluoroacetate (1) is based on a 
“lethal synthesis” wherein it behaves 
as a pro-drug that is then metabolized 
by the host as acetate (2) to produce a 
toxic compound (Figure 1.9). In this 
process, fluoroacetate (1) is activated 
to fluoroacetyl-coenzyme A (CoA) (3) 
either through the acetyl-CoA 
synthetase (ACS) or the acetate kinase 
(AckA) and phosphotransacetylase 
(Pta) pathway. Fluoroacetyl-CoA 
(3)then enters the tricarboxylic acid 
(TCA) cycle through the citrate 
synthase (CS), which produces 
fluorocitrate (3). Upon reaction with the aconitase, the ability of fluorine to act as a leaving 
group leads to formation of 4-hydroxy-transaconitate (10) rather than fluoroisocitrate. Although 
it is a non-covalent inhibitor, the extremely slow off-rate of 4-hydroxy-transaconitate (10) leads 
to inactivation of the aconitase [32]. This inhibition of the aconitase leads to an accumulation of 
citrate and a concomitant disruption in a wide array of metabolic processes [33].  

Only one known genetic host of organofluorine producing pathway. One example of 
the rarity of biogenic organofluorines is that there has been only one enzyme identified to date 
capable of forming a carbon-fluorine bond [34]. This fluorinase was discovered in the bacterium 
Streptomyces cattleya, a producer of fluoroacetate (1) and fluorothreonine (16) (Figure 1.8) [35]. 
It has been shown that the fluorinase is capable of producing 5′-fluoro-5′-deoxyadenosine (FDA) 
(12) from SAM (11) and inorganic fluoride. However, this activity has not been found to be 
widely distributed and the closest ortholog of the fluorinase catalyzes chlorination rather than 
fluorination [36]. Once the gene for the fluorinase was identified, it was noted that it was 
clustered with a gene encoding a protein with homology to methylthioadenosine phosphorylases  

Figure 1.9. Lethal synthesis of 4-hydroxy-transaconitate from 
fluoroacetate. Fluoroacetate is toxic due to its ability to enter normal 
cellular metabolic processes for the assimilation of acetate. 
Fluoroacetate (1), acetate (2), fluoroacetyl-CoA (3), acetyl-CoA (4), 
fluorocitrate (5), citrate (6), fluoroaconitate (7), aconitate (8), isocitrate 
(9), and 4-hydroxy-transaconitate (10). 
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Figure 1.10. Proposed biosynthetic pathway for fluoroacetate and fluorothreonine in Streptomyces cattleya. S-adenosylmethionine 
(11), 5′-fluoro-5′-deoxyadenosine (12), 5-fluoro-5-deoxyribose-1-phosphate (13), 5-fluoro-5-deoxyribulose-1-phosphate (14), 
fluoroacetaldehyde (15), fluorothreonine (16), and fluoroacetate (1). Pi,inorganic phosphate; Met, methionine; DHAP, 
dihydroxyacetone phosphate; Thr, threonine. 

from the methionine salvage pathway from Klebsiella pnemonia. Activity assays of this protein 
showed that it is capable of producing 5-fluoro-5-deoxy-ribose-1-phosphate (FR1P) (13) from 
FDA (12) and inorganic phosphate [37]. This observation led to the proposal that the 
fluoroacetate (1) and fluorothreonine (16) biosynthetic pathway could proceed through steps 
similar to those in the methionine salvage pathway (Figure 1.10). By analogy to the methionine 
salvage pathway, it was hypothesized that a methylthioribose-1-phosphate isomerase (MRI) 
could catalyze the next step to produce the fluorinated congener of methylthioribulose-1-
phosphate. An enzyme homologous to predicted methylthioribose-1-phosphate isomerases from 
several species of streptomyces, including some without a predicted methionine salvage 
pathway, was then identified in S. cattleya by PCR with degenerate primers [38]. This enzyme 
was shown to catalyze the isomerization of FR1P to 5-fluororibulose-1-phosphate (FRu1P) (14). 
Here the predicted fluoroacetate and fluorothreonine pathway diverges from the methionine 
salvage pathway based on feeding studies that have shown fluoroacetaldehyde (15) to be a likely 
precursor for both fluoroacetate (1) and fluorothreonine (FT) (16) [39]. Therefore, it has been 
suggested that an aldolase similar to the fuculose-1-phosphate (F1P) aldolase from E. coli could 
produce fluoroacetaldehyde (15) from FRu1P (14), but has yet to be identified in S. cattleya. An 
aldehyde dehydrogenase that is capable of oxidizing fluoroacetaldehyde (15) to fluoroacetate (1) 
was isolated from S. cattleya cell lysate, enabling the sequencing of the first several amino acids 
by Edmund degradation. From this sequence, the gene encoding this enzyme could be identified 
in the draft and closed genomes [40-42]. With respect to production of FT (16), an unusual 
transaldolase capable of producing FT (16) from fluoroacetaldehyde (15) and threonine has been 
identified in S. cattleya and genetic studies have shown that disruption of the gene encoding this 
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enzymes leads to loss of fluorothreonine production [42, 43]. Because almost all known biogenic 
organofluorines appear to be based on fluoroacetaldehyde (15), it has been proposed that they all 
arise from a similar pathway to that contained in S. cattleya.  

1.3 Polyketide synthases 
Introduction. Naturally occurring molecules are an important source of pharmaceuticals. In 

fact, between 1981 and 2010 over 70% of new chemical entities were not completely synthetic 
molecules [44]. While these include entities ranging from small molecules to antibodies and 
vaccines, in 2010 50% of approved small molecule drugs were natural products or inspired by 
natural products [44].  

Type I polyketide synthases. One important class of pharmacologically active natural 
products are macrolides, such as the antibiotic erythromycin [45], the antiparasitic ivermectin 
[46], and the immunosuppressant rapamycin (Figure 1.11) [47]. These molecules are assembled 
on large multi-domain enzymes known as type I polyketide synthases (PKS) [48]. Polyketide 
synthases produce chains of β-keto 
units through iterative Claisen 
condensations of activated 
thioesters in the form of substituted 
malonyl-CoA. Type I polyketide 
synthases in particular are 
comprised of multiple modules on 
a single polypeptide, each of which 
contains domains responsible for 
the incorporation and reduction of 
a single extender unit. Minimally, 
each module must contain an 
acyltransferase domain (AT), a 
ketosynthase domain (KS), and an 
acyl-carrier protein (ACP) with a 
phosphopantetheine prosthetic 
group. Additionally, a module may 
contain a ketoreductase domain 
(KR), a dehydratase domain (DH), and an enoyl-reductase domain (ER) leading to varying 
oxidation states of the newly incorporated extender. Type I polyketide synthases contain two 
additional modules, a loading module which begins the polyketide chain using an acyl-CoA and 
a terminal thioesterase that releases the full length chain (Figure 1.12). Following the synthesis 
of the macrolide core various tailoring enzymes can further modify the molecule in a variety of 
manners including hydroxylation, methylation, or glycosylation, to name a few, to produce the 
final product.  

Acyltransferase domain. The two most common substrates for type I polyketide synthases 
are malonyl-CoA and methylmalonyl-CoA, although other extender units such as ethylmalonyl-
CoA and hydroxymalonyl-CoA have been observed [49]. Polyketide synthases are capable of 
producing molecules with specific methylation patterns through the incorporation of both 
malonyl-CoA and methylmalonyl-CoA extender units. AT domains are responsible for the 
selection of the monomer and as such demonstrate high selectivity towards their respective  

Figure 1.11. Pharmacologically important natural products produced by Type 
I polyketide synthases. 
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Figure 1.12. A schematic diagram of the well studied DEBS polyketide synthase. 

 
 
 
averm2(M)          …L-LQQTRYAQPALFAFQVALHRLLTDGYHITPHYYAGHSLGEITGAHLAGILTLTDATTL… 
epoth1(M)          …L-LDQTAFTQPALFTFEYALAALW-RSWGVEPELVAGHSIGELVAACVAGVFSLEDAVFL… 
pimar1(M)          …L-LDQTAYTQAALFALETALFRLV-ESWGVAPRFVAGHSIGELTAAHVSGVLTLHDAARL… 
ampho1(M)          …R-LDRTEYAQPALFAVEVALYRLL-ESFEVKPDHLAGHSVGEIAAAHVAGVFSLDDAATL… 
                    
averm1(MM)         …V-WEQADVVQPVLFSVMVSLAALW-RSYGIEPNEVLGHSKDEIAAAHIYGALSLKDAAKT… 
eryth1(MM)         …LSTERVDVVQPVMFAVMVSLASMW-RAHGVEPAAVIGHSQGEIAAACVAGALSLDDAARV… 
rapam1(MM)         …V-VARVDVVQPASWAVMVSLAAVW-QAAGVRPDAVVGHSQGEIAAACVAGAVSLRDAARV… 
spino1(MM)         …H-LDHDDVVQPALFAIMVSLAELW-RSWGVRPVAVVGHSQGEIAAACVAGALSVRDAARV… 
           
 
averm2(M)          …HITTLCQQQGIKTKTLPTNHAFHSPHTNPILNQLH-QHTQTLTYHPPHTPLITANTPP--… 
epoth1(M)          …AIAAAMAARGARTKALHVSHAFHSPLMAPMLEAFG-RVAESVSYRRPSIVLVSNLSGKAG… 
pimar1(M)          …EIAAHWEAQGRRTKRLRVSHAFHSPHMDDMLEDFR-RVARGLTFHAPRIPVVSTVTGALA… 
ampho1(M)          …ELAARLAADGRKTSRLRVSHAFHSPLMAPMLDEFR-NVVEGLTLHSPLLPVVSDVTGEPA… 
 
averm1(MM)         …EVLAYCAGTGVR-PRIPVDYASHCPHVQPLREELL-ELLGDISPQPYGVPFFSTVEGTWL… 
eryth1(MM)         …RLVASCTTECIRAKRLAVDYASHSSHVETIRDALHAELGEDFHPLPGFVPFFSTVTGRWT… 
rapam1(MM)         …RVLAVHEARGVRVRRIAVDYASHTPHVELIRDELL-GVIAGVDSRAPVVPWLSTVDGTWV… 
spino1(MM)         …ELLAECADRELRMRRIPVEYASHSPHIEVVRDELL-GLLAPVEPRTGSIPIYSTTTGDLL… 
 
 

Figure 1.13. Sequence alignment of malonyl-CoA and methylmalonyl-CoA selective acyltransferase domains. Multiple sequence 
alignment of known malonyl-CoA selective (M) AT domains from module 2 of the avermectin PKS, module 1 of the epothilone PKS, 
module 1 of the pimaricin PKS, and module 1 of the amphotericin PKS and methylmalonyl-CoA selective (MM) AT domains from 
module 1 of the avermectin PKS, module 1 of the erythromycin PKS, module 1 of the rapamycin PKS and module 1 of the spinosad 
PKS. Catalytic dyad residues are highlighted in yellow and residues used to identify malonyl-CoA selective versus methylmalonyl-
CoA selective AT domains are highlighted in green. 
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substrate. Indeed, an AT domain from the well studied 6-deoxyerythronilde (6-DE) synthase 
(DEBS) has been shown to exhibit a 1,000-fold preference for its methylmalonyl-CoA substrate 
over malonyl-CoA [50]. A great deal work has gone into studying the selectivity AT domains. 
Bioinformatic analysis of various AT domains with varying substrate specificity identified 
particular amino acids around the active site that can identify malonyl-CoA and methylmalonyl-
CoA selective AT domains (Figure 1.13) [51, 52]. The active site of all AT domains contains a 
serine-histidine catalytic dyad which catalyze the ping-pong mechanism wherein the substituted 
malonate is initially transferred to catalytic serine from the CoA, followed by release of free CoA 
and transfer of the substituted malonate to the free thiol of the phosphopantetheine arm of the 
ACP (Figure 1.14). A phenylalanine 
residue in the active site of malonyl-CoA 
selective AT domains is thought to 
provide a steric hindrance to the binding 
of methylmalonyl-CoA [52]. However, 
to date this hypothesis has not been 
tested biochemically. The 
methylmalonyl-CoA specific AT 
domains have perhaps a more 
challenging problem of excluding the 
smaller malonyl-CoA. It has been suggested that these domains may achieve selectivity through 
preferential hydrolysis of the malonyl-AT intermediate. Steady-state rates of free CoA release by 
a methylmalonyl-CoA selective AT domain from the pikromycin PKS are within an order of 
magnitude with respect to both methylmalonyl-CoA and malonyl-CoA, while concurrent mass 
spectrometry analysis fails to detect malonyl-enzyme intermediate in comparison to the complete 
loading of the AT domain by methylmalonyl-CoA [53]. However, the molecular details of this 
process have yet to be elucidated.  

Given the ambiguities that remain in the mechanism of AT domain selectivity it is perhaps 
not surprising that attempts to mutate an AT domain to change its specificity have been met with 
limited success, generally resulting in lower overall acyltransferase activity and lower selectivity 
for either malonyl-CoA or methylmalonyl-CoA [54]. An approach that has been more successful 
has been to replace an entire AT domain with an AT domain of different selectivity. McDaniel 
and coworkers replaced the methylmalonyl-CoA selective AT domains in modules 2, 5 and 6 of 
the DEBS PKS with the malonyl-CoA selective AT domain from module 2 of the rapamycin 
PKS. These chimeric PKSs produced the expected desmethyl variants of 6-DE. However, the 
titer of the final product varied greatly with levels ranging from 4% of wildtype titers for the 
module 2 replacement to 70% of wildtype for the module 6 replacement [55]. A complementary 
approach to changing the identity of a monomer incorporated by a certain module has been taken 
utilizing an acyltranferase on its own polypeptide from an AT-less PKS cluster or a type II fatty 
acid synthase. In these experiments the AT domain of a DEBS module is inactivated by mutating 
the active site serine to an alanine and allowing the standalone AT to acetylate the DEBS ACP in 
trans, resulting in incorporation of a malonate unit in place of a methylmalonate unit [56, 57].  

1.4 Thesis motivation and organization 
Examining how S. cattleya manages organofluorine biosynthesis, including how it deals with 

the production of toxic fluorinated compounds, such as fluoroacetate, may provide us insight into 

Figure 1.14. Proposed mechanism of acyl transfer in AT domains 
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the design of a synthetic host capable of utilizing fluoroacetate as a building block for more 
complex organofluorines. Additionally, exploring the capacity of enzymatic systems to utilize 
fluorinated substrates could allow us to combine the medicinal chemistry benefits of fluorination 
with the structural complexity and bioactivity of naturally occurring small molecules. 

This thesis is structured as follows: Chapter 2 discusses the assembly and analysis of a draft 
genome sequence for S. cattleya as well as biochemical and genetic analysis of the isomerization 
step in the predicted organofluorine biosynthetic pathway. Chapter 3 examines the transcriptional 
response of S. cattleya to fluoride to explore possible mechanisms of fluoroacetate resistance. 
Chapter 4 explores the possibility of engineering the production of more complex fluorinated 
natural products from the fluoroacetate building block. 
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2.1. Introduction 
The continuing search for new biodiversity has yielded the discovery of many organisms 

with unusual chemical behaviors. One interesting chemical phenotype that has been observed in 
nature is the ability of Streptomyces cattleya, a soil-dwelling bacterium, to catalyze the formation 
of C-F bonds with fluoride as an environmentally green and abundant fluorine donor [1, 2]. 
Unlike other halogen-containing natural products (X = Cl, Br, I) that number in the thousands 
[3], organofluorine compounds are quite rare [2, 4, 5] and relegated to a small number of 
compounds mostly derived from the fluoroacetate pathway (Scheme 2.1) [6-8]. This dearth of 
naturally-occurring compounds containing fluorine is especially striking given that fluorination  
 

 
Scheme 2.1. The proposed biosynthetic pathway for fluoroacetate and fluorothreonine in S. cattleya. 

has emerged as a particularly powerful tool for improving the efficacy of small-molecule drugs 
of synthetic origin for activity towards biological targets [9-11]. Even with the limited examples 
available, site-specific fluorination is also highly effective in a biological milieu as fluoroacetate 
is a simple yet highly toxic molecule that is capable of inactivating the tricarboxylic acid cycle 
with the substitution of a single hydrogen substituent for fluorine [12, 13]. 

Our group is interested in exploring the fluorine physiology of S. cattleya, which is the only 
genetic host characterized to date that encodes a C-F bond forming enzyme [14, 15], with the 
overall goal of elucidating how living systems handle this unique element in a cellular 
environment. Beyond fundamental studies directed at exploring how new and exotic chemical 
phenotypes evolve, we also hope to develop an understanding of cellular organofluorine 
management that could help to expand the synthetic biology of fluorine by engineering pathways 
for production of complex organofluorines from these simple building blocks. We therefore set 
out to study the metabolic machinery that underlies the fluorine physiology of S. cattleya using a 
combination of genomic, genetic, and in vitro biochemical methods.  We initiated these studies 
by developing methods to assemble draft genomes of actinomycetes using the Illumina platform, 
which has unique challenges related to their large genome size (~8-10 Mb) and high GC-content 
(~70-75%). 
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2.2 Materials and methods 
Commercial materials. Luria-Bertani (LB) Broth Miller, LB Agar Miller, Terrific Broth, 

yeast extract, malt extract, glycerol, and triethylamine were purchased from EMD Biosciences 
(Darmstadt, Germany). Carbenicillin (Cb), isopropyl-β-D-thiogalactopyranoside (IPTG), 
phenylmethanesulfonyl fluoride (PMSF), tris(hydroxymethyl)aminomethane hydrochloride 
(Tris-HCl), sodium chloride, dithiothreitol (DTT), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 25 phenol: 24 chloroform: 1 isoamyl alcohol, 
magnesium chloride hexahydrate, kanamycin, acetonitrile, ethylene diamine tetracetic acid 
disodium dihydrate (EDTA), and dextrose were purchased from Fisher Scientific (Pittsburgh, 
PA). Streptomycin sulfate, ammonium persulfate, CoA trilithium salt (CoA), acetyl-CoA, 
methylthioadenosine (MTA), adenosine triphosphate sodium salt (ATP), nicotinamide adenine 
dinucleotide reduced form dipotassium salt (NADH), nicotinamide adenine dinucleotide 
phosphate (NADP+), sodium fluoride, lysozyme, DOWEX 50WX8-100 ion exchange resin, Q 
Sepharose Fast Flow ion exchange resin, magnesium sulfate heptahydrate, zinc chloride, 
poly(ethyleneimine) solution (PEI), sodium citrate, 5-fluorouracil, fluorocitric acid barium salt, 
sodium sulfide, ammonium iron (II) sulfate hexahydrate, β-mercaptoehtanol, sodium phosphate 
dibasic hepthydrate, D-mannitol, apramycin sulfate salt, hygromycin, and N,N,N',N'-tetramethyl-
ethane-1,2-diamine (TEMED) were purchased from Sigma-Aldrich (St. Louis, MO). Formic acid 
was purchased from Acros Organics (Morris Plains, NJ). Acrylamide/Bis-acrylamide (30%, 
37.5:1), electrophoresis grade sodium dodecyl sulfate (SDS), and ammonium persulfate were 
purchased from Bio-Rad Laboratories (Hercules, CA). Restriction enzymes, T4 DNA ligase, 
Antarctic phosphatase, Phusion DNA polymerase, T5 exonuclease, and Taq DNA ligase were 
purchased from New England Biolabs (Ipswich, MA). Deoxynucleotides (dNTPs), Platinum Taq 
High-Fidelity polymerase (Pt Taq HF), PCR2.1-TOPO TA cloning kit, and TrizolTM reagent 
were purchased from Invitrogen (Carlsbad, CA). DNase and Spectra multicolor low range 
protein ladder were purchased from Fermentas (Glen Burnie, Maryland). Oligonucleotides were 
purchased from Integrated DNA Technologies (Coralville, IA), resuspended at a stock 
concentration of 100 µM in 10 mM Tris-HCl, pH 8.5, and stored at either 4°C for immediate 
usage or-20°C for longer term usage. DNA purification kits and Ni-NTA agarose were purchased 
from Qiagen (Valencia, CA). Complete EDTA-free protease inhibitor was purchased from 
Roche Applied Science (Penzberg, Germany). Amicon Ultra 3,000 MWCO and 30,000 MWCO 
centrifugal concentrators and 5,000 MWCO regenerated cellulose ultrafiltration membranes were 
purchased from Millipore (Billerica, MA). BactoTM Agar was purchased from BD (Sparks, 
Maryland) Soy flour was purchased from Berkeley Bowl (Berkeley, California). Deuterium 
oxide was purchased from Cambridge Isotope Laboratories (Andover, MA). Streptomyces 
ReDirect kit was purchased from the Biotechnology and Biological Research Council (Wiltshire, 
UK). Illumina Genomic DNA Sample Prep Kit, Paired-End Adapter Oligo Mix, and PE-A1/PE-
A2 primers were purchased from Illumina (San Diego, CA).  

Bacterial strains. Streptomyces cattleya NRRL 8057 (ATCC 35852) was purchased from 
the American Tissue Type Collection (Manassas, VA). E. coli DH10B-T1R was used for plasmid 
construction and BL21(de3) was used for heterologous protein production. E. coli GM272 [16] 
harboring the non-transmissible, oriT-mobilizing plasmid pUZ8002 [17] was used for 
conjugative plasmid transfer into S. cattleya. 

Preparation of paired-end genomic libraries for Illumina sequencing. S. cattleya 
genomic DNA was isolated using a modified salting-out protocol [18] from a 48 h culture grown 
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in YEME (30 mL) [18] supplemented with 0.5% glycine at 30°C. The cell pellet was collected 
by centrifugation at 15,316 × g for 15 min and resuspended in SET buffer (5 mL; 75 mM NaCl, 
25 mM EDTA, 20 mM Tris-HCl pH 7.5). At this time, lysozyme (2 mg) was added and the 
solution was incubated at 37 °C for 1 h. The solution was incubated for an additional 2 h at 55°C 
following addition of proteinase K (2.8 mg) and 10% SDS (0.6 mL). Next, 5.0 M sodium 
chloride (2 mL) and chloroform (5 mL) was added after cooling on ice and rewarming to 37°C. 
After mixing for 30 min at room temperature, the aqueous and organic layer were separated by 
centrifugation for 20 min at 5,000 × g. The genomic DNA was precipitated from the aqueous 
layer by addition of 0.6V isopropanol (4.5 mL) and collected by spooling, washed with ethanol 
(70% v/v), air dried, and resuspended in 10 mM Tris-HCl, 1 mM EDTA, pH 8.0 (2.0 mL) by 
heating overnight at 55°C. The purity of the genomic DNA was assayed by amplification of the 
16s rRNA gene sequence with Platinum Taq HF DNA polymerase using the EUB R933/EUB 
R1387 [19] and U1 F/U1 R [20] primer sets and sequencing 10 individual colonies from each 
PCR reaction after insertion into pCR2.1-TOPO. All 20 16s rRNA sequences were found to 
match with those from S. cattleya A and B from the NCBI database. The genomic library for 
Illumina sequencing was prepared using the Illumina Genomic DNA Sample Prep Kit (Illumina) 
with some modifications to the manufacturer specifications. Genomic DNA (25 µg) was 
nebulized with Ar at 35 psi for 2 min in nebulizing buffer (700 µL). The fragmented DNA was 
end-polished before ligation to the Paired-End Adapter Oligo Mix and separation on an agarose 
gel (2%). Gel bands corresponding to fragment sizes of 150-200 bp, 2 × 250-300 bp, and 450-
500 bp according to the 100 bp ladder (Fermentas) were excised and used as a template (1.5 µL) 
for amplification with Phusion DNA polymerase with the P1 and P2 primers (13-15 cycles, 200 
µL reaction) after gel purification. The libraries were then concentrated using the Qiagen PCR 
Purification Kit and eluted in Buffer EB (30 µL). The libraries were analyzed on an Agilent 2100 
BioAnalyzer (Santa Clara, CA) using a DNA 1000 Series II chip (Agilent) (actual average sizes, 
200, 250, 292 and 465 bp; Figure S1).  

Library sequencing and read trimming. Two paired-end libraries (284 bp, insert size) were 
sequenced on an Illumina Genome Analyzer (Hayward, CA) at the Vincent J. Coates Genome 
Sequencing Center at UC Berkeley using the Cluster Generation Kit v1 (Illumina) and 
Sequencing Kit v1 (Illumina) to generate 45 base forward and reverse reads (1.5 GB). An 
additional two paired-end libraries (163 and 318 bp, insert sizes) were sequenced at the UC 
Davis Genome Center using the Cluster Generation Kit v2 (Illumina) and Sequencing Kit v3 
(Illumina) to generate 61 base forward and 45 base reverse reads (2.7 GB). Libraries were 
titrated by PCR against a known standard before sequencing. Data processing was performed on 
a Linux PC with dual 64 bit 2.66 GHz quad-core processors and 32 Gb of RAM. Prior to 
assembly, the reads were trimmed based on the average Illumina quality score for bases in a 
sliding window one tenth the length of the read. The reads were truncated to the base where the 
average quality score in that window dropped below 20. Reads were trimmed to 20 bases if it 
would have been truncated to <20 bases based on this criterion. These reads were effectively 
eliminated from the assembly as hash lengths <20 were not used, while maintaining read pair 
information for the assembly software to use. 

Short-read assembly using Velvet. The short reads were assembled using VELVET v. 
1.0.14, a program developed for the de novo assembly of short-read sequencing information [21]. 
An initial assembly was performed using the VelvetOptimizer v. 2.1.7 program using default 
settings. Next, BWA [22] was used to map the short reads to this assembly to accurately 
determine the average length and standard deviation of the inserts for use in future assemblies. 
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VelvetOptimizer was then run again with a defined insert length and standard deviation so that 
the program would perform optimization of expected coverage and coverage cutoff values on 
each hash length from 23 to 43. The assembly with the largest N50 and maximum scaffold length 
was chosen for further assembly. Contigs that were both <100 bases and not included in a 
scaffold were assumed to be misassembled and therefore discarded at this time. Next, Image [23] 
was used to close gaps in the scaffolds generated by Velvet after dissolving them into their 
constituent contigs. Image was run iteratively on these contigs, one read library at a time, starting 
with the library with the smallest insert length. Image was run using hash lengths of 43, 33 and 
23. Image was run at each hash length until no further gaps could be closed. Next overlaps 
between remaining contigs were joined by CAP3 followed by manual joining of overlapping 
contigs in Consed to produce the final draft genome.  

Short-read assembly using SOAP. The S. cattleya genome was also assembled using 
SOAP v. 1.05 for comparison. Using the trimmed reads and insert lengths determined above, 
assemblies were performed with hash lengths ranging from 21 to 43. The assembly with the 
largest N50 (hash length 37) was chosen for further assembly. Gapcloser from the SOAP package 
was used to close gaps present in the scaffolds from this assembly using first the trimmed reads 
used for the assembly followed by a round with the untrimmed reads. Finally, BWA was used to 
map the untrimmed reads to the assembled draft genome and the remaining gaps were closed by 
manually examining the sequence of reads that spanned these gaps.  

Genome annotation. Putative open reading frames as well as structural RNAs were detected 
and annotated by submission to the IMG Expert Review pipeline at the Joint Genome Institute 
[24]. 

Construction of plasmids for protein expression. Standard molecular biology techniques 
were used to carry out plasmid construction using E. coli DH10B-T1R as the cloning host. All 
PCR amplifications were carried out with Phusion polymerase, Platinum Taq High Fidelity or 
Taq polymerase using the oligonucleotides listed in Table S1. Briefly, PCR reactions containing 
5 – 10% DMSO were cycled with melting temperatures of 95°C or 98°C as appropriate for 30 s, 
followed by annealing at temperatures ranging from 62°C - 72°C (10°C below the calculated Tm 
of the primers) for 30 s and then extension at 72°C for a length of time appropriate for the gene 
for 25 rounds. pET16b-His10-MRI1.Scat, pET16b-His10-MRI2.Scat, and pET16b-His10-MtnK.BS 
were constructed by amplification out of the appropriate genomic DNA using the respective 
primers (Appendix Table 1) and inserted directly into the NdeI and BamHI restriction sites of 
pET16b. Following plasmid construction, all cloned inserts were sequenced at Sequetech 
(Mountainview, CA) or Quintara Biosciences (Berkeley, CA). 

Expression and purification of His-tagged proteins. E. coli BL21(de3) was transformed 
with the protein expression plasmid as well as pRARE2 for the expression of Streptomyces and 
Bacillus proteins. An overnight TB culture of the freshly transformed cells was used to inoculate 
TB (1 L) containing the appropriate antibiotics (50 µg/mL each) in a 2.8 L- Fernbach baffled 
shake flask to OD600 = 0.05. The cultures were grown at 37 °C at 200 rpm to OD600 = 0.6 to 0.8 
at which point cultures were cooled on ice for 20 min, followed by induction of protein 
expression with IPTG (0.2 mM) and overnight growth at 16°C. Cell pellets were harvested by 
centrifugation at 9,800 × g for 7 min at 4ºC and stored at-80ºC.  

Frozen cell pellets were thawed and resuspended at 5 mL/g of cell paste in Buffer A (50 mM 
sodium phosphate, 300 mM sodium chloride, 10 mM imidazole, 10% glycerol, 20 mM β-
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mercaptoethanol, pH 7.5) supplemented with PMSF (0.5 mM). The cell paste was homogenized 
before lysis by passage through a French Pressure cell (Thermo Scientific; Waltham, MA) at 
14,000 psi. The lysate was then centrifuged at 15,300 × g for 20 min at 4°C to separate the 
soluble and insoluble fractions. DNA was precipitated in the soluble fraction with 0.8% (w/v) 
streptomycin sulfate and stirring at 4°C for 30 min and the precipitated DNA was then removed 
by centrifugation at 15,300 × g for 20 min at 4°C. The remaining soluble lysate was passed over 
a Ni-NTA agarose column (Qiagen, 5-10 mL) for isolation of the target protein.  

His10-MRI1.Scat and His10-BS.MtnK were purified by gravity flow as follows: After loading 
the cleared cell lysate, the column was washed with Buffer A until the A280 nm dropped below 
0.05 (Nanodrop 1000; Thermo Fisher) followed by Buffer B (50 mM sodium phosphate, 300 
mM sodium chloride, 25 mM imidazole, 10% glycerol, 20 mM β-mercaptoethanol, pH 7.5) until 
the A280 nm again dropped below 0.05. Protein was then eluted from the column by with Buffer C 
(50 mM sodium phosphate, 300 mM sodium chloride, 300 mM imidazole, 10% glycerol, 20 mM 
β-mercaptoethanol, pH 7.5). Finally, the protein was concentrated in an Amicon spin 
concentrator with a molecular weight cutoff of 30 kD.  

His10-MRI2.Scat was purified by FPLC as follows: After loading the cleared cell lysate, the 
column was washed with 15 column volumes of Buffer F (50 mM sodium phosphate, 10 mM 
imidazole, 20% glycerol, 20 mM β-mercaptoethanol, pH 7.5) followed by a linear gradient to 
100% Buffer G (50 mM sodium phosphate, 300 mM imidazole, 20% glycerol, 20 mM β-
mercaptoethanol, pH 7.5) over 30 column volumes (2 mL/min). Fractions containing the purified 
protein were pooled and stirred at 4°C for 30 min with zinc chloride (1 mM final concentration). 
Protein was then loaded onto a SepharoseQ column and eluted with a linear gradient from 100% 
Buffer H (50 mM HEPES, 20% glycerol, pH 7.5) to 100% Buffer I (50 mM HEPES, 500 mM 
sodium chloride, 20% glycerol, pH 7.5) over 30 column volumes. Protein was then concentrated 
in an Amicon spin concentrator with a molecular weight cutoff of 15 kD to 0.8 mg/mL for His10-
MRI2.Scat (ε280 nm = 50, 420 M-1 cm-1)  

Preparation of methylthioribose-1-phosphate. Methylthioribose-1-phosphate was 
synthesized according a modified literature procedure [25]. Methylthioadenosine (22.2 mg, 75 
µmol) was dissolved in 50 mM sulfuric acid (25 mL) and heated to 100°C for 3 h. The reaction 
was then allowed to cool to room temperature followed by passage over a column of Dowex 
50WX8-100 (2 mL). The column was washed with water until no further methylthioribose eluted 
as determined by a reducing sugar assay [26]. The eluent was neutralized with barium hydroxide, 
filtered to remove precipitate, and lyophilized overnight. The remaining solid was dissolved in a 
reaction mixture (15 mL) with 5 mM ATP, 5 mM magnesium chloride, 1 mg of His10-BS.MtnK 
and 100 mM HEPES, pH 7.5. The reaction was run overnight at 37°C and then purified using a 
SepharoseQ column (10 mL) using a linear gradient of 0 - 200 mM sodium chloride over 30 
column volumes. Fractions containing the methylthioribose-1-phosphate as determined by 
LCMS were lyophilized overnight before resuspending in water (1 mL) and desalted by HPLC 
using an Eclipse XDB C-18 column (5 µm, 9.4 × 250 mm, Agilent) with a gradient from water to 
100% acetonitrile over 30 min (3 mL/min). Fractions containing the MTR1P as determined 
LCMS were pooled, lyophilized, and resuspended in 100 mM HEPES, pH 7.5 for storage at-
80°C.  

Biochemical characterization of the isomerase/dehydratase fusion (MRI2). The reaction 
product of MRI2 was identified by an LCMS assay in negative ion mode. The reaction (500 µL) 
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containing 1 mM MTR1P, 20 mM HEPES, 5 mM magnesium sulfate, pH 7.5 was initiated by 
the addition of MRI2 (0.1 mg/mL) at 30°C. Aliquots (50 µL) were removed at the appropriate 
times and the reaction was quenched by heating the aliquot to 100°C for 30 s. The product was 
analyzed by LCMS with a Zorbax-Eclipse C-18 column (3.5 µm, 3.0 × 150 mm; Agilent) using a 
linear gradient to 50% acetonitrile over 5 min at a flow rate of 0.6 mL/min with 20 mM 
triethylamine with the pH adjusted to 4.5 with formic acid as the aqueous mobile phase.  

Construction of plasmids for gene disruption in S. cattleya. Plasmids for gene disruption 
contained a cassette consisting of an apramycin (Am) or hygromycin (Hm) resistance marker and 
an origin of transfer (oriT) flanked by S. cattleya genomic DNA sequence derived from the 
upstream and downstream regions of the open reading frame to be disrupted.  

pCR2.1-TOPO-∆mri2::AmR: S. cattleya NRRL 8057 cosmid library was constructed using 
the SuperCos 1 Cosmid Vector Kit (Stratagene). SuperCos 1 cosmid vector was digested with 
XbaI, dephosphorylated using Antarctic phosphatase (New England BioLabs) and then digested 
with BamHI. S. cattleya genomic DNA was partially digested with Sau3A and 
dephosphorylated. Linearized SuperCos I vector and partially digested genomic DNA was then 
ligated and packaged using Gigapack III XL packaging extract (Stratagene). The cosmid library 
was screened with primers Iso.Sc F1 and Iso.Sc R1 using the pooled PCR approach. The 
colonies (10-12) were combined for the first round of screening in a 96-well PCR plate. The 
colonies in the positive colony pools were screened individually for the second round to identify 
positive clones. The cosmid (C6-1) was isolated using Qiagene QIAprep Spin Miniprep Kit for 
sequencing and confirmed to harbor a S. cattleya genomic fragment containing mri2. The 
AmR/OriT cassette was amplified from pIJ773 using primers MRI2 LR F and MRI2 LR R and 
used to disrupt the mri2 gene in C6-1 using the REDIRECT method according to protocol in E. 
coli DH10B pIJ790 host cells [27]. Apramycin resistant colonies were picked and disruption of 
mri2 was confirmed by sequencing. As the upstream and downstream regions were determined 
to be too large for efficient double crossovers in S. cattleya, the disrupted mri2 with 2 kb 
upstream and downstream flanking regions were amplified from C6-1-∆mri2::AmR using primers 
MRI2 UF and MRI2 DR and inserted pCR2.1-TOPO using TA cloning. The resulting plasmid 
was confirmed by sequencing and used to generate the S. cattleya ∆mri2::AmR strain. 

pIJ10701-∆mri1::HmR-(+) and pIJ10701-∆mri1::HmR-(-): The mri1 gene was disrupted with 
the HmR cassette in two different orientations (pIJ10701-∆mri1::HmR-(+), HmR cassette on the 
coding strand; pIJ10701-∆mri1::HmR-(-), HmR cassette on the non-coding strand) in order to 
control for possible polar effects reported in the literature [28, 29].  

pIJ10701-∆mri1::HmR-(+) was constructed by amplifying flanking genomic sequences (2 kb) 
immediately upstream (MRI1 UF and MRI1 UR primers) and downstream (MRI1 DF and MRI1 
DR primers) of the mri1 open reading frame and inserting into the NotI-SpeI and HindIII-ClaI 
sites, respectively, of pIJ10701. The resulting plasmid was confirmed by sequencing and used to 
generate the S. cattleya-∆mri1::HmR-(+) strain. pIJ10701-∆mri1::HmR-(-) was constructed by 
amplification of flanking genomic sequences (2 kb) immediately upstream (MRI1 G UF and 
MRI1 G UR primers) and downstream (MRI1 G DF and MRI1 G DR primers) of the mri1 open 
reading frame and inserting into the XhoI and NotI site, respectively, of pIJ10701 using the 
Gibson protocol [30]. The resulting plasmid was confirmed by sequencing and used to generate 
the S. cattleya-∆mri1::HmR-(-) strain. 
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pRS316-∆flK::AmR. Flanking DNA sequences (2 kb) immediately upstream (flK UF1 and 
flK UR1 primers) and downstream (flK DF1 and flK DR1 primers) of the flK open reading frame 
were amplified. The AmR/oriT cassette was amplified from pIJ773 using primers flK KF1/flK 
KR1. Primers for all amplification steps contained extensions at the 5´ and 3´ end such that all 
PCR products to be assembled contained 50 nt of sequence identity with the preceding and 
following pieces. The three PCR products and KpnI-linearized pRS316 were transformed into 
Saccharomyces cerevisiae L4581 for assembly by in vivo homologous recombination. 
Transformants containing the circularized plasmid and the desired insert were selected on solid 
synthetic complete dextrose (SCD)-uracil plates. DNA was recovered by phenol/chloroform 
extraction, resuspended in TE buffer (50 µL; 10 mM Tris-HCl, pH 7.5, 1 mM EDTA), and 
transformed into E. coli DH10B-T1R. Transformants were selected on LB agar supplemented 
with carbenicillin (50 µg/mL) and apramycin (50 µg/mL) and plasmids were verified by 
sequencing and used to generate the S. cattleya ∆flK::AmR strain.  

Conjugative transfer of plasmids from E. coli to S. cattleya. Plasmids for gene disruption 
were transferred into S. cattleya by conjugation with E. coli GM272 harboring the oriT-
mobilizing plasmid pUZ8002 using a modified literature protocol [18]. E. coli GM272 pUZ8002 
were transformed with plasmids for gene disruption and transformants were selected on LB agar 
supplemented with kanamycin (50 µg/mL) and apramycin (50 µg/mL) or carbenicillin (50 
µg/mL). Single colonies were inoculated into LB supplemented with the appropriate antibiotics 
and were grown overnight at 37°C shaking at 200 rpm. The overnight E. coli culture was 
inoculated into LB supplemented with the appropriate antibiotics to OD600 = 0.1. The culture (10 
mL) was grown to an OD600 of 0.4-0.6 and cells were pelleted by centrifugation, washed twice 
with sterile water (10 mL), and resuspended in GYM media (0.5 mL). S. cattleya spores (108 in 
50 µL) were prepared for conjugation by heat shock at 55°C for 5 min followed by addition of 
GYM (500 µL) and incubation for 4 h at 30°C with shaking at 200 rpm. E. coli (500 µL) were 
added to spores and the mixture was incubated at 30°C for 1 h with shaking at 200 rpm. The 
mixture was plated on mannitol-soy flour (MS) media. The plate was incubated for at 30°C for 
36 h, and then overlaid with nalidixic acid in 2.5 M MgCl2 (640 µL, 1.5 mg/mL). After a second 
incubation for 16 h, the plate was then overlaid with apramycin (20 µL, 50 mg/mL) or 
hygromycin (20 µL, 50 mg/mL). Ex-conjugants appeared within 5-7 d and gene disruption was 
verified by PCR amplification of the targeted locus followed by sequencing. Consistent with 
phenotypes observed in other actinomycetes, ∆mri1-(+):HmR demonstrates a severe growth 
defect and is also not competent for organofluorine production. Thus S. cattleya ∆mri1 ∆mri2 
was constructed as the ∆mri1-(-):HmR strain. 

Characterizing organofluorine production in S. cattleya wildtype, ∆mri1, ∆mri2, and 
∆mri1∆mri2 strains. Single colonies of wildtype, ∆mri1, ∆mri2, and ∆mri1∆mri2, were picked 
from SMMS [18] plates and inoculated into GYM pH 7 (2 mL) with glass beads (5 mm) to 
obtain dispersed growth. After 4 d of growth, cultures were sub-cultured into GYM pH 7 (25 
mL) and grown overnight. These overnight cultures were then used to inoculate GYM pH 5 (1 L) 
to an OD600 of 0.05. After 24 h, sodium fluoride (2 mM final concentration) was added to the 
cultures. At appropriate time points, aliquots of the cultures (50 mL) were removed, OD600 was 
determined, and cells were pelleted by centrifugation at 9,800 × g for 7 min at 4ºC. Fluoride 
concentration in the supernatant was determined using a fluoride electrode against a standard 
curve in GYM pH 5. The supernatant (45 mL) was lyophilized and resuspended in 80% TRIS pH 
7.5 (100 mM) with 5-fluorouracil as an internal standard (1 mM)/20% D2O (1 mL). Insoluble 
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material was removed by centrifugation before collecting 19F NMR data on a Bruker AVQ-400 
(400 scans; o1p,-170 ppm; d1, 11 s).  

2.2 Results and discussion 
De novo assembly of the S. cattleya genome 

from short reads. During the course of this effort, 
four paired-end libraries were generated from S. 
cattleya genomic DNA (Figure 2.1) and sequenced 
using the Illumina platform, providing 8.4 Gb of 
sequence information that represented an estimated 
1,000-fold coverage of the predicted genome size 
[18]. Although the read length and quality have 
continued to increase since these libraries were 
sequenced, the resulting 45- and 61-base paired-end 
reads were sufficient to generate a final assembly on 
par with a draft genome sequence assembled from 
84-base paired-end reads for a related actinomycete 
[31]. 

Velvet assembly. The reads from all four libraries were combined and assembled using 
VelvetOptimiser, which allows for automated optimization of parameters such as hash length 
(Table 2.1, 1) [21]. Although trimming the reads based on quality scores resulted in an increase 
in the total number of contigs and scaffolds in the assembly, this step helps to remove low 
quality bases and thus reduces the errors in the assembly. With the processed reads, 
VelvetOptimizer produced an 8.04 Mb genome assembly comprised of 343 total scaffolds and 
contigs with a slightly longer maximum scaffold length compared to the assembly generated 
from untrimmed reads (Table 2.1, 2). After mapping reads using BWA [22] to obtain an accurate 
measure of the insert lengths and its standard deviation, the assembly was reduced to 205 contigs 
and scaffolds (Table 2.1, 3). At this point, contigs that were both less than 100 bases in length 
and not included in a scaffold were removed from the assembly as they were assumed to 
originate from the termination of a missassembly at the short read level, leaving 8.05 Mb bases 
in 73 scaffolds and contigs. (Table 2.1, 4). 

 
 1 2 3 4 5 6 7 8 9 10 

Total bases (Mb) 8.02 8.04 8.06 8.05 8.00 8.09 8.08 8.07 8.01 8.00 
No. contigs or scaffolds 198 343 205 73 2,281 217 195 154 252 192 
Max scaffold or contig (kb) 503 522 1,787 1,787 55 263 263 370 301 301 
N75 (kb) 103 78 181 181 3 56 52 78 72 73 
N50 (kb) 180 152 1,065 1,065 7 91 93 133 143 158 
N25 (kb) 281 327 1,346 1,346 11 157 151 188 210 211 

Table 2.1. Analysis of steps in draft genome assembly. Stepwise assembly statistics for the S. cattleya draft genome. Descriptions 
of the state of the draft genome after each step in the assembly process are given. Initial assembly with unprocessed reads (1), 
assembly with trimmed reads (2) and assembly with defined insert length (3). Followed by removal of presumably misassembled 
short contigs (4), scaffolds broken up into their constitutive contigs (5), after automated gap closing (6), after automated joining of 
overlapping contigs (7) and after manual joining of overlapping contigs (8). Initial assembly by SOAPdenovo63mer (9) and final 
SOAP assembly after gap closing and elimination of short contigs (10). 

 

Figure 2.1. Electropherograms of the paired-end 
libraries for Illumina sequencing. Prepared from 
Streptomyces cattleya NRRL 8057 (ATCC 35852) 
utilized for Illumina sequencing.  
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Figure 2.2. Comparison of steps in draft genome assembly to the S. cattleya closed genome. (A) Scaffolds and contigs produced by 
Velvet. (B) Contigs produced by Velvet after scaffolding information was removed. (C) After gap closing with Image. (D) After joining 
overlapping contigs with Cap3. The contigs produced by Velvet (B) showed fairly complete coverage of the genome, but the 
scaffolds those contigs were assembled into (A) were fairly inaccurate. Draft genome contigs were mapped to the completed 
genome using the NUCMER from the MUMMER package.  
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Figure 2.3. Comparison of draft genomes produced with different assemblers (A) Velvet v 1.0.14 using VelvetOptimiser v 2.1.7. (B) 
Velvet v 1.2.03 using VelvetOptimiser v 2.2.0. (C) SOAPdenovo63mer v 1.05. (D) Analysis of assemblies. 
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 Velvet assembly  SOAPdenovo assembly 

 Gaps Length of gaps (b) % Total  Gaps Length of gaps (b) % Total 

rRNA 5 23,252 46.8  11 28,134 27.8 
Transposase 25 11,295 22.7  28 28,167 27.8 
PKS 6 4,700 9.5  20 7,798 7.7 
Chromosome and plasmid ends 4 2,788 5.6  4 3,352 3.3 
Hypothetical proteins 11 2,292 4.6  23 12,070 11.9 
Transporter 1 1,509 3.0  2 3,746 3.7 
Intergenic regions 14 1,508 3.0  27 10,420 10.3 
Crotonyl-CoA reductase 1 1,071 2.2  2 1,859 1.8 
Cytochrome c oxidase 1 782 1.6  5 811 0.8 
Oxidoreductase 1 440 0.9  0 0 0 
Nitrate reductase 1 84 0.2  0 0 0 
NRPS 0 0 0  4 1,325 1.3 
Transcriptional regulator 0 0 0  3 1,293 1.3 
Sensor protein 0 0 0  2 149 0.1 
tRNA 0 0 0  2 84 0.1 
4-hydroxy-3-methylbut-2-ene-1-
yl diphosphate synthase 0 0 0  1 1,010 1.0 

ε-poly-L-lysine synthase 0 0 0  1 1,011 1.0 
Thymidine phosphorylase 0 0 0  1 54 0.1 

Total 70 49,721 100  136 101,283 100 

Table 2.2. Identity of gaps in draft genomes. 

With an initial draft in hand generated from VelvetOptimizer, we next used IMAGE [23] in 
order to extend the ends and close the gaps between contigs that had been placed together on a 
scaffold by Velvet. First, the scaffolds produced by Velvet were broken down into their 
constituent contigs, leaving the assembly with 7.96 Mb assembled in 2,281 contigs (Table 2.1, 
5). After processing this assembly with IMAGE, a significant number of gaps were closed, 
increasing the assembly size to 8.09 Mb and reducing the number of contigs over ten-fold to 217 
(Table 2.1, 6). At this time, in order to join any new overlaps between contigs produced by 
IMAGE’s extension of contig ends, an assembly with CAP3 [32] was performed. The resulting 
assembly was 8.08 Mb in a total of 195 contigs (Table 2.1, 7). As a final assembly the contigs 
were examined using Consed [33] to explore any remaining overlaps between contigs. 
Surprisingly, a substantial number of overlaps between contigs were identified in Consed. 
Contigs that overlapped on the appropriate strand were joined if the ends of those contigs 
matched exactly and the overlaps were longer than 100 bases. This assembly resulted in 8.07 Mb 
in 154 contigs with a maximum contig length 327 kb and N25, N50 and N75 of 188 kb, 133 kb and 
78 kb respectively (Table 2.1, 8). 

SOAPdenovo. For comparison, we also tested a newer and more automated short-read 
assembler, SOAPdenovo63mer v 1.05 [34], to produce an initial assembly of 8.01 Mb over 252 
scaffolds and contigs (Table 2.1, 9). Gaps (71 gaps) were then closed in the resultant scaffolds 
using the Gapcloser utility in SOAPdenovo. The remaining gaps in scaffolds (62 gaps) were then 
manually closed by aligning reads to the de novo SOAPdenovo assembly with BWA, to produce 
an assembly of 192 contigs after removal of contigs <200 bases (Table 2.1, 10).  
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The completed genome of S. cattleya has been recently reported and deposited with the 
NCBI [35] and can be used for comparison of the quality of both of the Illumina-based 
assemblies (Figures 2.2 and 2.3). NUCMER from the MUMMER [36] package was used to map 
the contigs from the assemblies to the complete genome. The draft genomes obtained from 
Velvet and SOAPdenovo mapped to the completed genome with overall error rates of 0.06% and 
0.02%, respectively. In the Velvet assembly, 34% of the contigs in the draft genome mapped 
directly to the complete genome with an additional 33% of contigs containing small insertions or 
deletions (37 base average length). The remaining contigs (31%) align well at the local level with 
the reference genome, but contain an incorrect scaffolding event from the initial Velvet assembly 
(Figure 2.2) that joins distant parts of the chromosome within the same contig. In comparison, 
the majority of the SOAPdenovo assembly (95% of contigs) maps directly to the reference with 
no scaffolding errors and a small number of contigs (4%) with insertions or deletions of 
moderate size (305 base average length). Regions in the complete S. cattleya genome that were 
absent from either the Velvet (70 regions, 49 kb) or SOAPdenovo (136 regions, 101 kb) 
assemblies mainly resulted from gaps located in repetitive regions of the genome (rRNA, 
transposase and polyketide synthase coding sequences; Table 2.2), demonstrating the known 
difficulty of assembling redundant sequences using very short reads.  

With our draft genome in hand, we identified paralogs of the predicted organofluorine 
biosynthetic pathway using PFAM and TIGRfam protein families as well as COG categories. We 
then performed the same analysis on the genomes of other selected streptomycetes that are not  
 
 S. cattleya S. bingchenggensis S. coelicolor S. scabiei S. griseus S. avermitilis 

Fluorinase (FlA) 1 0 0 0 0 0 

MTAP 3 1 1 1 1 1 

MTR1P isomerase 2 1 1 2 1 2 

F1P aldolase 2 2 1 1 1 1 

ALDH 24 37 24 39 26 25 

Table 2.3. Comparison of fluoroacetate pathway paralogs in S. cattleya and other sequenced streptomycetes. 
Numbers of predicted orthologs of proposed fluoroacetate biosynthetic pathway in selected Streptomyces spp. 
with fully sequenced genomes were identified based on their Pfam families, TIGRfam families or COG families. 

known to produce organofluorines. Overall, it appears as if S. cattleya contains more copies of 
the pathway enzymes compared to these other sequenced streptomycetes, which could possibly 
serve as a rich source of enzymes with fluorine specificity (Table 2.3).  

Identification and characterization of an unusual MRI fusion enzyme (MRI2). The most 
unusual predicted pathway paralog present in the S. cattleya genome sequence perhaps occurs in 
the third step of the proposed pathway involving the MRI (Scheme 2.1). While it shares a copy of 
the MRI conserved in streptomycetes (mri1) (Figure 2.4), S. cattleya also contains a second 
unusual MRI (mri2) fused to a class II aldolase fold that demonstrates homology to 
methylthioribulose-1-phosphate (MTRu1P) dehydratases and F1P aldolases and could catalyze 
the downstream step in either methionine salvage or fluorometabolite biosynthesis, respectively. 
Although the methionine salvage pathway varies in its distribution across the sequenced 
streptomycetes, both S. avermitilis and S. scabiei contain genes encoding separate MRIs and 
MTRu1P dehydratases that lie on opposite strands. Indeed, the only homologs to the 
MRI/MTRu1P dehydratase fusion in the non-redundant protein database come from the 
actinomycete, Nocardia farcinica, one of which is clustered with genes involved in acyl-CoA  
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Figure 2.4. Genomic contexts of methylthioribose-1-phosphate isomerases in S. cattleya. 
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Figure 2.5. Genomic contexts of MRI2 orthologs in Nocardia farcinica. 
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Figure 2.6. Expanded view of genomic context of MRI2 in S. cattleya. The mri2 gene is adjacent to a predicted polyketide 
synthase/non-ribosomal peptide synthetase biosynthetic cluster. The sequence of the cluster was independently verified by Sanger 
sequencing of cosmids containing the mri2 gene prepared from an S. cattleya genomic library. 
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metabolism (Figure 2.5). Interestingly, the MRI2 fusion enzyme in S. cattleya is directly 
adjacent to a secondary metabolite cluster encoding the production of a hybrid 
polyketide/nonribosomal peptide (Figure 2.6)¸ which could potentially implicate the use of an 
unknown fluorinated subunit as a vehicle for fluorine introduction into a complex natural product 
in a manner analogous to salinosporamide A [37].  

The shared MRI (MRI1) had previously been shown to accommodate fluorine as a 
substituent in place of the thiomethyl group. We therefore set out to biochemically characterize 
the MRI fusion enzyme (MRI2). In vitro studies indicate that MRI2 can utilize fluorinated  
 

 
Figure 2.7. Characterization of MRI2 reaction product by LC/MS. RP HPLC-MS trace of the MRI1 and MRI2 
reactions. Traces shown are the sum of the extracted masses of the substrate (MTR1P, m/z 259) and the 
product (2,3-diketo-5-methylthiopentyl-1-phosphate, m/z 241). 

substrates and that the function of the C-terminal fusion is the MTRu1P dehydratase reaction 
utilized in methionine salvage (Figure 2.7). Interestingly, no intermediate could be observed 
with the thiomethyl-substituted substrate, possibly implicating substrate channeling or local 
concentration effects resulting from the fusion of the two activities.  

In order to further assess the role of MRI1 and MRI2 in fluoroacetate and fluorothreonine 
production, we disrupted the genes in the S. cattleya chromosome via a stable double crossover 
using conjugation and homologous recombination with a plasmid carrying the genomic fragment 
containing the ∆mri2:AmR. Growth of the ∆mri2 strain on fluoride indicated that it could still 
produce both fluorothreonine and fluoroacetate, but may have lost the ability to produce other 
low abundance organofluorines observed in the wildtype strain (Figure 2.8). We also constructed 
two versions of the ∆mri1:HmR strain (∆mri1-(+):HmR and ∆mri1-(-):HmR) by inserting the 
disruption cassette in both orientations in order to control for reported polar effects related to 
changing the expression of the downstream gene on the coding strand [28, 29]. Consistent with 
phenotypes observed in other actinomycetes, ∆mri1-(+):HmR demonstrates a severe growth 
defect and is also not competent for organofluorine production. On the other hand, the  
 



33 

 
 

 

Figure 2.8. Characterization of MRI knockout strains by 19F NMR. Analysis of culture supernatants from wildtype, ∆mri1, ∆mri2, and 
∆mri1∆mri2 strains of S. cattleya 6 d after the addition of sodium fluoride (2 mM). 

 

 

 

 
 

Figure 2.9. Growth and fluoride uptake by MRI knockout strains. (A) Growth of the strains with the addition of fluoride (2 mM) on 
day 0. (B) Concentration of fluoride remaining in the media over time. 
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Accession ID Active site residues Predicted substrate 
gi|337763529|emb|CCB72237.1|/87-98 -QGMSFGACHSGA Unclear 
gi|337762631|emb|CCB71339.1|/2628-2632 --GHGVG------ Unclear 
gi|337767566|emb|CCB76277.1|/2103-2109 -HGDGAGH----- Unclear 
gi|337764166|emb|CCB72875.1|/547-558 QQGHSVGRFH-HV Malonyl-CoA 
gi|337764166|emb|CCB72875.1|/1535-1546 QQGHSVGRFH-HV Malonyl-CoA 
gi|337764165|emb|CCB72874.1|/3358-3369 QQGHSVGRFH-HV Malonyl-CoA 
gi|337769649|emb|CCB78362.1|/573-585 QQGHSFGRFHDQV Malonyl-CoA 
gi|337764165|emb|CCB72874.1|/5074-5086 QQGHSVGRFHSHV Malonyl-CoA 
gi|337764212|emb|CCB72921.1|/636-648 NQGHSVGRFHSNV Malonyl-CoA 
gi|337763789|emb|CCB72499.1|/1577-1589 QQGHSQGRSHTNV Methylmalonyl-CoA 
gi|337764088|emb|CCB72797.1|/635-647 YQGHSMGRGHTNV Unclear 
gi|337767569|emb|CCB76280.1|/357-369 QQGHSLGRFHNQV Malonyl-CoA 
gi|337762633|emb|CCB71341.1|/542-554 QQGHSVGRFHNHV Malonyl-CoA 
gi|337767571|emb|CCB76282.1|/305-317 QQGHSMGRSHTNV Methylmalonyl-CoA 
gi|337763797|emb|CCB72507.1|/2230-2242 QQGHSVGRFHNHV Malonyl-CoA 
gi|337763789|emb|CCB72499.1|/3279-3291 QQGHSIGRFHDHV Malonyl-CoA 
gi|337764170|emb|CCB72879.1|/575-587 QQGHSVGRFHLQV Possibly malonyl-CoA 
gi|337767263|emb|CCB75974.1|/1565-1577 QQGHSVGRFHNHV Malonyl-CoA 
gi|337762738|emb|CCB71446.1|/570-582 QQGHSCGRFHCQV Possibly malonyl-CoA 
gi|337764169|emb|CCB72878.1|/2625-2637 QQGHSQGRSHTNV Methylmalonyl-CoA 
gi|337764165|emb|CCB72874.1|/573-585 QQGHSVGRFHTQV Malonyl-CoA 
gi|337762631|emb|CCB71339.1|/575-587 QQGHSQGRSHANV Possibly methylmalonyl-CoA 
gi|337762615|emb|CCB71323.1|/3215-3227 QQGHSVGRFHDSV Possibly malonyl-CoA 
gi|337763983|emb|CCB72693.1|/476-488 NQGHSVGRFHTNV Malonyl-CoA 
gi|337763789|emb|CCB72499.1|/554-566 QQGHSIGRFHDHV Malonyl-CoA 
gi|337767566|emb|CCB76277.1|/621-627 -RAADPVE----- Unclear 
gi|337762630|emb|CCB71338.1|/546-558 VQGYSVGRFHNHV Malonyl-CoA 
gi|337767263|emb|CCB75974.1|/4977-4989 QQGHSVGRFHNHV Malonyl-CoA 
gi|337765502|emb|CCB74211.1|/11-23 QQGHSVGRFHNQV Malonyl-CoA 
gi|337762615|emb|CCB71323.1|/1241-1253 QQGHSQGRSHTNV Methylmalonyl-CoA 
gi|337764166|emb|CCB72875.1|/3280-3292 QQGHSQGRSHTNV Methylmalonyl-CoA 
gi|337762632|emb|CCB71340.1|/2137-2149 QQGHSVGRFHNHV Malonyl-CoA 
gi|337763798|emb|CCB72508.1|/574-586 QQGHSIGRFHNHV Malonyl-CoA 
gi|337767263|emb|CCB75974.1|/3268-3280 QQGHSQGRSHANV Possibly methylmalonyl-CoA 
gi|337762632|emb|CCB71340.1|/549-561 QQGHSVGRFHNHV Malonyl-CoA 
gi|337763797|emb|CCB72507.1|/471-483 QQGHSVGRFHNHV Malonyl-CoA 
gi|337762615|emb|CCB71323.1|/4701-4713 QQGHSVGRFHDHV Malonyl-CoA 
gi|337769734|emb|CCB78447.1|/537-549 QQGHSQGRSHTNV Methylmalonyl-CoA 
gi|337762630|emb|CCB71338.1|/2038-2050 VQGYSLGRFHDHV Malonyl-CoA 
gi|337767569|emb|CCB76280.1|/12-24 QQGASLGQFHGVF Possibly malonyl-CoA 
gi|337767263|emb|CCB75974.1|/546-558 GLGHSMGRGHNHV Unclear 
gi|337764169|emb|CCB72878.1|/569-581 QHGQSCGRGHPQV Unclear 
gi|337762615|emb|CCB71323.1|/268-280 QQGHCLGWGHTNV Unclear 
gi|337764165|emb|CCB72874.1|/1581-1593 QQAHSVGRTHTNV Unclear 

 

 

Table 2.4. Prediction of PKS AT domain specificity in S. cattleya. Forty-four AT domains were identified using Hmmer and aligned 
with ClustalW. Substrate specificity was predicted based on previously reported patterns for AT domain specificity [38], suggesting 
that 27 likely use a malonyl-CoA extender unit and 8 likely use a methylmalonyl-CoA extender unit, leaving 9 utilizing an ambiguous 
extender unit. 



35 

 

 

 

 

 

 

Accession ID Specificity 
gi|337766678|emb|CCB75389.1|/48-450 2,3-Dihydroxybenzoic acid 
gi|337766678|emb|CCB75389.1|/1106-1508 Asparagine 
gi|337766678|emb|CCB75389.1|/2176-2572 Tyrosine 
gi|337769658|emb|CCB78371.1|/286-703 3-Amino-adipic acid 
gi|337769658|emb|CCB78371.1|/1379-1789 Cysteine 
gi|337769658|emb|CCB78371.1|/2451-2859 Valine 
gi|337766677|emb|CCB75388.1|/493-891 Phenylalanine 
gi|337766677|emb|CCB75388.1|/1548-1946 Phenylalanine 
gi|337762498|emb|CCB71206.1|/28-421 Ornithine 
gi|337762498|emb|CCB71206.1|/1120-1517 Serine 
gi|337767258|emb|CCB75969.1|/457-862 Serine 
gi|337767258|emb|CCB75969.1|/1519-1926 Proline 
gi|337762953|emb|CCB71661.1|/42-477 Unclear 
gi|337762953|emb|CCB71661.1|/1156-1562 β-Hydroxy-tyrosine 
gi|337763497|emb|CCB72205.1|/41-441 Isoleucine 
gi|337763497|emb|CCB72205.1|/1086-1489 Proline 
gi|337762947|emb|CCB71655.1|/539-954 3,5-Dihydroxyphenylglycine 
gi|337762497|emb|CCB71205.1|/497-578 Unclear 
gi|337762497|emb|CCB71205.1|/588-888 Unclear 
gi|337763496|emb|CCB72204.1|/527-919 Isoleucine 
gi|337762967|emb|CCB71675.1|/26-419 β-Lysine 
gi|337766688|emb|CCB75399.1|/282-688 Glutamine 
gi|337762359|emb|CCB71065.1|/94-525 Threonine 
gi|337769735|emb|CCB78448.1|/64-466 Cysteine 
gi|337762361|emb|CCB71067.1|/489-885 Leucine 
gi|337766676|emb|CCB75387.1|/1049-1449 Arginine 
gi|337767563|emb|CCB76274.1|/532-929 Glycine 
gi|337762934|emb|CCB71642.1|/501-900 D-Lysergic acid 

 

 

Table 2.5. Prediction of NRPS A domain specificity in S. cattleya. Twenty-eight adenylation (A) domains were identified using 
Hmmer. Substrate specificity for all but three domains was predicted by NRPSpredictor2 [39]. 
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∆mri1-(-):HmR strains continues to produce an organofluorine profile similar to wild-type S. 
cattleya, with accelerated fluoride uptake (Figure 2.9). In comparison, the ability to produce 
fluoroacetate and fluorothreonine appears to be lost in the ∆mri1∆mri2 double-knockout strain; 
however, it does biosynthesize low levels of unidentified organofluorines that are different than 
wildtype and ∆mri1-(-):HmR. These observations support the model that an MRI-catalyzed step 
is indeed on pathway to fluoroacetate and fluorothreonine production as previously proposed 
[40] and that disruption of either mri1 or mri2 can be compensated by the second copy. 
However, it is difficult to conclude whether the change in organofluorine profile is related to 
direct disruption of the biosynthetic pathway or by regulatory changes tied to the S. cattleya 
growth and metabolic cycle since the ∆mri1∆mri2 strain maintains a deficiency in fluoride 
uptake as well as growth difference in liquid and on solid media (Figure 2.9). 

Biosynthetic capacity of S. cattleya. In addition to elucidating how organofluorine 
synthesis may be carried out in vivo, we are also interested in exploring the question of whether 
complex organofluorines already exist in S. cattleya. The disappearance of low abundance 
organofluorines from the wildtype S. cattleya profile upon disruption of mri2 is also interesting 
with regard to the production of uncharacterized fluorinated natural products. Biochemical 
characterization of the MRI1 fusion enzyme indicates that it is competent to react with 
fluorinated substrates to produce 2,3-diketo-5-fluoropentyl-1-phosphate, which could be on 
pathway to generate a fluorinated amino acid via the methionine salvage pathway. Like other 
actinomycetes, S. cattleya demonstrates a high potential for production of secondary metabolites 
from acetate- and amino acid-derived building blocks, some of which may possibly accept 
alternative building blocks (Tables 2.4 and 2.5) and is an interesting area for further exploration. 

2.3 Conclusions 
We have generated a draft genome using massively parallel shotgun sequencing of the only 

confirmed organofluorine producer S. cattleya. Comparison of that draft genome to a recently 
published closed genome of S. cattleya allowed us the unique opportunity to determine the 
accuracy of our draft. We observed that over 99% of the closed genome was represented in our 
draft genome, with the unassembled regions falling mostly in repetitive rRNA and transposase 
coding regions. These results suggest that Illumina based sequencing is a practical approach for 
individual labs to fairly inexpensively generate a comprehensive and accurate picture of a 
bacterial genome. Furthermore, we identified multiple paralogs of genes for the predicted 
organofluorine biosynthetic pathway that may be a rich source of enzymes that can distinguish 
fluorinated from non-fluorinated substrates. We more closely examined one set of these paralogs, 
the MRIs. We found that the unusual isomerase fused with a zinc-dependent aldolase fold 
exhibited isomerase and dehydratase activity as would be expected from two individual enzymes 
in the methionine salvage pathway. Additionally, we found that either isomerase appears to be 
sufficient to support organofluorine biosynthesis, providing more evidence that this step is on the 
organofluorine biosynthetic pathway.  

Finally, we explored the biosynthetic capacity of S. cattleya, and found that, like other 
streptomycetes, its genome encodes for a large number of putative secondary natural products. 
Perhaps most interestingly, a hybrid PKS/NRPS adjacent to the methionine salvage cluster, 
which raises the possibility of fluorine incorporation into a more complex natural product. 
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3.1 Introduction 
Fluoroacetate toxicity proceeds through a “lethal synthesis” whereby it is processed by the 

host’s native metabolic machinery in the same manner as acetate, resulting in the production of 
4-hydroxy-transaconitate, a potent inhibitor of the aconitase (Scheme 3.1). The first step in this 
synthesis is the activation of fluoroacetate to fluoroacetyl-CoA. In the model bacterium 
Escherichia coli, it has been shown that fluoroacetate activation proceeds through the acetate 
kinase (AckA) and phosphotransacetylase (Pta) pathway based on observations that disruptions 
in either of the genes encoding these enzymes can result in fluoroacetate resistance [1]. Higher 
animals, such as rats, are also susceptible to fluoroacetate poisoning [2] even though they lack 
the AckA/Pta pathway, suggesting fluoroacetate is converted to fluoroacetyl-CoA by the acetyl-
CoA synthetase (ACS) in these organisms. In the next step, fluoroacetyl-CoA is converted to 
fluorocitrate by a citrate synthase. Interestingly, the citrate synthase almost exclusively produces 
the 2R, 3R isomer of fluorocitrate [3-5], which is the toxic enantiomer [6]. This selectivity is 
believed to be due to relative stabilities of the intermediate in the C-C bond forming reaction 
rather than selectivity of the citrate synthase [7, 8]. Finally, when the aconitase acts on 
fluorocitrate, rather than producing fluoroisocitrate, elimination of fluoride occurs resulting in 
the production of 4-hydroxy-transaconitate [9]. 4-hydoxy-transaconitate is not a covalent 
inhibitor of the aconitase, but has an extremely slow off rate [10] and because it is formed in the 
aconitase active site it leads to effective inhibition of the enzyme.  

One mode of fluoroacetate resistance in S. cattleya is likely the fluoroacetyl-CoA specific 
thioesterase, FlK. This enzyme is capable of hydrolyzing fluoroacetyl-CoA to fluoroacetate and 
free CoA with a 106-fold selectivity against acetyl-CoA and has been shown to confer 
fluoroacetate resistance to E. coli (Scheme 3.1) [11, 12]. However, we are interested in exploring 
the possibility of other resistance mechanisms. In particular, any resistance mechanisms that 
allows for the production of fluoroacetyl-CoA to be used in downstream biosynthetic reactions 
while avoiding aconitase inhibition would aid in the design of a synthetic host for the production 
of complex fluorinated metabolites. To this end we used a combination of transcriptional 
 

 
Scheme 3.1. Lethal synthesis of 4-hydroxy-transaconitate from fluoroacetate. 
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profiling of the response of S. cattleya to the presence of fluoride and organofluorine production 
as well as in vitro biochemical analysis of the enzymes involved in the lethal synthase of 
fluoroacetate. 

 3.2 Materials and methods 
S. cattleya biomass preparation. S. cattleya spores were heat-shocked at 55ºC for 5 min 

before inoculating into GYM media (yeast extract, 4 g/L; malt extract, 10 g/L; glucose, 4 g/L) 
(pH 5.0) for overnight growth at 30ºC at 200 rpm. The overnight cultures were subcultured into 
fresh GYM media (pH 5.0, 1 L) to OD600 = 0.05 in a 2.8 L Fernbach baffled flask containing 
glass beads (5 mm) to obtain dispersed growth. Sodium fluoride (2 mM final concentration) was 
added to the appropriate cultures 24 h after inoculation, which is well before fluoride uptake and 
organofluorine production begins. Organofluorine physiological markers (fluoride uptake and 
fluoroacetate/fluorothreonine production) were found to be unchanged compared to growths 
where sodium fluoride was added at inoculation. Biomass was collected at 0.5, 2, 6, 24, and 48 h 
after the addition of fluoride by filtering cultures (50-80 mL) through ashless filter paper (GE 
Healthcare; Buckinghamshire, UK). The cell pellet and culture supernatants were flash frozen 
and stored at -80ºC. Fluoride concentration was measured using fluoride ion selective electrode 
(Mettler Toledo; Schwerzenbach, Switzerland) using a standard curve in GYM media (pH 5.0). 
Organofluorine production was monitored by lyophilizing supernatant (50 mL) and resuspending 
in a mixture of 80% TRIS pH 7.5 (100 mM) with 5-fluorouracil (1 mM)/20% D2O (1 mL) for 19F 
NMR using 5-fluorouracil as an internal standard. 19F NMR spectra were collected at 25ºC on a 
Bruker AVQ-400 spectrometer at the College of Chemistry NMR Facility at the University of 
California, Berkeley. 

Total RNA isolation and rRNA depletion. Biomass (from ~5 mL culture) was ground to 
fine powder in liquid nitrogen. The powder (50 mg) was then transferred into a microfuge tube 
(1.7 mL) pre-chilled in liquid nitrogen. TrizolTM reagent (1 mL) was then added to the powder 
and mixed by vortexing for 30 s. The sample was incubated at room temperature for 10 min 
before centrifuging at 20,817 × g at 4ºC for 10 min. The supernatant was transferred to a fresh 
tube containing chloroform (200 µL), mixed by vortexing (15 s), and incubated at room 
temperature for 10 min. The sample was centrifuged at 20,817 × g at 4ºC for 10 min to separate 
the organic and aqueous layers. The aqueous layer (200 µL) was removed and used for RNA 
isolation using Qiagen RNeasy Mini Kit according to protocol with the following modifications: 
RLT buffer (700 µL) was mixed with β-mercaptoethanol (7 µL) immediately before being added 
to the 200 µL supernatant. Ethanol (500 µL) was then added to the mixture and mixed by 
pipetting. The resulting solution was loaded on the column and removed by spinning. The 
column was washed with RW1 buffer (500 µL) and RPE buffer (700 µL) consecutively. RNA 
was then eluted into 50 µL RNAse free water.  

rRNA was removed using MICROBExpress Kit (Ambion; Austin, TX) according to a 
modified manufacturer protocol. First, total RNA (10 µg) was concentrated by ethanol 
precipitation and resuspended in nuclease-free water (2.5 µL). Two rounds of rRNA depletion 
were carried out to enrich mRNA from total RNA. For the first round of depletion, binding 
buffer (200 µL) and Capture Oligonucleotide Mix (4 µL) were mixed with total RNA and 
denatured at 70ºC for 10 min before being incubated at 37ºC for 15 min. The equilibrated Oligo 
MagBeads (50 µL) were added and incubated with the RNA sample at 37ºC for 15 min. The 
supernatant was removed while using a magnet to pull down the Oligo MagBeads and 
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transferred to a fresh tube for the second round of rRNA depletion using half the amount of 
Capture Oligonucleotide Mix and Oligo MagBeads compared to the first round. After two rounds 
to rRNA removal, mRNA was recovered by ethanol precipitation and resuspended in nuclease-
free water (5-10 µL). RNA was analyzed on a BioRad Experion (Model 700-7000) using RNA 
HighSens Analysis Kit in order to assess the quality and concentration of individual samples. 

Preparation of cDNA libraries for RNA sequencing. mRNA (9 µL) was fragmented by 
mixing with fragmentation buffer (1 µL, Ambion) and heating at 70ºC for 10 min. Fragmented 
RNA was recovered by ethanol precipitation and reverse transcribed using SuperScript III (200 
U, Invitrogen) in a reaction (20 µL) containing random hexamer primers (200 ng), dNTPs (0.5 
mM), DTT (10 mM), DMSO (5%) and SuperScript III (200 U). The first strand cDNA was used 
directly for second strand cDNA synthesis by adding RNAse H (2.5 U, Invitrogen), E. coli DNA 
polymerase I (42.5 U, Invitrogen), and dNTPs (30 nmol) in Buffer 1 (NEB, 100 µL total reaction 
volume). The reaction mixture was incubated at 16ºC for 2.5 h and purified using the QIAquick 
PCR Purification Kit. The cDNA ends were polished at 20ºC for 30 min using Klenow (5 U, 
NEB), T4 phosphonucleotide kinase (50 U, NEB) and dNTPs (40 nmol) in T4 DNA ligation 
buffer (NEB, 100 µL total reaction volume). The blunt-ended cDNAs were isolated using the 
QIAquick PCR Purification Kit and incubated at 72ºC for 10 min (50 µL total reaction volume) 
with Taq polymerase (1 µL) and dATP (20 nmol). After another QIAquick PCR purification 
step, adapters (20 nmol) were ligated with T4 DNA ligase (2,000 U) at room temperature for 30 
min (30 µL total reaction volume). The libraries were enriched by 16-18 cycles of amplification 
with Platinum Taq High-Fidelity after QIAquick PCR purification. 

RNA sequencing analysis. Each lane of RNA-seq reads were mapped to the completed 
genome of S. cattleya [13] using BWA [14] allowing for no more than 2 mismatched bases. 
Reads per feature were then extracted from the alignment file using HTseq-count [15] and the 
annotation of the completed genome. Values for reads mapped to rRNA sequences were 
removed prior to further data processing. Next, the counts per feature for each condition and time 
point were quantile normalized using the preprocessCore R package [16]. For differential 
expression analysis, Multiexperiment Viewer (MeV) was used to perform statistical analysis 
using edgeR [17]. 

DNA microarray design, hybridization, and analysis. Custom DNA microarrays (Agilent 
Technologies) were designed with 2-4 unique probes for each predicted opening reading frame 
based on the Velvet draft genome using eArray (https://earray.chem.agilent.com/earray) with a 
theoretical melting temperature of 85ºC. Custom microarrays containing in situ synthesized 60-
mer oligos were then produced by Agilent Technologies (Santa Clara, CA) with a total of 15,744 
probes randomly printed on the array (Agilent controls, 536; replicated S. cattleya probes, 240). 
cDNA was generated by a two step labeling method of mRNA wherein the ARES DNA labeling 
Kit (Invitrogen) was used to synthesize amine modified cDNA by incorporating aminoallyl-
dUTP according to the manufacturer protocol from 20 µg of RNA. The remaining RNA was then 
hydrolyzed using NaOH (1 M), which was subsequently removed using a QIAquick column. 
Amine-modified cDNA (3~5 µg) was then labeled with Alexa Fluor 555 or Alexa Fluor 647 
according to manufacturer protocol. Equal amounts (3~5 µg) of dye labeled cDNA from the 
reference and sample were mixed and used for hybridization in a G2545A hybridization oven 
(Agilent) at 10 rpm for 17 h at 65ºC. The slides were subsequently washed twice each with 
Solution I for 5 min and Solution II for 5 min followed by drying and scanning by a G2565BA 
scanner (Agilent). The features were extracted using Agilent Feature extraction software (version 
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10.7.3.1). Dye bias was normalized by applying the Lowess algorithm and the log2 fold changes 
were calculated using the processed signals of each probe. The reproducibility was assessed by 
plotting the log2 fold change ratios of technical replicates against each other. The following 
probes were removed before statistical analysis: (1) probes with surrogated signals; (2) probes 
with processed signal intensity lower than 18 in any two replicates. One sample t-test was 
applied to log2 fold changes to determine differentially expressed genes. The probes with log2 
ratios >1 or <-1 and with p values <0.01 were considered showing significant changes between 
conditions. 

Construction of plasmids for protein expression. Standard molecular biology techniques 
were used to carry out plasmid construction using E. coli DH10B-T1R as the cloning host. All 
PCR amplifications were carried out with Phusion polymerase, Platinum Taq High Fidelity or 
Taq polymerase using the oligonucleotides listed in Table S1. Briefly, PCR reactions containing 
5 - 10% DMSO were cycled with melting temperatures of 95°C or 98°C as appropriate for 30 s, 
followed by annealing at temperatures ranging from 62°C- 72°C (10°C below the calculated Tm 
of the primers) for 30 s and then extension at 72°C for a length of time appropriate for the gene 
for 25 rounds. pET16b-His10-ACS.EC, pET16b-His10-GltA.EC, pET16b-His10-AckA.EC, 
pET16b-His10-Pta.EC, pET16b-His10-ACS.Scat, pET16b-His10-AckA.Scat, pET16b-His10-
Pta.Scat, pET16x-His10-Cit1.Scat, and pET16b-His10-CitA.Sco, and were constructed by 
amplification out of the appropriate genomic DNA using the respective primers (Appendix Table 
2) and inserted directly into the NdeI and BamHI restriction sites of pET16b, except for 
Cit1.Scat, which was inserted into the NdeI and SpeI sites of pET16x. 1b-His6-Cit2.Scat was 
constructed by amplification out of the appropriate genomic DNA and inserted into the SspI site 
of Addgene plasmid 29653 (1b) by Ligation Independent Cloning (LIC) by the QB3 MacroLab 
(Berkeley, CA). Following plasmid construction, all cloned inserts were sequenced at Sequetech 
(Mountainview, CA) or Quintara Biosciences (Berkeley, CA). 

Expression and purification of His-tagged proteins. E. coli BL21(de3) was transformed 
with the protein expression plasmid as well as pRARE2 for the expression of Streptomyces and 
Bacillus proteins. An overnight TB culture of the freshly transformed cells was used to inoculate 
TB (1 L) containing the appropriate antibiotics (50 µg/mL each) in a 2.8 L- Fernbach baffled 
shake flask to OD600 = 0.05. The cultures were grown at 37 °C at 200 rpm to OD600 = 0.6 to 0.8 
at which point cultures were cooled on ice for 20 min, followed by induction of protein 
expression with IPTG (0.2 mM) and overnight growth at 16°C. Cell pellets were harvested by 
centrifugation at 9,800 × g for 7 min at 4ºC and stored at-80ºC.  

Frozen cell pellets were thawed and resuspended at 5 mL/g of cell paste in Buffer A (50 mM 
sodium phosphate, 300 mM sodium chloride, 10 mM imidazole, 10% glycerol, 20 mM β-
mercaptoethanol, pH 7.5) supplemented with PMSF (0.5 mM). The cell paste was homogenized 
before lysis by passage through a French Pressure cell (Thermo Scientific; Waltham, MA) at 
14,000 psi. The lysate was then centrifuged at 15,300 × g for 20 min at 4°C to separate the 
soluble and insoluble fractions. DNA was precipitated in the soluble fraction with 0.8% (w/v) 
streptomycin sulfate and stirring at 4°C for 30 min and the precipitated DNA was then removed 
by centrifugation at 15,300 × g for 20 min at 4°C. The remaining soluble lysate was passed over 
a Ni-NTA agarose column (Qiagen, 5-10 mL) for isolation of the target protein.  

His10-ACS.EC and His10-ACS.Scat were purified by gravity flow as follows: After loading 
the cleared cell lysate, the column was washed with Buffer A until the A280 nm dropped below 
0.05 (Nanodrop 1000; Thermo Fisher) followed by Buffer B (50 mM sodium phosphate, 300 
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mM sodium chloride, 25 mM imidazole, 10% glycerol, 20 mM β-mercaptoethanol, pH 7.5) until 
the A280 nm again dropped below 0.05. Protein was then eluted from the column by with Buffer C 
(50 mM sodium phosphate, 300 mM sodium chloride, 300 mM imidazole, 10% glycerol, 20 mM 
β-mercaptoethanol, pH 7.5). Finally, the protein was concentrated in an Amicon spin 
concentrator with a molecular weight cutoff of 30 kD.  

His10-GltA.EC, His10-AckA.EC, His10-Pta.EC, His10-AckA.Scat, His10-Pta.Scat, His10-
Cit1.Scat, His6-Cit2.Scat, and His10-CitA.Sco were purified on an ÄKTApurifier FPLC (GE 
Healthcare Life Sciences; Piscataway, NJ) as follows: After loading the cleared cell lysate, the 
column was washed with 15 column volumes of Buffer A, followed by a linear gradient to 30% 
Buffer C over 30 column volumes (2 mL/min). Finally, the protein was eluted with 10 column 
volumes of Buffer C. Fractions containing the purified protein were pooled and concentrated in 
an Amicon spin concentrator with the appropriate molecular weight cutoff.  

Proteins were then exchanged into Buffer D (50 mM HEPES, 100 mM sodium chloride, 2.5 
mM DTT, 10% glycerol, pH 7.5) by gravity flow passage over a Sephadex G-25 column (Sigma-
Aldrich, bead size 50-150 µm, 75 mL) and concentrated in an Amicon spin concentrator with the 
appropriate molecular weight cutoff. Final protein concentration was determined using a 
calculated ε280 nm (ExPASY ProtParam) and were measured as follows: His10-ACS.EC: 14.3 
mg/mL (ε280 = 138,770 M-1 cm-1), His10-ACS.Scat: 1.9 mg/mL (ε280 = 150,800 M-1 cm-1), 
GltA.EC: 2.3 mg/mL (ε280 = 40,340 M-1 cm-1), His10-AckA.Scat: 1.9 mg/mL (ε280 nm = 13,410 M-

1 cm-1), His10-Pta.Scat: 3.2 mg/mL (ε280 nm = 20,860 M-1 cm-1), His10-Cit1.Scat: 0.8 mg/mL (ε280 

nm = 44,810 M-1 cm-1), His6-Cit2.Scat: 1.7 mg/mL (ε280 nm = 50,420 M-1 cm-1), and His10-
CitA.Sco: 2.3 mg/mL (ε280 nm = 49,280 M-1 cm-1). All proteins were then stored at-80°C. 

Preparation of fluoroacetyl-CoA. Fluoroacetyl-CoA was synthesized according to a 
modified literature procedure [18]. Sodium fluoroacetate (100 mg, 1mmol) was dried under 
vacuum in an oven dried round bottom flask equipped with a stir bar and distillation apparatus. 
Phosphorus pentachloride (208 mg, 1 mmol) was added to the flask and the two powders were 
mixed by shaking the flask, which was subsequently heated at 100°C with aggressive stirring. 
Fluoroacetylchloride was collected by distillation. Aliquots of fluoroacetylchloride (2.1 µL, 0.03 
mmol) were added to a stirring solution of coenzyme A trilithium salt (25 mg, 0.03 mmol) 
dissolved in a 10% solution of sodium bicarbonate (1 mL) until the pH of the solution dropped 
below 7 (litmus paper). The fluoroacetyl-CoA was purified by HPLC using an Eclipse XDB C-
18 column (5 µm, 9.4 × 250 mm, Agilent) with a gradient from 0-50% acetonitrile in water over 
30 min at a flow rate of 3 mL/min. Fractions containing <5% free CoA were identified by 
LCMS, snap frozen in liquid nitrogen and lyophilized.  

Enzyme assays. Acetyl-CoA synthetase activity was measured using a modified literature 
method [19] to monitor the production of AMP by coupling ADP production by myokinase to 
phosphoenolpyruvate dephosphorylation by pyruvate kinase to NADH dependent reduction of 
pyruvate to lactate by lactate dehydrogenase and monitoring NADH consumption 
spectrophotometerically. Assays were performed at 30°C in a total volume of 1000 µL 
containing 50 mM HEPES, pH 7.5, CoA (0.5 mM), ATP (2 mM), magnesium chloride (5 mM), 
phosphoenolpyruvate (1 mM), NADH (0.16 mM), myokinase (10 U), pyruvate kinase (10 U), 
lactate dehydrogenase (10 U), and ACS (ACS.Scat, 25 nM; ACS.EC, 29 nM). The reaction was 
initiated with addition of acetate (5-500 µM) or fluoroacetate (0.5 - 1000 mM) and monitored at 
340 nm in a Beckman Coulter DU-800 spectrophotometer. The error was derived from the 
nonlinear curve fitting.  
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Acetate kinase activity was measured by a modified literature method [19] to monitor the 
production of ADP, coupled to pyruvate formation by pyruvate kinase and lactate formation by 
lactate dehydrogenase and monitoring NADH consumption. Assays were performed at 30oC in a 
total volume of 500 µL containing 100 mM HEPES, pH 7.5, ATP (10 mM), magnesium chloride 
(20 mM), phosphoenolpyruvate (2 mM), NADH (0.25 mM), pyruvate kinase (approx. 23 U), 
lactate dehydrogenase (approx. 33 U), and AckA (AckA.Scat: 3.4 nM, acetate; 1.1 µM, 
fluoroacetate. AckA.EC: 0.3 nM, acetate; 40 nM, fluoroacetate). The reaction was initiated with 
addition of acetate (1 - 150 mM) or fluoroacetate (1- 200 mM) and monitored at 340 nm in a 
Beckman Coulter DU-800 spectrophotometer. 

Phosphotransacetylase activity in the acetyl-phosphate forming direction was monitored by a 
modified literature method to monitor the release of free CoA by DTNB [20]. Assays were 
performed at 30°C in a total volume of 500 µL containing 100 mM HEPES, pH 7.5, acetyl-CoA 
(25 - 1000 µM), DTNB (0.5 mM), sodium phosphate (30 mM), magnesium chloride (Pta.EC, 0 
mM; Pta.Scat, 40 mM) and Pta (Pta.EC, 65 nM; Pta.Scat, 130 nM). The reaction was initiated by 
the addition of phosphate and monitored at 412 nm in a Beckman Coulter DU-800 
spectrophotometer 

Phosphotransacetylase activity in the acetyl-CoA forming direction was determined using a 
discontinuous HPLC assay. Reactions consisting of 100 mM HEPES, pH 7.5, acetate or 
fluoroacetate (100 µM), CoA (500 µM), magnesium chloride (Pta.EC: 40 mM; Pta.Scat, 40 mM) 
and AckA (1 µM) and Pta (Pta.Scat, 250 nM; Pta.EC, 25 nM) at 30°C were initiated by the 
addition of ATP (10 mM). Aliquots (49 µL) were removed at 30 s intervals over 3 min and 
quenched by the addition of 70% perchloric acid (1 µL). Aliquots were then analyzed by HPLC 
on a Zorbax Eclipse Plus Rapid Resolution HD C-18 column (1.8 µm, 2.1 × 50 mm; Agilent) 
using a linear gradient from 2% to 20% methanol over 3 min at a flow rate of 0.8 mL/min with 
50 mM sodium phosphate with 0.1% trifluoroacetic acid, pH 4.5 as the mobile phase.  

Citrate synthase activity was measured by a modified literature method to monitor the release 
of free CoA by DTNB [20]. Assays were performed at 30°C in a total volume of 500 µL 
containing 50 mM HEPES, pH 7.5, oxaloacetate (0.5 mM), DTNB (0.5 mM), postasium chloride 
(200 mM), acetyl-CoA (CitA.Sco, 5 - 300 µM; GltA.EC, 10 - 500 µM; CS1.Scat, 5 - 200 µM; 
CS2.Scat, 1 - 50 µM) or fluoroacetyl-CoA (CitA.Sco, 10 - 75 µM; GltA.EC, 5 - 200 µM; 
CS1.Scat, 5 - 200 µM; CS2.Scat, 1 - 15 µM). The reaction was initiated by addition of enzyme 
(CitA.Sco: 20 nM, acetyl-CoA; 200 nM, fluoroacetyl-CoA. GltA.EC: 10 nM, acetyl-CoA; 200 
nM, fluoroacetyl-CoA. Cit1.Scat: 20 nM, acetyl-CoA, 100 nM, fluroacetyl-CoA. Cit2.Scat: 2.5 
nM, acetyl-CoA; 25 nM fluoroacetyl-CoA) and monitored at 412 nm in a Beckman Coulter DU-
800 spectrophotometer.  

Kinetic parameters (kcat, KM, K0.5, and n) were determined by fitting the data using Microcal 
Origin to the equations: 

vo = vmax [S]/ KM + [S] 

vo = vmax [S]n/ (K0.5 )n + [S]n 

where v is the initial rate and [S] is the substrate concentration. Standard error generated by the 
non-linear curve fit(n = 3).  

Measurement of aconitase assay in S. cattleya cell lysates. S. cattleya was cultured as 
described and harvested 48 h after fluoride addition by centrifugation at 9,800 × g for 7 min at 
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4ºC. Cell pellets were then resuspended in 50 mM sodium phosphate, pH 7.5 (5 mL/g cell paste) 
with lysozyme (1 mg/mL) and incubated at room temperature for 30 min. Following 
homogenization, cells were lysed by passage through a French Pressure cell at 25,000 Psi and 
supplemented with ammonium ferrous sulfate (0.25 mM final concentration) before removal of 
insoluble material by centrifugation at 15,300 × g for 20 min at 4°C. The supernatant was then 
placed in a round-bottom flask on ice and degassed by 15 cycles of gentle vacuum followed by 
flushing with Ar over 30 min. The degassed cell lysate was then sparged gently with Ar for an 
additional 20 min before recharging the aconitase by addition of ammonium ferrous sulfate (0.1 
mM) and sodium sulfide (0.1 mM) followed by incubation at room temperature for 20 min. 
Aconitase activity was measured using a modified literature method [21] to monitor the 
production of isocitrate coupled to the production of α-ketoglutarate and NADPH by isocitrate 
dehydrogenase. Assays (2 mL) were performed at 30°C in a airtight cuvette (Starna Cells; 
Atascadero, CA) containing 50 mM sodium phosphate, pH 7.5, NADP+ (0.18 mM), magnesium 
sulfate (1.5 mM), isocitrate dehydrogenase (0.2 U/mL), fluorocitrate (0 - 100 µM) and recharged 
cell lysate (100 µL). The reaction was initiated with addition of citrate (2 mM) and monitored at 
340 nm in a Beckman Coulter DU-800 spectrophotometer. 

Characterizing fluoroacetate sensitivity in S. cattleya wildtype and ∆flK strains. Spores 
of S. cattleya wild-type and ∆flK::AmR (40 µL) were heat-shocked at 55° C for 5 min and 
inoculated into GYM (pH 7.0). Cultures were grown at 30°C, 200 rpm, to OD600 = 1.5-2 and 
then were diluted to OD600 = 0.1 in GYM (pH 5.0, 50 mL) with and without sodium fluoride (2 
mM) or sodium fluoroacetate (2 mM). Glass beads (4 per flask, 5 mm), were added to promote 
dispersed growth. Growth was monitored by measuring OD600 of a sample (1 mL) withdrawn 
from the culture every 2 h until cultures reached saturation.  

3.3 Results and discussion 

Fluorometabolism is regulated both by fluoride and the S. cattleya life cycle. We 
hypothesized that expression of genes specifically involved in fluorometabolism could be 
regulated by the presence of fluoride 
given its potentially low bioavailability. 
Indeed, numerous putative transcription 
factors are found within the fluorinase 
(flA) gene cluster although none appear 
to be homologous to a reported chloride-
dependent transcription factor [22]. We 
consequently cultured S. cattleya in 
GYM media at pH 5 in order to facilitate 
fluoride uptake and tracked the uptake of 
fluoride, production of organofluorines 
over time, and collected biomass at 
different stages of metabolism. We 
initially screened and sequenced cDNA 
libraries prepared from cultures 0.5, 2, 6, 
and 44 h after fluoride addition (Figure 
3.1) using the Illumina platform in order 
to find the onset of fluoride-based 

Figure 3.1. Electropherograms of single-end library for Illumina 
sequencing. Preparation of cDNA libraries for RNA sequencing and 
DNA microarray experiments. Electropherogram show RNA extracted 
from S. cattleya and removal of rRNA. 
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differential gene expression. The short reads were mapped with BWA [14] to both the complete 
NCBI genome sequence as well as our draft genome sequence to avoid any inconsistencies in 
ORF identification. We further validated the results from 48 h time point by sequencing 
independent 48 h cDNA libraries as well as by comparison to results obtained from a custom 
microarray designed from our draft genome sequence (Figure 3.2). 

Based on read-mapping to the flA gene cluster, it is clear that the fluorinase is significantly 
more highly expressed in the presence of fluoride than other genes in the cluster (Figure 3.3D). 

Indeed, it appears to be the most highly 
expressed gene of known function (sixth 
overall) in the entire genome 48 h after 
fluoride addition (Figure 3.3C) and 
upregulated approximately 2.8-fold in 
response to fluoride. The expression of 
flA is also subject to strong temporal 
control with upregulation tied to growth 
phase and the onset of stationary phase, 
which is often observed in genes 
involved in secondary metabolite 
biosynthesis [23]. The gene encoding 
fluoroacetyl-CoA specific thioesterase, 
FlK, was found to be constitutively 
expressed at low level, which is 
consistent with its role in resistance 
against fluoroacetate poisoning. 
Examining putative members of the 
fluoroacetate/fluorothreonine pathway 

(Scheme 2.1) indicated that the 5´-fluorodeoxyadenosine phosphorylase (FlB), the 
fluoroacetaldehyde dehydrogenase (FAlDH), and the fluorothreonine (FT) transaldolase shared 
the same transcriptional response pattern with late-stage upregulation based on fluoride addition 
(Figure 3.4AB). However, none of the paralogs of either the methylthioribose-1-phosphate 
isomerase (MRI) or the fuculose-1-phosphate (F1P) aldolase appear to be transcriptionally 
activated by fluoride or within the same timeframe (Figure 3.4C-E). Nevertheless, these genes 
are indeed expressed but may be constitutively active or regulated at a post-transcriptional level 
[24].  

Temporal control of fluoroacetate toxicity and fluoride-dependent transcriptional 
changes in the TCA cycle. In order to further explore how S. cattleya responds to the presence 
of fluoride and the production of endogenous organofluorines, we sought to examine changes at 
the transcriptional level that of genes that code for enzymes involved in the lethal synthesis of 4-
hydroxy-transaconitate. In comparing the expression level of tricarboxylic acid (TCA) cycle 
genes over time and with addition of fluoride, it appears as if they are highly responsive to 
growth phase but not to fluoride (Figures 3.5 and 3.6, Table 1). Thus it appears as if 
organofluorine biosynthesis is controlled by the cell cycle rather than the converse. Interestingly, 
an apparent operon of α-ketoglutarate dehydrogenase genes was upregulated in response to 
fluoride, which may imply that carbon enters the TCA cycle through glutamate or glutamine in  
 

Figure 3.2. Comparison of RNA-seq and custom microarray results. 
Fold changes for genes that were identified as differentially 
expressed in both the microarray and RNA-seq data are compared.  
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Figure 3.3. Analysis of the fluoride response by S. cattleya. (A) Growth and fluoride uptake in S. cattleya cultures in GYM media at 
pH 5. Growth of cultures measured by OD600 nm (●, with fluoride; ●, without fluoride) and fluoride concentration (○, with fluoride; ○, 
without fluoride) with and without 2 mM sodium fluoride added 24 h after inoculation. (B) Monitoring organofluorine production by 19F 
NMR in the culture supernatant. (C) Transcriptional landscape of S. cattleya 48 h after the addition (red) or no addition (black) of 
fluoride. Values are quantile normalized reads per kb for predicted protein coding sequences. The fluorinase (flA) is indicated by a 
star. (D) RNA sequencing reads mapped onto the fluorinase gene cluster 48 h after the addition of fluoride (red) compared samples 
with no added fluoride (black). 
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Figure 3.4. Time- and fluoride-dependent response of predicted pathway genes and their paralogs. Transcript levels were quantified 
by RNA sequencing 0.5, 2, 6, and 48 h after the addition of 2 mM sodium fluoride and compared to no addition. Values at 48 h are 
the mean of two replicates and error bars indicate one standard deviation. Transcription levels of reads per kb were normalized to 
the maximum value for each predicted open reading frame in parentheses. (A) FlA (36,036 reads/kb) and FlB (1,091 reads/kb) (B) 
the predicted fluoroacetaldehyde dehydrogenase gene (FAldH, 2,677 reads/kb) and the fluorothreonine transaldolase gene (FT 
transaldolase, 975 reads/kb), (C) methylthioadenosine phosphorylase paralogs (SCAT_3258, 432 reads/kb; SCAT_2201, 411 
reads/kb), (D) MRI1 (192 reads/kb) and MRI2 (278 reads/kb), and (E) F1P aldolase paralogs (SCAT_1042, 241 reads/kb; 
SCAT_p1616, 78 reads/kb). 
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Figure 3.5. Transcription patterns of selected TCA cycle genes with respect to fluoride and time. Transcript levels were quantified 
by RNA sequencing 0.5, 2, 6, and 48 h after the addition of 2 mM sodium fluoride and compared to no addition. Values at 48 h are 
the mean of two replicates and error bars indicate one standard deviation. Transcription levels of reads per kb were normalized to 
the maximum value for each predicted open reading frame in parentheses with a representative subunit given for multi-subunit 
enzymes. Time courses are shown for Cit1 (7,130 reads/kb), aconitase (4,238 reads/kb), isocitrate dehydrogenase (3,495 reads/kb), 
α-ketoglutarate dehydrogenase (3,094 reads/kb), succinyl-CoA synthetase (5,383 reads/kb), succinate dehydrogenase (2,050 
reads/kb), fumarase (2,141 reads/kb), and malate dehydrogenase (6,207 reads/kb). 
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Figure 3.6. Transcription patterns of all predicted TCA cycle genes with respect to fluoride and time. Transcription levels in the 
presence (black) and absence (gray) of fluoride. Gene identifications are given in Table 3.1. 
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Gene ID Gene annotation 
SCAT_0117 Pyruvate/α-ketoglutarate dehydrogenase complex, dihydrolipoamide dehydrogenase (E3) component 
SCAT_0863 Cit3 
SCAT_0864 Cit4 
SCAT_1303 Pyruvate/ α-ketoglutarate dehydrogenase complex, dihydrolipoamide dehydrogenase (E3) component 
SCAT_1304 Pyruvate/ α-ketoglutarate dehydrogenase complex, dihydrolipoamide acyltransferase (E2) component 
SCAT_1481 Pyruvate dehydrogenase complex, dehydrogenase (E1) component 
SCAT_1837 Cit1 
SCAT_2400 Cit2 
SCAT_3047 Pyruvate/ α-ketoglutarate dehydrogenase complex, dihydrolipoamide acyltransferase (E2) component 
SCAT_3048 Pyruvate/ α-ketoglutarate dehydrogenase complex, dehydrogenase (E1) component 
SCAT_3049 Pyruvate/ α-ketoglutarate dehydrogenase complex, dehydrogenase (E1) component 
SCAT_3059 Pyruvate/ α-ketoglutarate dehydrogenase complex, dihydrolipoamide acyltransferase (E2) component 
SCAT_3060 Pyruvate α-ketoglutarate dehydrogenase complex, dehydrogenase (E1) component 
SCAT_3061 Pyruvate/ α-ketoglutarate dehydrogenase complex, dehydrogenase (E1) component 
SCAT_3504 Pyruvate:ferredoxin oxidoreductase 
SCAT_3505 Pyruvate:ferredoxin oxidoreductase 
SCAT_3702 Succinyl-CoA synthetase, beta subunit 
SCAT_3703 Succinyl-CoA synthetase, alpha subunit 
SCAT_3714 Malate dehydrogenase 
SCAT_3760 Succinate dehydrogenase/fumarate reductase 
SCAT_3761 Succinate dehydrogenase/fumarate reductase 
SCAT_3812 Pyruvate/ α-ketoglutarate dehydrogenase complex, dihydrolipoamide dehydrogenase (E3) component 
SCAT_3865 Phosphoenolpyruvate carboxykinase 
SCAT_3910 Fumarase 
SCAT_3911 Fumarase 
SCAT_3957 Succinate dehydrogenase 
SCAT_3958 Succinate dehydrogenase 
SCAT_4124 α-Ketoglutarate dehydrogenase complex, dehydrogenase (E1) component 
SCAT_4364 Citrate lyase 
SCAT_4365 Citrate lyase 
SCAT_4423 Pyruvate/ α-ketoglutarate dehydrogenase complex, dihydrolipoamide acyltransferase (E2) component 
SCAT_4424 Pyruvate/ α-ketoglutarate dehydrogenase complex, dehydrogenase (E1) component 
SCAT_4425 Pyruvate/ α-ketoglutarate dehydrogenase complex, dehydrogenase (E1) component, 
SCAT_4671 Aconitase 
SCAT_5084 Succinate dehydrogenase 
SCAT_5085 Succinate dehydrogenase 
SCAT_5423 Pyruvate/ α-ketoglutarate dehydrogenase complex, dihydrolipoamide dehydrogenase (E3) component 
SCAT_5749 Citrate lyase 
SCAT_p0104 Citrate lyase 
SCAT_p0107 Citrate lyase 
SCAT_p1101 Isocitrate dehydrogenase 
SCAT_p1336 Citrate lyase 
SCAT_p1478 Pyruvate/ α-ketoglutarate dehydrogenase complex, dehydrogenase (E1) component 
SCAT_p1479 Pyruvate/ α-ketoglutarate dehydrogenase complex, dehydrogenase (E1) component 
SCAT_p1480 Pyruvate/ α-ketoglutarate dehydrogenase complex, dihydrolipoamide acyltransferase (E2) component 
 

Table 3.1. Gene IDs and annotations for all predicted TCA cycle genes. 
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Figure 3.7. COG categories of differentially-expressed genes. COG categories were identified by the IMG-ER annotation pipeline. 
COG categories represented by genes that are (A) upregulated and (B) downregulated in the presence of fluoride at 48 h. (C) 
Comparison of COG category representation in the differentially expressed genes with that of the entire genome. The number of 
open reading frames represented by each COG are given and the percentage of total genes with COG categories are in 
parenthesis. 
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order to bypass the citrate synthase (CS)- and aconitase-dependent steps (Figure 3.6, Table 1). 
Thus, S. cattleya likely only turns on the fluorometabolite gene cluster and other related genes 
once the TCA cycle flux decreases as cells exit exponential growth and biomass accumulation. 
However, the fluoride dependence of flA expression indicates that there are several layers to the 
regulatory network involving fluoroacetate and fluorothreonine production. 

Overall transcriptional response to fluoride. Other transcriptional responses to the 
presence of fluoride are notable 48 h after the addition of fluoride. In particular there appears to 
be a change in 5- and 3-carbon metabolism, which are substrates and products of the 
fluoroacetate pathway, respectively. A copy of the glyceraldehyde-3-phosphate dehydrogenase, 
distinct from the glycolytic copy, is the third most highly upregulated protein (27-fold) in the 
presence of fluoride. Additionally, glycerol-3-phosphate dehydrogenase and glycerol kinase are 
also upregulated (5-fold each). Changes in 5-carbon metabolism are also observed with 
upregulation of xylose isomerase (2.9-fold) and xylulose kinase (2.6-fold) and down regulation 
of L-ribulose-5-phosphate-4-epimerase (2.5-fold), L-ribulokinase (2.5-fold), and L-arabinose 
isomerase (2.4-fold) in the presence of fluoride. These changes in transcription may be involved 
with organofluorine biosynthesis as 5-carbon sugar related transcriptional responses could be an 
alternative approach controlling pools of the C5 organofluorine intermediates in the cell. 

BiNGO [25] was used to examine functional enrichment of differentially expressed genes in 
the presence of fluoride based on clusters of orthologous groups (COG) categories provided by 
the IMG-ER annotation (Figure 3.7). The energy production and conversion COG appears to be 
overrepresented in genes upregulated in the presence of fluoride, with the majority of these 
enzymes predicted to be involved in redox reactions (dehydrogenases, reductases and oxidases). 
Another enriched COG is amino acid transport and metabolism, among which are 
aminotransferases, proteases, and amino acid transporters. The final significantly upregulated 
COG is secondary metabolite biosynthesis, transport, and catabolism, consisting mostly of 
polyketide synthases and their accessory proteins. For downregulated categories, the signal 
 

 
 
 
Figure 3.8. Transcriptional response of the crcB locus to the presence of fluoride. Transcriptional response in the presence (red) 
and absence (gray) of fluoride (2 mM) at 48 h. Recently, structural RNAs with the crcB motif have been reported to be fluoride-
responsive riboswitches [24]. Searching the S. cattleya genome with the co-variance model for the crcB motif using Infernal [26] did 
not yield any hits; however, a crcB gene in S, cattleya is upregulated 2.1-fold in the presence of fluoride suggesting that S. cattleya 
may export fluoride under these growth conditions. Additionally, a substantial number of reads map to the genome in the intergenic 
region upstream from the crcB gene possibly indicating the presence of a structured 5´-UTR that could be a fluoride riboswitch. 
RNA-seq reads were aligned using BWA and the resulting BAM files were visualized with Artemis.  
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Pseudomonas syringae (F)   GNNLI  GREGT  GEVTP  Y 
Clostridium difficile (F)   GMNLI  GREGV  GEVTP  Y 
Arabidopsis lyrata (nitrate)  GPGIP  GKEGP  GLFLP  Y 
Escherichia coli (Cl)    GSGIP  GREGP  GIFAP  Y 
Homo sapiens (Cl)     GSGIP  GKEGP  GLFIP  Y 
Streptomyces cattleya    GHGMP  GAEGP  GVLAP  L 

 
 
Figure 3.9. Sequence alignment of selectivity filter regions of selected eriC orthologs. S. cattleya also contains an ortholog of eriC, 
another gene often found under the control of a fluoride-responsive riboswitch. The S. cattleya EriC appears to contain “selectivity 
filter” residues that are more similar to those of chloride specific transporters than those whose substrate is fluoride [24] and is not 
differentially expressed in the presence of fluoride under these conditions. Alignments were generated with Muscle. Residues from 
the S. cattleya eriC that are conserved among the chloride specific and not the fluoride specific eriCs are highlighted in red.  
transduction and inorganic ion transport and metabolism COGs are over represented, with the 
latter resulting from genes predicted to be involved in iron transport and siderophore related 
processes.  

While growth phase-controlled production of secondary metabolites in streptomycetes by 
either global or pathway-specific transcription factors [23] is common, the additional layer of 
response to fluoride could be interesting with regard to identifying additional mechanisms of 
fluoride- or organofluorine-dependent gene regulation. There are several predicted transcription 
factors found within the flA gene cluster, including one (flG) that is upregulated 2.7-fold in the 
presence of fluoride. However, analysis of the upstream regions of fluoride-regulated pathway 
genes did not yield any clear consensus sequence, indicating that their transcription may not be 
controlled by a single specific regulator. Indeed, several predicted transcriptional regulators are 
differentially expressed in the presence of fluoride, including a member of the whiB family 
thought to be involved in cellular differentiation [27] which interestingly appears not to be 
conserved in other sequenced streptomycetes. As there are no fluoride-dependent protein 
transcription factors known at this time, it is possible that a constitutively-produced 
organofluorine could also be responsible for amplifying expression of pathway genes. Another 
possibility is that RNA-based mechanisms could be used to control the expression level of a key 
regulator. In this regard, although S. cattleya appears to contain a member of recently reported 
crcB family of fluoride riboswitches [24] (Figures 3.8 and 3.9), the known consensus sequences 
are not found within the flA gene cluster and may suggest a different mechanism or RNA motif.  

FlK is not absolutely required for fluoroacetate resistance. A major question that we set 
out to explore is how S. cattleya is able to manage the toxic intracellular production of 
fluoroacetate, given its high effectiveness as an inhibitor of the TCA cycle (Scheme 3.1). Our 
transcriptional analysis suggested that fluoroacetate production was not initiated until the 
machinery for lethal synthesis is downregulated. However, S. cattleya contains the fluoroacetyl-
CoA specific thioesterase, FlK, which has been proposed to be involved in resistance [18] as it 
can selectively reverse the formation of fluoroacetyl-CoA with a 106-fold selectivity over acetyl-
CoA and has been shown to confer fluoroacetate resistance to E. coli (Scheme 3.1) [11]. 
However, FlK may not be the sole source of fluoroacetate resistance, which could also involve 
acetate assimilation, fluorocitrate production, or aconitase reactivity with fluorine-based enzyme 
selectivity. To test this possibility, we first disrupted the flK gene in the S. cattleya chromosome 
by homologous recombination and characterized the resulting ∆flK strain with respect to 
fluoroacetate  resistance. Although the ∆flK strain retains a slight growth defect, it does not  
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Figure 3.10. Characterization of ∆flK strain. Growth curves for (A) S. cattleya wildtype and (B) ∆flK:AmR strains in GYM (pH 5) in the 
absence (black) and presence of 2 mM sodium fluoride (red) or 2 mM sodium fluoroacetate (blue). (C) Production of fluoroacetate 
and fluorothreonine by the ∆flK:AmR strains at 2 days.  
demonstrate any appreciable change in organofluorine production, growth rate, or final optical 
density resulting from fluoride or fluoroacetate addition under organofluorine production 
conditions (Figure 3.10). Thus, any FlK-independent resistance mechanisms identified in this 
study could provide a roadmap for constructing a fluoroacetate-resistant host that retains the 
ability to generate and work with the fluoroacetyl-CoA building block for downstream 
production of complex organofluorines. 

S. cattleya has a lowered capacity for acetate assimilation. Analysis of the S. cattleya 
genome shows that it contains a single copy of a malate synthase but is missing an isocitrate 
lyase that would be required to constitute a functional glyoxylate shunt, which is canonically 
utilized for cell growth on acetate. The absence of a complete glyoxylate shunt may indicate that 
S. cattleya may be able to reduce fluoroacetate entry into the TCA cycle and the resulting 
toxicity by avoiding utilization of acetate for cell growth. Indeed, our initial studies show that S. 
cattleya does not grow on acetate as a sole carbon source under conditions in which S. coelicolor 
can. Other pathways for acetate uptake and activation to acetyl-CoA include the acetate kinase 
(AckA)/phosphotransacetylase (Pta) and the acetyl-CoA synthetase (ACS) pathways (Scheme 
3.1). Similar to five streptomycetes with completely sequenced and annotated genomes (S. 
coelicolor, S. avermitilis, S. scabiei, S. bingchenggensis and S. griseus), S. cattleya contains one 
copy of each of these genes. 

These enzymes were cloned from S. cattleya genomic DNA, heterologously expressed in E. 
coli (Figure 3.11). The steady-state kinetic parameters for fluorinated and nonfluorinated 
substrate congeners were then measured and compared to orthologous enzymes from E. coli, a 
bacterium known to be susceptible to fluoroacetate poisoning via the AckA/Pta pathway [1]. 
Studies of the S. cattleya ACS suggest that S. cattleya is unable to assimilate fluoroacetate  
 



58 

 
 
 
 

 
 

 

Figure 3.11. Heterologous expression and purification of acetate assimilation enzymes. Acetyl-CoA synthetase from (A) S. cattleya 
and (B) E. coli. Acetate kinase (AckA) from (C) S. cattleya and (D) E. coli. Phosphotransacetylase (Pta) from (E) S. cattleya and (F) 
E. coli. All gels are pre-induction (lane 1), post-induction (lane 2) and purified enzyme (lane 3).  
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   kcat  (s-1) KM (µM) kcat/KM  (M-1s-1) 

ACS S. cattleya Acetate 40 ± 1 9 ± 1 (4.4 ± 0.5) x 106 

  Fluoroacetate 2.03 ± 0.08 (5.2 ± 0.9) x 104 (3.9 ± 0.7) x 101 
      
 E. coli Acetate 1.04 ± 0.03 6 ± 1 (1.7 ± 0.3) x 105 
  Fluoroacetate 0.14 ± 0.01 (8 ± 3) x 104 (1.8 ± 0.7) x 100 
      
AckA S. cattleya Acetate 410 ± 20 (1.7 ± 0.2) x 104 (2.4 ± 0.3) x 104 
  Fluoroacetate 1.04 ± 0.01 (5.7 ± 0.4) x 103 (1.8 ± 0.1) x 102 
      
 E. coli Acetate (1.34 ± 0.03) x 103 (2.7 ± 0.2) x 104 (5.0 ± 0.4) x 104 
  Fluoroacetate 6.7 ± 0.2 (3.3 ± 0.4) x 104 (2.0 ± 0.3) x 102 
      
Pta S. cattleyab Acetyl-CoA 4.0 ± 0.2 200 ± 20 (2.0 ± 0.2) x 104 
  Fluoroacetyl-CoA 160 ± 8 670 ± 70 (2.4 ± 0.3) x 105 

      
 E. colic Acetyl-CoA 37 ± 1 160 ± 20 (2.3 ± 0.3) x 105 
  Fluoroacetyl-CoA 430 ± 20 160 ± 30 (2.7 ± 0.5) x 106 

 
 
 
 
Table 3.2. Kinetic parameters for acetate assimilation enzymes. Initial rates for ACS and AckA were determined with respect to 
acetate (8) and fluoroacetate (6) while initial rates for Pta were determined with respect to acetyl-CoA (10) and fluoroacetyl-CoA (9). 
Kinetic parameters were obtained by nonlinear fitting of the dose-response curves to the Michaelis-Menten equation. All data are 
mean ± s.e. (n = 3). bRate in the acyl-CoA forming direction: acetyl-CoA 3.5 ± 0.1 µ M s-1 µ M Pta-1; fluoroacetyl-CoA 3.4 ± 0.1 µ M s-

1 µ M Pta-1. cRate in the acyl-CoA forming direction: acetyl-CoA 32 ± 3 µ M s-1 µ M Pta-1; fluoroacetyl-CoA 80 ± 10 µ M s-1 µ M Pta-1. 
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Figure 3.12. Phylogenetic tree of selected citrate 
synthases. S. cattleya contains four citrate synthases, 
which falls in the expected range based on other 
sequenced and annotated Streptomyces spp. genomes (S. 
coelicolor, S. avermitilis, and S. griseus, 4 CS; S. scabiei 
and S. bingchenggensis, 2 CS). Top 10 blast hits from the 
NCBI non-redundant protein database for each of the 4 S. 
cattleya citrate synthases as well as GltA from E. coli and 
CitZ from B. subtilis were aligned with ClustalW. Tree was 
produced using the BioNJ algorithm with 10,000 replicate 
bootstraps in Seaview. By homology to the major 
vegetative citrate synthases from S. coelicolor (92%) and 
S. hygroscopis (93%) as well as distance relationships with 
canonical hexameric and dimeric CSs, Cit1 should be the 
major CS in S. cattleya.  

through its ACS and are in agreement with those from the E. coli ACS, implying that 
fluoroacetate is not imported through this pathway (Table 3.2). Examination of the kinetic 
parameters for AckA and Pta individually from S. cattleya and E. coli suggest the enzymes of S. 
cattleya are capable of assimilating acetate and fluoroacetate with a lower overall catalytic 
efficiency than those of E. coli, but with no additional selectivity with respect to fluorine (Table 
3.2).  

The S. cattleya TCA cycle enzymes do not exclude fluorinated substrates. The most 
transferable fluoroacetate resistance mechanism would either be a citrate synthase (CS) that 
excludes fluoroacetyl-CoA as a substrate or an aconitase that is resistant to fluorocitrate 
poisoning because either enzyme could be used to replace a synthetic host’s native enzymes and 
allow downstream fluoroacetyl-CoA utilization without toxicity. S. cattleya contains four 
predicted CS paralogs (Cit1-4), with Cit1 as the primary CS (Figure 3.12) and Cit2 as the next 
most highly transcribed CS. 

We cloned and expressed Cit1, Cit2, CitA, 
and GltA from S. cattleya, S. coelicolor, and 
E. coli respectively (Figure 3.13) and 
determined their kinetic parameters with 
respect to acetyl-CoA and fluoroacetyl-CoA 
as well as oxaloacetate for the S. cattleya 
citrate synthases (Table 3.3, Figure 3.14). As 
our kinetic assay measured the release of free 
CoA we additionally analyzed the production 
of citrate and fluorocitrate after reactions were 
allowed to run to completion (Figure 3.15). 
Despite its high sequence identity to CitA 
[28], Cit1 exhibits lower overall catalytic 
activity and it lacks positive cooperativity 
based on its Hill coefficient. Multiple 
sequence alignment of Cit1 with ten orthologs 
and GltA show that Cit1 contains several 
mutations of highly conserved residues at the 
predicted regulatory interfaces [29] despite its 
very high overall similarity (Figure 3.16). 
Therefore, Cit1 may still have specialized 
properties with regard to regulation despite its 
similarity to CitA and GltA under in vitro 
assay conditions. In comparison, a secondary 
CS from S. cattleya, Cit2, displays a kcat/KM 
that is an order of magnitude higher compared 
to the other characterized CSs but is not 
highly transcribed under these conditions.  

An attempt was made to identify potential allosteric activators of Cit1. GltA from E. coli is 
known to be activated by the presence of potassium chloride [21]. Likewise, it was observed that 
Cit1 was activated by the presence of potassium chloride with maximal activation occurring at  
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Figure 3.13. Heterologous expression of citrate synthases. (A) GltA from E. coli, (B) CitA from S. coelicolor, (C) Cit1 and (D) Cit2 
from S. cattleya. All gels are pre-induction (lane 1), post-induction (lane 2) and purified enzyme (lane 3).  

 

 

 

Table 3.3. Kinetic parameters of citrate synthases. Initial rates for all the citrate synthases were determined with respect to acetyl-
CoA (10) and fluoroacetyl-CoA (9). Additionally, initial rates for the S. cattleya citrate synthases were determined with respect to 
oxaloacetate. Kinetic parameters were obtained by nonlinear fitting of the dose-response curve to the Hill equation. All data are 
mean ± s.e. (n = 3). 

   kcat (s-1) K0.5 (µM) n kcat/K0.5 (M-1 s-1) 
S. cattleya Cit1 Acetyl-CoA 8.0 ± 0.3 15 ± 2 1.0 ± 0.1 (5.3 ± 0.7) x 105 
  Fluoroacetyl-CoA 3.3 ± 0.2 16 ± 4 0.8 ± 0.1 (2.2 ± 0.9) x 105 
  Oxaloacetate 8.0 ± 0.6 130 ± 20 1.2 ± 0.1 (6 ± 1) x 104 
       
 Cit2 Acetyl-CoA 34 ± 1 4.9 ± 0.4 1.7 ± 0.2 (6.9 ± 0.6) x 106 
  Fluoroacetyl-CoA 1.12 ± 0.02 0.98 ± 0.05 2.0 ± 0.3 (1.14 ± 0.06) x 106 
  Oxaloacetate 24.9 ± 0.6 3.8 ± 0.4 1.3 ± 0.2 (6.6 ± 0.7) x 106 
       
S. coelicolor CitA Acetyl-CoA 17.9 ± 0.4 47 ± 2 1.9 ± 0.1 (3.8 ± 0.1) x 105 
  Fluoroacetyl-CoA 1.94 ± 0.06 15.4 ± 0.8 1.7 ± 0.2 (1.26 ± 0.08) x 105 
       
E. coli GltA Acetyl-CoA 80 ± 10 170 ± 60 0.8 ± 0.1 (5 ± 2) x 105 

  Fluoroacetyl-CoA 1.22 ± 0.03 5.1 ± 0.3 1.9 ± 0.3 (2.4 ± 0.2) x 105 
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Figure 3.14. Dose response curves for citrate synthases. Dose-response curves fit to the Michaelis-Menten equation (black curve) 
and the Hill equation (red curve). E. coli GltA with respect to (A) acetyl-CoA and (B) fluoroacetyl-CoA. S. coelicolor CitA with respect 
to (C) acetyl-CoA and (D) fluoroacetyl-CoA. S. cattleya Cit1 with respect to (E) acetyl-CoA and (F) fluoroacetyl-CoA. S. cattleya Cit2 
with respect to (G) acetyl-CoA and (H) fluoroacetyl-CoA.  
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Figure 3.15. Production of citrate and fluorocitrate by citrate synthases. As the literature CS assay monitors CoA release, which can 
also arise from hydrolysis of the acyl-CoA, the extent of conversion of acetyl-CoA and fluoroacetyl-CoA to citrate (red) and 
fluorocitrate (gray), respectively, was quantified after the reaction was allowed to run to completion. All citrate synthases 
demonstrated substantial decoupling of fluoroacetyl-CoA hydrolysis from fluorocitrate production, but the level of decoupling was not 
substantially different for the S. cattleya homologs. 
 

 

 

 

 

 
E. coli (GltA)           …GNFLNMMFSTPCEPYEVNPILERAMDRILILHADHEQNASTSTVRTAGSSGANPFACIAA… 
                                   **** 
S. cattleya (Cit1)       …ENFLRMTFAVPAEEYELDPVVVSALDKLLILHADHEQNCSTSTVRLVGSSQANLFASISA… 
S. hygroscopicus         …ENFLRMTFSVPAQEYDLDPVVVSALDKLLILHADHEQNCSTSTVRLVGSSQANMFASISA… 
S. bingchenggensis       …ENFLRMTFSVPAQEYELDPIVVSALDKLLILHADHEQNCSTSTVRLVGSSQANMFASISA… 
S. violaceusniger        …ENFLRMTFSVPAQEYDLDPTVVSALDKLLILHADHEQNCSTSTVRLVGSSQANMFASISA… 
S. coelicolor (CitA)     …ENFLRMTFSVPAQEYELDPTVVAALDKLLILHADHEQNCSTSTVRLVGSSQANMFASISA… 
S. pristinaespiralis     …ENFLRMTFSVPAQEYELDPVVVSALDKLLILHADHEQNCSTSTVRLVGSSQANMFASISA… 
S. clavuligerus          …ENFLRMTFSVPAQEYDLDPVVVAALDKLLILHADHEQNCSTSTVRLVGSSQANMFASISA… 
S. griseoaurantiacus     …ENFLRMTFSVPAQEYDLDPVVVSALDKLLILHADHEQNCSTSTVRLVGSSQANMFASISA… 
S. avermitilis           …ENFLRMTFSVPAQDYDLDPVVVSALDKLLILHADHEQNCSTSTVRLVGSSQANMFASISA… 
S. scabiei               …ENFLRMTFSVPAQEYDLDPVVVSALDKLLILHADHEQNCSTSTVRLVGSSQANMFASISA… 

 

 

Figure 3.16. Sequence alignment of selected citrate synthases. Multiple sequence alignment of Cit1 with related citrate synthases 
and GltA from E. coli. Residues important for dimer-dimer interactions in GltA are indicated with stars. Residues in this region that 
are conserved in Cit1’s relatives, but not Cit1 are highlighted in red. Sequences were aligned using Muscle [30].  
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Figure 3.17. Activation of citrate synthases by potassium chloride. Dose response curves with respect to acetyl-CoA in the absence 
(black) and presence (red) of 200 mM potassium chloride with citrate synthases (A) GltA from E. coli (B) CitA from S. coelicolor (C) 
Cit1 from S. cattleya, and (D) Cit2 from S. cattleya 
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Figure 3.18. Activation of streptomyces citrate synthases by AMP. 

 

 

 

 

 

 

 
 
Figure 3.19. Inhibition of the S. cattleya aconitase by fluorocitrate. S. cattleya cultures grown in the presence (A) and absence (B) of 
2 mM fluoride. Aconitase activity was monitored in cell lysates by a coupled assay with isocitrate dehydrogenase in the presence of 
0 µM fluorocitrate (black), 10 µM fluorocitrate (red), and 100 µM fluorocitrate (blue). 
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200 mM (Figure 3.17). As with GltA (Figure 3.17A), the presence of potassium chloride both 
decreases the KM and increases the kcat observed for Cit1 (Figure 3.17C), resulting in a 15-fold 
increase in catalytic efficiency. In contrast, the presence of potassium chloride leads to a modest 
increase in kcat with no impact on KM leading to a 1.4-fold increase in the catalytic efficiency of 
CitA. As expected for dimeric citrate synthases [21], the activity of Cit2 is not impacted by the 
presence of potassium chloride (Figure 3.17D). Interestingly, Cit1 was also activated by AMP, 
with maximal activation occurring at 50 µM. However, CitA from S. coelicolor was also 
activated by AMP, suggesting this activation may be a feature of streptomyces citrate synthases 
rather than a unique mode of regulation related to fluoroacetate resistance (Figure 3.18). 

Further downstream, it appears as if the sole S. cattleya aconitase is susceptible to 
fluorocitrate inhibition based on assays of cell lysates prepared from cultures grown both in the 
presence and absence of fluoride to control for possible fluoride activation of an auxiliary 
resistance gene (Figure 3.19).Taken together, it seems as if the S. cattleya TCA cycle enzymes 
remain competent for the lethal synthesis of fluorocitrate and the resulting shutdown of the 
aconitase-catalyzed step. 

3.4 Conclusions 
Our group is interested in understanding the underlying design principles that allow an 

organism to manage an unusual element like fluorine with the long-term goal of developing a 
template for expanding the scope of enzymatic fluorination chemistry in living systems. Towards 
this effort, we have used a combination of genomic, cell profiling, genetic, and biochemical 
approaches to explore and elucidate the systems-level behavior of S. cattleya with respect to 
fluorine and organofluorine resistance. In this regard, organofluorine biosynthesis appears to be 
transcriptionally regulated both by fluoride as well as by cell cycle. Both the genes encoding the 
putative FAlDH and the FT transaldolase share this behavior, which is consistent with a 
biosynthetic role in fluoroacetate and fluorothreonine production, whereas none of the MRI or 
F1P aldolase paralogs follow the same transcriptional pattern.  

Using biochemical methods to assess the fluorine specificity of the acetate activation systems 
(AckA/Pta and ACS), CS, and aconitase, we have shown that the enzymes from S. cattleya do 
not appear to exclude the fluorinated metabolites as the major mechanism of resistance. Instead, 
we observe using RNA-seq experiments that the management of organofluorine toxicity appears 
to be highly controlled at the transcriptional level where organofluorine production is initiated in 
stationary phase only after the TCA cycle is shut down.  In contrast to organofluorine 
biosynthesis, we observe no fluoride dependence to the transcription of TCA cycle enzymes, 
implying that organofluorine production does not affect the life cycle of S. cattleya. However, 
the primary CS, Cit1, does appear to have different biochemical and regulatory properties 
compared to closely related orthologs that may lead to differences in TCA cycle behavior at the 
post-translational level. Other global shifts in metabolic flux could result from re-routing of 
carbon flux through glutamate-based anaplerotic reactions based on the upregulation of a 
secondary α-ketoglutarate dehydrogenase operon as well as changes in 3- and 5- carbon 
metabolism. These results suggest a metabolic framework to begin exploring the engineered 
biosynthesis of complex organofluorines from fluoroacetate while avoiding cellular toxicity from 
the fluorinated building block. 
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4.1 Introduction 
The catalytic diversity of biological systems provides enormous potential for the creation of 

new chemistry for the scalable production of pharmaceuticals, fuels, and materials using living 
cells [1-4]. However, the scope of innovation of living organisms is typically limited to functions 
that confer a direct advantage for cell growth, thereby maximizing biomass as the end product 
rather than a molecule or reaction of interest. In contrast, synthetic biology approaches allow us 
to disconnect some of these remarkable biochemical transformations from cell survival and 
reconnect them in novel ways for the targeted synthesis of new classes of compounds. One 
particularly interesting area of opportunity is the development of methods to introduce fluorine 
into complex small molecule scaffolds, which has become a powerful strategy for the design of 
synthetic pharmaceuticals. Indeed, it is estimated that 20-30% of drugs, including many of the 
top sellers, contain at least one fluorine atom [5-7]. Recent innovations have expanded the scope 
of synthetic C–F bond forming methodologies, but the unusual elemental properties of fluorine 
that serve as the basis for its success also continue to restrict the range of molecular structures 
that can be accessed [8-11]. As such, the invention of new routes for the site-selective 
introduction of fluorine into structurally diverse molecules, particularly under mild conditions, 
remains an outstanding challenge. 

 

 
Figure. 4.1. Synthetic biology of fluorine. (A) The fluoroacetate pathway and its metabolites represent the known scope of biological 
fluorine chemistry, producing fluoroacetate and fluorothreonine as the end products (grey box). This scope could be greatly 
expanded by engineering downstream pathways and using fluoroacetate as an organofluorine building block for introducing fluorine 
site-selectively into large families of modularly-synthesized natural products constructed from acetate backbones (red box). A red 
dot represents a position that can be fluorinated with the incorporation of a fluoroacetate monomer without altering the carbon 
skeleton, including locations where fluorine would replace a methyl group derived from propionate or where downstream tailoring 
steps have occurred on the final structure. (B) Assembly of acetate units in the biosynthesis of polyketide natural products. 
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Despite its high effectiveness as a tool in human hands, fluorine has limited distribution in 
naturally occurring molecules. In fact, the only fluorinated natural products characterized to date 
consist of a small set of simple organofluorines related to the fluoroacetate pathway of 
Streptomyces cattleya, a soil bacterium that houses the remarkable ability to catalyze the 
formation of C–F bonds from aqueous fluoride (Figure 4.1A) [12, 13]. Although these 
compounds lack the intricacy typically expected of secondary metabolites, they represent a 
potentially rich source of modular organofluorine building blocks for the production of complex 
fluorinated natural products. In this regard, the backbones of isoprenoids, steroids, alkaloids, 
eicanosoids, leukotrienes, and others are biosynthesized directly from the assembly and tailoring 
of simple acetate units (Figure 4.1A).  Introduction of the fluoroacetate monomer in place of 
acetate would allow us to site-specifically incorporate fluorine into the backbone of these targets 
and create new molecular function by combining the medicinal chemistry advantages of fluorine 
with the structural complexity and bioactivity of natural products. In this work, we show that the 
enzymatic synthesis of fluoromalonyl-CoA, a fluorinated analog of one of nature’s most 
powerful carbon nucleophiles, can be engineered from fluoroacetate and harnessed as an 
extender unit for the production of fluorinated polyketides in vitro and in vivo. 

Many acetate-based natural products, polyketides in particular, are generated through the 
iterative condensation of activated thioesters, resulting in reactive β-keto units that condense 
further to produce a wide range of structures (Figure 4.1B) [14, 15]. The structural diversity of 
polyketides is especially striking given that the vast majority of polyketides draw on only two 
monomers, acetate and propionate, as the extender units that form their carbon skeletons [3, 14, 
16]. Although polyketide synthases have been observed to be promiscuous with regard to their 
starter units [3, 14], the encoding of extender units has been found to be quite selective and the 
large pool of substituted acyl-CoAs inside the cell are excluded from the backbone [14, 16]. 
Thus, while the specificity between the acetate and propionate extender units can be swapped 
using various approaches [3, 14], engineered extenders units have not yet been tapped except in 
cases where more unusual extenders are naturally utilized by a polyketide synthase [17-19]. In 
fact, fluoroacetate can be used as a starter unit to produce highly toxic ω-fluorofatty acids 
(Figure 4.1A) [13], but fluorine has never been observed to date within the backbone, implying 
that chain extension reactions with the fluorinated acyl-CoA do not occur in these systems. The 
apparent inability of living systems to utilize fluorine for the biosynthesis of complex small 
molecules could arise from several sources, but is likely derived in part from the extreme 
properties of fluorine that affect biological as well as chemical synthesis. For example, the pKa of 
the α-proton, electrophilicity of the carbonyl group, and the stability of the acyl-CoA and 
carbanion are all highly affected by fluorine substitution. Furthermore, the fluoroacetyl group 
bears a clear similarity to the fluoromethylketone motif used for the design of covalent 
inhibitors, which can lead to the irreversible alkylation of active-site nucleophiles [20]. Thus, the 
development of a system to incorporate novel fluorinated extenders could dramatically increase 
the range of complex structures that can be accessed but must also address the challenges 
involved in activating the fluoroacetate monomer for the downstream C–C bond forming 
chemistry involved in chain extension reactions. 

4.1 Materials and methods 
Commercial materials. Luria-Bertani (LB) Broth Miller, LB Agar Miller, Terrific Broth 

(TB), yeast extract, malt extract, glycerol, and triethylamine (TEA) were purchased from EMD 
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Biosciences (Darmstadt, Germany). Carbenicillin (Cb), isopropyl-β-D-thiogalactopyranoside 
(IPTG), phenylmethanesulfonyl fluoride (PMSF), tris(hydroxymethyl)aminomethane 
hydrochloride (Tris-HCl), sodium chloride, dithiothreitol (DTT), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), magnesium chloride hexahydrate, kanamycin (Km), 
acetonitrile, N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA), dichloromethane, ethyl acetate 
and ethylene diamine tetraacetic acid disodium dihydrate (EDTA), were purchased from Fisher 
Scientific (Pittsburgh, PA). Sodium fluoroacetate, coenzyme A trilithium salt (CoA), acetyl-
CoA, malonyl-CoA, methylmalonyl-CoA, diethylfluoromalonate, malonic acid, methylmalonic 
acid, tris(2-carboxyethyl)phosphine (TCEP) hydrochloride, lithium hexamethyldisilazide 
solution (LiHMDS), phosphoenolpyruvate (PEP), adenosine triphosphate sodium salt (ATP), 
nicotinamide adenine dinucleotide reduced form dipotassium salt (NADH), nicotinamide adenine 
dinucleotide phosphate reduced form (NADPH), myokinase, pyruvate kinase, lactate 
dehydrogenase, poly(ethyleneimine) solution (PEI), 5-fluorouracil, β-mercaptoethanol, sodium 
phosphate dibasic hepthydrate, chlorotrifluoromethane and N,N,N',N'-tetramethyl-ethane-1,2-
diamine (TEMED) were purchased from Sigma-Aldrich (St. Louis, MO). Formic acid was 
purchased from Acros Organics (Morris Plains, NJ). Acrylamide/Bis-acrylamide (30%, 37.5:1), 
electrophoresis grade sodium dodecyl sulfate (SDS), Bio-Rad protein assay dye reagent 
concentrate and ammonium persulfate were purchased from Bio-Rad Laboratories (Hercules, 
CA). Restriction enzymes, T4 DNA ligase, Antarctic phosphatase, Phusion DNA polymerase, T5 
exonuclease, and Taq DNA ligase were purchased from New England Biolabs (Ipswich, MA). 
Deoxynucleotides (dNTPs) and Platinum Taq High-Fidelity polymerase (Pt Taq HF) were 
purchased from Invitrogen (Carlsbad, CA). PageRuler™ Plus prestained protein ladder was 
purchased from Fermentas (Glen Burnie, Maryland). Oligonucleotides were purchased from 
Integrated DNA Technologies (Coralville, IA), resuspended at a stock concentration of 100 µM 
in 10 mM Tris-HCl, pH 8.5, and stored at either 4°C for immediate use or -20°C for longer term 
use. DNA purification kits and Ni-NTA agarose were purchased from Qiagen (Valencia, CA). 
Complete EDTA-free protease inhibitor was purchased from Roche Applied Science (Penzberg, 
Germany). O-(7-Azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate 
(HATU), Amicon Ultra 3,000 MWCO and 30,000 MWCO centrifugal concentrators, 5,000 
MWCO regenerated cellulose ultrafiltration membranes, and LiChroCART 250-4 Purospher RP-
18e HPLC column were purchased from EMD Millipore (Billerica, MA). Deuterium oxide and 
chloroform-d were purchased from Cambridge Isotope Laboratories (Andover, MA). 19F NMR 
spectra were collected at 25ºC on Bruker AVQ-400 or AV-600 spectrometers at the College of 
Chemistry NMR Facility at the University of California, Berkeley or on a Bruker Biospin 900 
MHz spectrometer at the QB3 Central California 900 MHz NMR Facility or on a Bruker AV-
600 spectrometer equipped with a QCI-CryoProbe at Novartis Institutes for Biomedical Research 
(Emeryville, California). Spectra were referenced to CFCl3 (0 ppm) or 5-fluorouracil (D2O: -
168.33 ppm vs. CFCl3). NMR assignments were made based on COSY, 13C-1H HSQC, 13C-1H 
HMBC and 19F-1H HMBC spectra where appropriate. High-resolution mass spectral analyses 
were carried out at the College of Chemistry Mass Spectrometry Facility.  

Bacterial strains. E. coli DH10B-T1R and BL21(de3)T1R were used for DNA construction 
and heterologous protein production, respectively, except for DEBS modules, which were 
heterologously expressed in E. coli BAP1 [21].  

Gene and plasmid construction. Standard molecular biology techniques were used to carry 
out plasmid construction. All PCR amplifications were carried out with Phusion or Platinum Taq 
High Fidelity DNA polymerases. For amplification of GC-rich sequences from S. coelicolor, 
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PCR reactions were supplemented with DMSO (5%) using the standard buffer rather than GC 
buffer with primer annealing temperatures 8-10°C below the Tm. All constructs were verified by 
sequencing (Quintara Biosciences; Berkeley, CA). 

The synthetic gene encoding NphT7 was optimized for E. coli class II codon usage and 
synthesized using PCR assembly (Appendix Table 3). Gene2Oligo was used to convert the gene 
sequence into primer sets using default optimization settings (Appendix Table 3) [22]. To 
assemble the synthetic gene, each primer was added at a final concentration of 1 µM to the first 
PCR reaction (50 µL) containing 1 × Pt Taq HF buffer (20 mM Tris-HCl, 50 mM KCl, pH 8.4), 
MgSO4 (1.5 mM), dNTPs (250 µM each), and Pt Taq HF (5 U). The following thermocycler 
program was used for the first assembly reaction: 95oC for 5 min; 95oC for 30 s; 55oC for 2 min; 
72oC for 10 s; 40 cycles of 95oC for 15 s, 55oC for 30 s, 72oC for 20 s plus 3 s/cycle; these cycles 
were followed by a final incubation at 72oC for 5 min. The second assembly reaction (50 µL) 
contained 16 µL of the unpurified first PCR reaction with standard reagents for Pt Taq HF. The 
thermocycler program for the second PCR was: 95oC for 30 s; 55oC for 2 min; 72oC for 10 s; 40 
cycles of 95oC for 15 s, 55oC for 30 s, 72oC for 80 s; these cycles were followed by a final 
incubation at 72oC for 5 min. The second PCR reaction (16 µL) was transferred again into fresh 
reagents and run using the same program. Following gene construction, the DNA smear at the 
appropriate size was gel purified and used as a template for the rescue PCR (50 µL) with Pt Taq 
HF and rescue primers under standard conditions. The resulting rescue product was inserted into 
pBAD33 and confirmed by sequencing, then amplified using the nphT7 F1/R1 primer set 
(Appendix Table 3) and inserted into the NdeI site of pET-16b using the Gibson protocol [23].  

pET28a-His10-MatB.SCo and pET16b-His10-Epi.SCo were constructed by amplification from 
S. coelicolor A3(2) M145 (ATCC BAA-471) genomic DNA using the MatB.SCo F/R and 
epi.SCo F/R primer sets (Appendix Table 3) and insertion into the NdeI-XhoI sites of pET28a.  

pSV272-MBP-DEBSMod2-His6 and pSV272-MBP-DEBSMod2/AT0-His6 were constructed by 
amplification from pBP19 [25] using primers MBP-M2 F/MBP-M2 R (pSV272-MBP-
DEBSMod2-His6) (Appendix Table 3) or MBP-M2 F/MBP-M2ATnull R and MBP-M2ATnull 
F/MBP-M2 R (pSV272-MBP-DEBSMod2/AT0-His6; MBP-M2ATnull primers harbored the 
sequence to generate the S2652A) (Appendix Table 3) and insertion into the SfoI-HindIII sites of 
pSV272.1 using the Gibson protocol and confirmed by sequencing prior to use.  

Expression of His-tagged proteins. TB (1 L) containing carbenicillin, kanamycin, and 
chloramphenicol (50 µg/mL) as appropriate in a 2.8 L Fernbach baffled shake flask was 
inoculated to OD600 = 0.05 with an overnight TB culture of freshly transformed E. coli 
containing the appropriate overexpression plasmid. The cultures were grown at 37°C at 250 rpm 
to OD600 = 0.6 to 0.8 at which point cultures were cooled on ice for 20 min, followed by 
induction of protein expression with IPTG (His10-AckA, His10-Pta: 1 mM; His10-AccA/B/C/D 
[26], DEBSMod6/AT0+TE-His6 (pAYC138 [24]): 0.4 mM; His10-MatB, His10-Epi, His10-NphT7, 
His6-DszAT (pFW3 [24]), His6-DEBSMod6+TE-His6 (pRSG54 [27]), DEBSMod3+TE-His6 
(pRSG34 [28]), DEBSMod3/AT0+TE-His6 (pAYC136 [24]), MBP-DEBSMod2-His6, MBP-
DEBSMod2/AT0-His6, DEBS1 : 0.2 mM) and overnight growth at 16°C. For His10-AccB 
expression, pBAD33-BirA was co-expressed (L-arabinose, 0.2 %) and the medium was 
supplemented with 20 nM D-(+)-biotin at induction. For MBP-DEBSMod2-His6 and MBP-
DEBSMod2/AT0-His6 pRARE2 was co-expressed. Cell pellets were harvested by centrifugation at 
9,800 × g for 7 min at 4ºC and stored at -80ºC.  
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Purification of His10-AckA, His10-Pta, His10-MatB, His10-Epi, His10-AccA/B/C/D, His6-DszAT and 
His10-NphT7. Frozen cell pellets were thawed and resuspended at 5 mL/g cell paste with Buffer A 
(50 mM sodium phosphate, 300 mM sodium chloride, 20% glycerol, 20 mM BME, pH 7.5) 
containing imidazole (10 mM) for His10-AckA, His10-Pta, His10-AccA/B/C/D, and His10-NphT7 
or Buffer B (200 mM sodium phosphate, 200 mM sodium chloride, 30% glycerol, 2.5 mM 
EDTA, 2.5 mM DTT, pH 7.5) for His10-MatB and His10-Epi. Complete EDTA-free protease 
inhibitor cocktail (Roche) was added to the lysis buffer before resuspension. The cell paste was 
homogenized before lysis by passage through a French Pressure cell (Thermo Scientific; 
Waltham, MA) at 14,000 psi. The lysate was centrifuged at 15,300 × g for 20 min at 4°C to 
separate the soluble and insoluble fractions. DNA was precipitated in the soluble fraction by 
addition of 0.15% (w/v) poly(ethyleneimine). The precipitated DNA was removed by 
centrifugation at 15,300 × g for 20 min at 4°C. The remaining soluble lysate was diluted three-
fold with Buffer A containing imidazole (10 mM) and loaded onto a Ni-NTA agarose column 
(Qiagen, 1 mL resin/g cell paste) by gravity flow or on an ÄKTApurifier FPLC (2 mL/min; GE 
Healthcare; Piscataway, NJ). The column was washed with Buffer A until the eluate reached an 
A280 nm < 0.05 or was negative for protein content by Bradford assay (Bio-Rad).  

His10-AckA, His10-Pta, His10-MatB, His10-AccB and His10-AccD. The column was washed 
with 5 to 10 column volumes with Buffer A supplemented with imidazole (His10-AckA, 40 mM; 
His10-Pta, 35 mM; His10-MatB, His10-AccB, and His10-AccD, 20 mM). The protein was then 
eluted with 300 mM imidazole in Buffer A.  

His10-Epi. His10-Epi was eluted using a linear gradient from 0 to 300 mM imidazole in Buffer 
A over 30 column volumes. 

His10-AccA, His10-AccC and His10-NphT7. The column was washed with a linear gradient 
from 10 to 90 mM imidazole in Buffer A over 15 column volumes and then eluted with 300 mM 
imidazole in Buffer A.  

Fractions containing the target protein were pooled by A280 nm
 and concentrated using either 

an Amicon Ultra spin concentrator (3 kDa MWCO, Millipore) or an Amicon ultrafiltration cell 
under nitrogen flow (65 psi) using a membrane with an appropriate nominal molecular weight 
cutoff (Ultracel-5 or YM10, Millipore). Protein was then exchanged into Buffer C (50 mM 
HEPES, 100 mM sodium chloride, 2.5 mM EDTA, 20% glycerol, pH 7.5) with (His10-AckA, 
His10-Pta, His10-AccA/B/C/D, His10-NphT7) or without (His10-MatB and His10-Epi) DTT (0.5-1 
mM) using a Sephadex G-25 column (Sigma-Aldrich, bead size 50-150 µm, 10 mL resin/mL 
protein solution), then concentrated again before storage.  

Final protein concentrations before storage were estimated using the ε280 nm calculated by 
ExPASY ProtParam as follows: His10-AckA: 14.8 mg/mL (ε280 nm = 24,860 M-1 cm-1), His10-Pta: 
16.5 mg/mL (ε280 nm = 37,360 M-1 cm-1), His10-MatB: 19.8 mg/mL (ε280 nm = 33,920 M-1 cm-1), 
His10-Epi: 18.5 mg/mL (ε280 nm = 11,460 M-1 cm-1), His10-AccA: 33.2 mg/mL (ε280 nm = 25,900 M-

1 cm-1), His10-AccB: 23.0 mg/mL (ε280 nm = 2,980 M-1 cm-1), His10-AccC: 32.6 mg/mL (ε280 nm = 
27,850 M-1 cm-1), His10-AccD: 4.5 mg/mL (ε280 nm = 16,960 M-1 cm-1), His6-DszAT: 1.7 mg/mL 
(ε280 nm = 17,420 M-1 cm-1), His10-NphT7: 0.4 mg/mL (ε280 nm = 26,930 M-1 cm-1). All proteins 
were aliquoted, flash-frozen in liquid nitrogen, and stored at -80°C. 

Purification of DEBSMod6+TE-His6, DEBSMod6/AT0+TE-His6, DEBSMod3+TE-His6, and 
DEBSMod3/AT0+TE-His6. The His-tagged DEBS module with thioesterase (DEBSMod6+TE) 
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construct was heterologously expressed in E. coli BAP1 pRSG54 as previously described and 
purified using a modified literature protocol [29]. Cleared cell lysates were prepared in Buffer B 
as described above, diluted three-fold with Buffer A, and passed over a Ni-NTA agarose column 
(Qiagen, approximately 1 mL/g cell paste) on an ÄKTApurifier FPLC. The column was washed 
with Buffer A until the eluate reached an A280 nm < 0.05. Protein was eluted with Buffer D (50 
mM sodium phosphate, 50 mM sodium chloride, 20 mM BME, 20% glycerol, 100 mM 
imidazole, pH 7.5). The eluate was diluted two-fold with Buffer E  (50 mM HEPES, 2.5 mM 
EDTA, 2.5 mM DTT, 20% glycerol, pH 7.5), loaded onto a HiTrap Q HP column (GE 
Healthcare, 5 mL), and eluted with a linear gradient from 0 to 1 M sodium chloride in Buffer E 
over 30 column volumes (4.5 mL/min). Fractions containing the target protein (eluted at ~350 
mM sodium chloride) were pooled by A280 nm and concentrated under nitrogen flow (65 psi) in an 
Amicon ultrafiltration cell using a YM10 membrane. The protein was flash-frozen in liquid 
nitrogen and stored at -80°C at a final concentration of 6 - 30 mg/mL, which was estimated using 
the calculated ε280 nm (DEBSMod3+TE and DEBSMod3/AT0+TE: 203,280 M-1cm-1; DEBSMod6+TE 
and DEBSMod6/AT0+TE: 206,260 M-1 cm-1).  

Purification of MBP-DEBSMod2-His6 and MBP-DEBSMod2/AT0-His6. Cleared lysates were 
produced as for other DEBS modules, diluted 2-fold with Buffer A + 10 mM imidazole, and 
bound in batch to Ni-NTA resin (2.5 mL resin per g cell paste) for 2h. The slurry was poured 
into a fritted column and washed with Buffer A + 10 mM imidazole until the A280 nm of the eluent 
dropped below 0.05. The protein was then eluted with Buffer A + 300 mM imidazole. The 
protein was then concentrated to approximately 1 mg/mL in an Amicon ultrafiltration cell. The 
protein was then dialyzed overnight against Buffer E + 50 mM NaCl with 1 mg TEV per 100 mg 
protein to remove the MBP tag. The protein was then loaded onto a HiTrap Q HP column and 
eluted by a linear gradient from Buffer E to Buffer E + 500 mM NaCl over 20 column volumes. 
Fractions containing the desired protein were identified by SDS-PAGE (eluting at approximately 
350 mM NaCl), pooled and concentrated in an Amicon Ultra spin concentrator to 20 - 25 mg/mL 
base on the calculated ε280 nm of 158,360 M-1cm-1. Aliquots were flash frozen in liquid nitrogen 
and stored at -80°C. 

ESI-MS screening method for acyl-CoAs. Preparative HPLC fractions were screened on 
an Agilent 1290 HPLC system using a Zorbax Eclipse Plus C-18 column (3.5 µm, 2.1 × 30 mm, 
Agilent) with a linear gradient from 0 to 65% acetonitrile over 2 min with 0.1% formic acid as 
the aqueous mobile phase (0.75 mL/min). Mass spectra were recorded on an Agilent 6130 single 
quadrupole MS with ESI source, operating in negative and positive ion scan mode.  

Fluoromalonate. Diethylfluoromalonate (0.5 mL, 3.2 mmol) was saponified with 
methanolic sodium hydroxide (2 M, 3.5 mL) in dichloromethane and methanol (9:1 v/v, 32 mL) 
and the sodium salt isolated by filtration through a Büchner funnel with a fine porosity glass frit 
[30]. 19F NMR (565 MHz, D2O, 5-fluorouracil = -168.3 ppm): δ -176.43 (d, J=53 Hz). 

Fluoromalonyl-CoA. Fluoromalonyl-CoA was prepared enzymatically from fluoromalonate 
and CoA using MatB and ATP. A myokinase/pyruvate kinase/PEP system was also used to 
regenerate ATP in order to avoid high concentrations of AMP that might inhibit MatB. The 
reaction mixture (10 mL) contained 100 mM sodium phosphate, pH 7.5, phosphoenolpyruvate (5 
mM), TCEP (2.5 mM), magnesium chloride (5 mM), fluoromalonate (2.5 mM), ATP (2.5 mM), 
pyruvate kinase (36 U), myokinase (20 U), CoA (2 mM) and MatB (5 µM). The mixture was 
incubated at 37°C for 6 h and then at room temperature for 16 h before lyophilizing overnight. 
The residue was dissolved in water (1.6 mL) and acidified to pH ~2 by addition of 70% 
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perchloric acid (160 µL). Insoluble material was removed by centrifugation at 18,000 × g for 10 
min. The supernatant was adjusted to pH 6 by addition of 10 M sodium hydroxide (100 µL) and 
desalted on an Agilent 1200 HPLC system using a Zorbax Eclipse XDB C-18 column (5 µm, 9.4 
× 250 mm, Agilent) with a linear gradient from 0 to 10% methanol over 9 min with 50 mM 
sodium phosphate, 25 mM trifluoroacetic acid, pH 4.5 as the aqueous mobile phase (3 mL/min). 
Fractions eluting near the void volume, containing both fluoromalonyl-CoA and CoA, were 
lyophilized overnight, dissolved in water (1 mL), and purified using a Zorbax Eclipse XDB C-18 
column (5 µm, 9.4 × 250 mm) with a linear gradient from 0 to 50% methanol over 45 min with 
50 mM sodium phosphate, pH 4.5 as the aqueous mobile phase (3 mL/min). Fractions were 
screened by ESI-MS and those containing pure fluoromalonyl-CoA were lyophilized overnight, 
dissolved in water (1 mL), and desalted using a Zorbax Eclipse XDB C-18 column (5 µm, 9.4 × 
250 mm) with a linear gradient from 0 to 15% acetonitrile over 30 min with water as the mobile 
phase (3 mL/min). The desalted fluoromalonyl-CoA was lyophilized and redissolved in water or 
D2O. The fluoromalonyl-CoA solutions were stored at -20°C but are stable for at least 24 h at 
room temperature. During NMR measurements in D2O, complete H-D exchange occurred at the 
fluorine-substituted carbon over the course of 48 h. Spectra are shown in Figure S4. 1H NMR 
(600 MHz, D2O, MeOH = 3.34 ppm): δ 8.55 (s, 1H, H8), 8.27 (s, 1H, H2), 6.17 (d, J=6.6 Hz, 1H, 
H1´), 5.23 (d, J=50.3 Hz, 1H, O2C-CHF-C=O), 4.89 – 4.79 (m, 2H, H2' and H3'), 4.59 (m, 1H, 
H4'), 4.23 (m, 2H, H5'), 4.00 (s, 1H, H3''), 3.82 (dd, J=10.2, 4.6 Hz, 1H, pro-R-H1''), 3.54 (dd, 
J=10.0, 4.4 Hz, 1H, pro-S- H1''), 3.49 – 3.39 (m, 2H, H5''), 3.38 – 3.29 (m, 2H, H8''), 3.11-3.02 (m, 
2H, H9''), 2.42 (t, J=6.7 Hz, 3H, H6''), 0.88 (s, 3H, H10''), 0.74 (s, 3H, H11''). 13C NMR (226 MHz, 
D2O, CH3OH = 49.15 ppm): δ 196.92, 196.85 (d, J=27.5 Hz, CO2), 175.02 (C4"), 174.32 (C7"), 
169.52 (d, J=21.0 Hz, O2C-CDF-C=O), 155.37 (C6), 152.40 (C2), 149.57 (C4), 140.37 (C8), 
118.91 (C5), 93.32 (td, J=25 Hz, 197 Hz, O2C-CDF-C=O), 86.61 (C1'), 83.81 (d, J=9 Hz, C4'), 
74.56 (d, J=5 Hz, C3' or C1''), 74.35 (C3''), 74.00 (d, J=5 Hz, C2'), 72.16 (d, J=6 Hz, C3' or C1''), 
65.56 (C5'), 38.66 (C5" or C6"), 38.58 (d, J=8 Hz, C8'') 35.58 (d, J=30 Hz, C9"), 27.60 (d, J=3 Hz, 
C5" or C6"), 21.16 (C10''), 18.22 (C11''). 19F NMR (565 MHz, D2O, CF3CO2H = -76.20 ppm): δ -
182.11 (dd, J=7.8, 50.4 Hz, O2C-CHF-C=O), -182.72 (m, O2C-CDF-C=O). HR-ESI-MS [M-H]-: 
calculated for C24H36FN7O19P3S, m/z, 870.0989, found m/z 870.0991.  

Enzyme assays. Kinetic parameters (kcat, KM) were determined by fitting the data using 
Microcal Origin to the equation: vo = vmax [S] / (KM + [S]), where v is the initial rate and [S] is the 
substrate concentration. Data are reported as mean ± s.e. (n = 3) unless otherwise noted with 
standard error derived from the nonlinear curve fitting. Error bars on graphs represent mean ± 
s.d. (n = 3). Error in kcat/KM is calculated by propagation of error from the individual kinetic 
parameters. 

Acetyl-CoA carboxylase. ACCase activity was measured using a discontinuous HPLC assay. 
Assays were performed at 30°C in a total volume of 200 µL containing 50 mM HEPES, pH 7.5, 
TCEP (10 mM), bovine serum albumin (3 mg/mL), CoA (0.5 mM), ATP (2.5 mM), magnesium 
chloride (10 mM), sodium bicarbonate (75 mM), acetate or fluoroacetate (10 mM), 
phosphoenolpyruvate (10 mM), pyruvate kinase (4 U), AckA (0.1 µM), Pta (10 µM) and 
ACCase (15 µM). The pH of the buffer remained unchanged after addition of sodium 
bicarbonate. ACCase stock solution was prepared by pre-mixing the protein subunits at 
equimolar ratio (85 µM) except for AccB, which was added at 1.5-fold molar excess. The 
reaction was initiated with addition of ATP. Aliquots (20 µL) were removed and quenched by 
the addition of 70% perchloric acid (1 µL). Insoluble material was removed by centrifugation 
and the supernatant was analyzed on an Agilent 1200 or 1290 HPLC system on a LiChroCART 
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250-4 Purospher RP-18e column (5 µm, 4.6 × 250 mm, Millipore) and monitored at A260 nm. For 
reactions with acetate, a linear gradient from 2 to 20% acetonitrile over 10 min with 5 mM 
sodium phosphate and 5 mM sodium citrate with 0.1% trifluoroacetic acid, pH 4.6 as the 
aqueous mobile phase (1 mL/min) was used to analyze the reaction. For reactions with 
fluoroacetate, a linear gradient from 2 to 15% acetonitrile containing 0.1% TEA over 15 min 
with 10 mM Tris, pH 8.0 containing 0.1% TEA as the aqueous mobile phase (1 mL/min) was 
used. Buffers containing TEA were made fresh daily and could be used for at least 6 h before 
significant change in chromatography was observed. 

Malonyl-CoA synthetase. MatB activity was measured using a modified literature method 
[31]. The production of AMP was coupled to pyruvate formation by myokinase and pyruvate 
kinase, which in turn was coupled to NADH oxidation by lactate dehydrogenase. Assays were 
performed at 30°C in a total volume of 200 µL containing 100 mM HEPES, pH 7.5, TCEP (1 
mM), ATP (2.5 mM), magnesium chloride (5 mM), phosphoenolpyruvate (1 mM), NADH (0.3 
mM), myokinase (0.5 U), pyruvate kinase (3.6 U), lactate dehydrogenase (2.6 U), dicarboxylic 
acid (25 µM – 1 mM malonate, 50 µM – 10 mM fluoromalonate or 25 µM – 1.5 mM 
methylmalonate) and MatB (26 nM for malonate, 1 µM for fluoromalonate and 200 nM for 
methylmalonate). The reaction was initiated with addition of CoA (0.5 mM) and monitored at 
340 nm in a Beckman Coulter DU-800 spectrophotometer.  

Acetoacetyl-CoA synthase. NphT7 activity was measured using a NADPH-coupled assay 
with PhaB. Assays were performed at 30°C in a total volume of 500 µL containing 50 mM 
HEPES, pH 7.5, NADPH (160 µM), acetyl-CoA (200 µM), PhaB (0.05 mg/mL), NphT7 (0.2 
µM for malonyl-CoA; 0.5µM for fluoromalonyl-CoA) and malonyl-CoA (5 – 150 µM) or 
fluoromalonyl-CoA (5 – 200 µM). Reactions were initiated with the addition of malonyl- or 
fluoromalonyl-CoA and monitored at 340 nm in an Agilent 8453 diode array spectrophotometer. 
The PhaB-coupled assay was tested both by doubling NphT7, which doubled the initial velocity 
with both the fluorinated and non-fluorinated substrates, and also by doubling the amount of 
PhaB, which led to no difference in initial velocity. 

Acyl-CoA hydrolysis by DEBS. Hydrolytic activity of DEBSMod6+TE was measured by 
monitoring the reaction of free CoA with DTNB as described previously [32]. Assays were 
performed at 37°C in a total volume of 200 µL containing 400 mM sodium phosphate, pH 7.5, 
500 µM DTNB, and DEBSMod6+TE (1 µM). Reactions were initiated by addition of acyl-CoA 
(0.5 mM) and monitored at 412 nm in a Beckman Coulter DU-800 spectrophotometer. Release 
of CoA was quantified by comparison to a standard curve (5–100 µM). 

2-fluoro-3-hydroxybutyryl-CoA production using NphT7. As acetofluoroacetyl-CoA 
proved to degrade fairly rapidly under the assay conditions, 2-fluoro-3-hydroxybutyryl-CoA was 
isolated from a 10 mL reaction containing 100 mM HEPES, pH 7.5, fluoromalonate (10 mM), 
CoA (500 µM), NADPH (1 mM), ATP (1 mM), magnesium chloride (5 mM), 
phosphoenolpyruvate (10 mM), pyruvate kinase (180 U), myokinase (100 U), MatB (40 µM), 
PhaB (7 µM) and NphT7 (2 µM) that was initiated by the addition of acetyl-CoA (0.5 mM, 
limiting reagent). The reaction was incubated at 30°C overnight followed by quenching by the 
addition of 70% perchloric acid (50 µL). 2-fluoro-3-hydroxybutryl-CoA was purified using a 
Zorbax Eclipse XDB C-8 column (5 µm, 9.4 × 250 mm, Agilent) with a linear gradient from 0 to 
5% acetonitrile over 30 min (3 mL/min) with 50 mM sodium phosphate with 0.1% 
trifluoroacetic acid (pH 4.5) as the aqueous mobile phase. Fractions containing 2-fluoro-3-
hydroxybutryl-CoA were identified by ESI-MS and lyophilized. The remaining solid was 
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dissolved in water (1 mL) and purified a second time a Zorbax Eclipse XDB C-8 column (5 µm, 
9.4 × 250 mm, Agilent) with a linear gradient from 0 to 5% acetonitrile over 30 min (3 mL/min) 
with 0.1% formic acid as the aqueous mobile phase. Fractions containing 2-fluoro-3-
hydroxybutryl-CoA were identified by ESI-MS and lyophilized. Two diastereomers were 
observed by NMR in an approximately 2.5:1 ratio. 1H NMR (600 MHz, D2O, acetonitrile = 2.06 
ppm): δ 8.54 (s, 1H, H8), 8.30 (s, 1H, H2), 6.08 (d, J=5.9 Hz, 1H, H1´), 4.93 (dd, J=47.8, 2.6 Hz, 
0.2H, HOCH-CHF-C=O minor diastereomer), 4.85 (dd, J=46.9, 2.2 Hz, 0.8H, HOCH-CHF-C=O 
major diastereomer), 4.77 – 4.77 (m, 2H, H2' and H3'), 4.46 (m, 1H, H4'), 4.16-4.04 (m, 3H, 
HOCH-CHF-C=O, H5'), 3.89 (s, 1H, H3''), 3.72 (d, J=7.1 Hz, 1H, H1'' pro-R), 3.46 (d, J=9.7 Hz, 
1H, pro-S- H1'' pro-S), 3.31 (t, J=6.5 Hz, 2H, H5''), 3.26 – 3.20 (m, 2H, H8''), 2.95 (m, 2H, H9''), 
2.30 (t, J=6.5 Hz, 2H, H6''), 1.15 (d, J=6.7 Hz, 2H, H3C-HOCH-CHF major diastereomer), 1.05 
(d, J=6.4 Hz, 1H, H3C-HOCH-CHF minor diastereomer), 0.79 (s, 3H, H10''), 0.67 (s, 3H, H11''). 
19F NMR (565 MHz, D2O, CF3CO2H = -76.20 ppm): δ -198.62 (dd, J=48.24, 23.3 Hz, HOCH-
CHF-C=O), -206.85 (dd, J=46.9, 27.5, HOCH-CHF-C=O). ESI-MS [M+H]+: calculated for 
C25H42FN7O18P3S, m/z, 872.2, found m/z 872.0.  

Triketide lactone production using DEBSMod6+TE and MatB. Assay and preparative 
mixtures contained 400 mM sodium phosphate, pH 7.5, phosphoenolpyruvate (50 mM), TCEP (5 
mM), magnesium chloride (10 mM), ATP (2.5 mM), pyruvate kinase (27 U/mL), myokinase (10 
U/mL), CoA (0.5 mM), methylmalonyl-CoA epimerase (5 µM), MatB (40 µM or as specified) 
and fluoro- or methylmalonate (10 – 20 mM). Including NADPH resulted in only trace yields of 
reduced triketide product, even with the native methylmalonyl-CoA extender, so the cofactor 
was omitted. This mixture was incubated at 37°C for 30-45 min and then initiated by addition of 
the N-acetylcysteamine thioester of (2S,3R)-2-methyl-3-hydroxypentanoic acid (NDK-SNAC, 1 
– 10 mM) [33] and DEBSMod6+TE (10 µM). Aliquots (35 µL) were removed and quenched by 
addition of 70% perchloric acid (1.75 µL). Samples were centrifuged at 18,000 × g to pellet the 
precipitated protein. The supernatant (33 µL) was removed and added to 1 M sodium bicarbonate 
(6.6 µL) bringing the final pH to 4-5. Excess salts were precipitated by freezing in liquid 
nitrogen and centrifuging at 18,000 × g until thawed. The supernatant was removed and analyzed 
on a Zorbax Eclipse XDB C-18 column (3.5 µm, 3 × 150 mm, 35°C, Agilent) using a linear 
gradient from 0 to 40% acetonitrile over 14 min with 0.1% formic acid as the aqueous mobile 
phase after an initial hold at 0% acetonitrile for 30 s (0.8 mL/min). Products were monitored 
using an Agilent G1315D diode array detector (TKL, A260 nm or A275 nm; F-TKL, A247 nm; NDK-
SNAC; A260 nm). The identity of each compound was verified using an Agilent 6130 single 
quadruple mass spectrometer in negative ion mode. For absolute quantification, each analyte was 
compared to an external standard curve. The concentration of the 2-fluoro-2-desmethyltriketide 
lactone (F-TKL) synthetic standard was determined by 19F NMR using the ERETIC method [34] 
against an external standard of 5.00 mM 5-fluorouracil. The triketide lactone (TKL) standard 
was prepared enzymatically, and the 2-desmethyltriketide lactone (H-TKL) standard was 
synthesized as described [35]. The concentrations of TKL and H-TKL were determined by 1H 
NMR in D2O using the ERETIC method against an external standard of 75 mM 
diethylfluoromalonate.  

Enzymatic preparation of methyl- and fluorotriketide lactones from methylmalonate 
and fluoromalonate. Reaction mixtures (TKL, 4 mL; F-TKL, 8 mL) containing NDK-SNAC 
(10 mM) were prepared as described above and incubated for 18 h. Protein was removed by the 
addition of 70% perchloric acid (0.05 volumes) and centrifuged at 18,000 × g for 10 min. The 
supernatant was removed and extracted extensively with dichloromethane (TKL, 5 × 15 mL; F-
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TKL, 5 × 30 mL) and the organic layers concentrated to 5-10 mL by rotary evaporation. The 
residue was transferred to a silanized glass vial (Sigmacote®, Sigma-Aldrich) and 50 mM sodium 
bicarbonate was added (1 mL). The dichloromethane was removed from the biphasic mixture by 
rotary evaporation to transfer the triketide into the aqueous phase. The aqueous solution of 
triketide was purified on a Zorbax Eclipse XDB C-18 column (5 µm, 9.4 × 250 mm, Agilent) 
using a linear gradient from 0 to 27.5% methanol with 50 mM sodium phosphate, pH 4.5 over 45 
min as the aqueous mobile phase (3 mL/min). Fractions containing triketide were pooled and 
extracted with dichloromethane (4 × 3 volumes), and the combined organic layers were dried 
over magnesium sulfate and concentrated.  

The TKL was purified further on a Zorbax Eclipse XDB C-18 (5 µm, 9.4 × 250 mm, Agilent) 
using a linear gradient from to 0 to 30% acetonitrile with 0.1% formic acid as the aqueous 
mobile phase over 45 min (3 mL/min) after transferring back into bicarbonate buffer as described 
above. Fractions containing TKL were combined and lyophilized for analysis. Due to the 
presence of a β-keto moiety, TKL was expected to be produced as a diastereomeric mixture, and 
was in fact isolated as a 100:7 mixture of (2R,4S,5R)-2,4-Dimethyl-3-oxo-5-hydroxy-n-heptanoic 
acid δ-lactone and its 2S-epimer. The observed NMR spectra are in agreement with the literature 
[36]. 1H NMR (500 MHz, CDCl3): δ 4.66 (ddd, J=8.4, 5.4, 2.9 Hz, 2R H5), 4.48 – 4.42 (m, 2S 
H5), 3.62 (q, J=6.6 Hz, 2R H2), 3.25 (d, J=7.5 Hz, 2S H2), 2.83 (dd, J=7.2, 4.7 Hz, 2S H4), 2.63 
(qd, J=7.6, 2.9 Hz, 2R H4), 1.93 – 1.82 (m, 2R H6a), 1.65 (dqd, J=14.8, 7.6, 5.4 Hz, 2R H6b), 1.48 
(d, J=7.5 Hz, 2S C2-CH3), 1.37 (d, J=6.7 Hz, 2R C2-CH3), 1.16 (d, J=6.4 Hz, 2S C4-CH3), 1.12 (d, 
J=7.5 Hz, 2R C4-CH3), 1.08 (t, J=7.5 Hz, 2R H7), 1.01 (t, J=7.5 Hz, 2S H7). 13C NMR (226 MHz, 
CDCl3, only the 2R epimer was detected): δ 205.59 (C3), 170.21 (C1), 78.68 (C5), 50.56 (C2), 
44.52 (C4), 24.19 (C6), 10.09 (C7), 9.90 (C4-CH3), 8.40 (C2-CH3). HR-ESI-MS [M-H]-: 
calculated for C9H13O3, m/z 169.0870, found m/z 169.0871. 

The enzymatic F-TKL was compared against an authentic synthetic standard by LC-MS, HR-
ESI-MS, 19F-NMR, and GC-MS (Figure 4, Figure S13). 19F-NMR (565 MHz, CDCl3, CFCl3 = 0 
ppm): -171.95 (broad singlet), -210.32 (d, J = 45.8 Hz). HR-ESI-MS [M-H]-: calculated for 
C8H10FO3, m/z 173.0619, found m/z 173.0623.  

Enzymatic preparation of F-TKL from fluoroacetate. One-pot reaction mixtures 
containing 200 mM HEPES, pH 7.5, TCEP (2 mM), bovine serum albumin (3 mg/mL), 
magnesium chloride (5 mM), fluoroacetate (10 mM), NDK–SNAC (10 mM), coenzyme A (2 
mM), sodium bicarbonate (75 mM), ATP (2.5 mM), phosphoenolpyruvate (50 mM), pyruvate 
kinase (18 U/mL), myokinase (10 U/mL), AckA (10 µM), Pta (1 µM), ACCase (15 µM), MatB 
(40 µM), methylmalonyl-CoA epimerase (5 µM) and DEBSMod6+TE (10 µM) in a total volume 
of 1000 µL were incubated at 37°C for 1.5 hrs at which time sodium phosphate pH 7.5 (400 
mM) was added to the reaction. The reaction was incubated at 37°C for a further 24 hrs. An 
aliquot (200 µL) was removed and prior to analysis, the aliquot was quenched by the addition of 
70% perchloric acid (10 µL). F-TKL production was analyzed by LC-MS as described above 
using single ion monitoring at m/z 173 in negative ion mode. Telescope reaction mixtures 
containing 200 mM HEPES, pH 7.5, TCEP (2 mM), bovine serum albumin (3 mg/mL), 
magnesium chloride (5 mM), fluoroacetate (10 mM), coenzyme A (1 mM), sodium bicarbonate 
(75 mM), ATP (2.5 mM), phosphoenolpyruvate (50 mM), pyruvate kinase (18 U/mL), AckA (10 
µM), Pta (1 µM) and ACCase (15 µM) in a total volume of 1000 µL were incubated at 37°C for 
1.5 hrs. The reaction was then spun through an Amicon spin concentrator (MWCO 3 kD) to 
remove proteins. 792 µL of the flow through was used to prepare a reaction with 400 mM 
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sodium phosphate, pH 7.5, TCEP (2 mM), magnesium chloride (10 mM), NDK-SNAC (10 mM), 
phosphoenolpyruvate (50 mM), pyruvate kinase (18U/mL), myokinase (10 U/mL), MatB (40 
µM), methylmalonyl-CoA epimerase (5 µM) and DEBSMod6+TE (10 µM) in a total volume of 
1000 µL. The reactions were allowed to proceed for 24 h and were assayed as described for the 
one-pot reactions.  

(2S,3R)-1-((S)-4-Benzyl-2-oxooxazolidin-3-yl)-2-methyl-1-oxopentan-3-yl 2-
fluoroacetate (1). (S)-4-benzyl-3-((2S,3R)-3-hydroxy-2-methylpentanoyl)oxazolidin-2-one (171 
mg, 0.585 mmol) was prepared as previously described [33] and combined with sodium 
fluoroacetate (70 mg, 0.703 mmol, 1.2 eq) and HATU (267 mg, 0.702 mmol, 1.2 eq) in a flame-
dried round-bottom flask under a nitrogen atmosphere. Anhydrous THF (5.9 mL) and 
diisopropylethylamine (306 µL, 1.76 mmol, 3 eq) were added and the reaction was capped and 
stirred vigorously at room temperature for 44 h, during which time the white suspension turned 
orange-brown. The mixture was diluted with ethyl acetate and washed with saturated sodium 
bicarbonate, resulting in two clear layers. The orange-brown organic layer was washed again 
with saturated sodium bicarbonate, dried over MgSO4, filtered through a plug of silica, and 
concentrated to give an orange-brown oil. The residue was purified by flash chromatography on 
silica (30 g) using a step gradient from 100% heptane to 25% ethyl acetate in heptane with the 
desired compound beginning to elute in 20% ethyl acetate. Fractions were concentrated to yield 
the product (173 mg, 84%) as a clear, colorless oil, Rf 0.35 (25% ethyl acetate/hexanes). 1H 
NMR (500 MHz, CDCl3): δ 7.39 – 7.16 (m, Ph-H), 5.31 (ddd, J=7.9, 5.9, 3.2 Hz, H3'), 4.87 (d, 
J=47.0, CH2F-C=O), 4.60 (dddd, J=9.8, 7.7, 3.5, 2.3 Hz, H4), 4.31 (ddd, J=8.7, 7.7, 0.8 Hz, H5 
pro-R), 4.19 (dd, J=8.9, 2.3 Hz, H5 pro-S), 4.09 (qd, J=6.9, 3.2 Hz, H2'), 3.28 (dd, J=13.4, 3.5 Hz, 
H6a), 2.78 (dd, J=13.4, 9.8 Hz, H6b), 1.79 – 1.64 (m, H4'), 1.22 (d, J=6.9 Hz, C2-CH3), 0.95 (t, 
J=7.4 Hz, H5'). 13C NMR (151 MHz, CDCl3): δ 173.95 (C1'), 168.04 (d, J=22.0 Hz, CH2F-C=O), 
153.83 (N-C=O-O), 135.41 (Caryl), 129.56 (Caryl), 129.07 (Caryl), 127.48 (Caryl), 77.44 (d, J=182.3 
Hz, CH2F-C=O) , 76.40 (C3'), 66.58 (C5), 55.94 (C4), 41.00 (C2'), 38.05 (C6), 25.16 (C4'), 10.15 
(C2'-CH3), 10.04 (C5'). 19F NMR (565 MHz, CDCl3, CFCl3 = 0 ppm): δ -230.44 (t, J=47.0 Hz). 
HR-ESI-MS [M+Na]+: calculated for C18H22FNO5Na, m/z 374.1374, found m/z 374.1381.    

Preparation of (2S,4S,5R)-2-fluoro-4-methyl-3-oxo-5-hydroxy-n-heptanoic acid δ-
lactone (F-TKL). Lactonization of 1 was carried out using literature methods [35]. 1 (160 mg, 
0.455 mmol) was dried under vacuum in a pear-shaped flask then placed under nitrogen. In a 
flame-dried round-bottom flask, anhydrous THF (4.5 mL) and LiHMDS (1.0 M in THF, 1.366 
mL, 3 eq) were combined, stirred and cooled to -78°C under nitrogen. The starting material was 
dissolved in anhydrous THF (3.5 mL), cooled to -78°C, and cannulated dropwise into the 
solution of base over 20 min. A rinse of anhydrous THF (1.5 mL) was also transferred by 
cannula. The reaction mixture was stirred for 3 h at -78°C and quenched by addition of saturated 
ammonium chloride/methanol/water (1:1:1 v/v/v, 13 mL). The mixture was then allowed to 
warm to room temperature while stirring. The pH of the quenched mixture was adjusted to 9 
using 10 M NaOH and extracted with 3 × 40 mL ethyl acetate to remove the oxazolidinone 
auxiliary. The aqueous layer was adjusted to pH 2 using 12 M HCl and then extracted with 5 × 
20 mL dichloromethane. The combined organic layers were concentrated to give a clear, 
colorless oil, which contained approximately 1 mol% starting material by 1H NMR (36 mg, 
45%). The product was further purified by flash chromatography on silica by washing 
extensively with dichloromethane (Rf < 0.05) then eluting with ethyl acetate (Rf ~ 0.4), and 
concentrated to yield a white, crystalline solid (13 mg, 16%). A mixture of enol (53%) and keto 
(47%) tautomers was observed in CDCl3. The keto form was almost exclusively the 2S 
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diastereomer as determined by 1H NOESY and molecular modeling (Figure S12). The doublet in 
the 19F NMR spectrum in CDCl3 at -205.96 ppm was assigned to the 2R keto diastereomer based 
on 1H-19F HMBC. 1H NMR (500 MHz, CDCl3): δ 5.83 (d, J=45.7 Hz, keto H2), 4.71 (ddd, J=8.4, 
5.2, 3.0 Hz, keto H5), 4.26 (ddd, J=8.8, 6.0, 3.3 Hz, enol H5), 2.68 (qd, J=7.5, 3.0 Hz, keto H4), 
2.45 (qt, J=7.2, 3.8 Hz, enol H4), 1.88 – 1.78 (m, keto H6a), 1.75 (m, enol H6a), 1.60 (m, keto 
H6b), 1.55 – 1.44 (m, enol H6b), 1.14 (d, J=7.5 Hz, keto H8), 1.11 (d, J=7.1 Hz, enol H8), 1.00 (t, 
J=7.4 Hz, keto H7), 0.92 (t, J=7.5 Hz, enol H7). 13C NMR (151 MHz, CDCl3): δ 198.58 (d, 
J=13.4 Hz, keto C3), 164.15 (d, J=20.0 Hz, keto C1), 162.67 (d, J=24 Hz, enol C1), 156.94 (d, 
J=6.5 Hz, enol C3), 130.00 (d, J=232.3 Hz, enol C2), 89.82 (d, J=206.9 Hz, keto C2), 80.27 (enol 
C5), 77.89 (d, J=1.7 Hz, keto C5), 43.97 (keto C4), 35.84 (enol C4), 24.15 (keto C6), 23.96 (enol 
C6), 10.38 (d, J=2.7 Hz, enol C8), 10.11 (keto C8), 9.93 (keto C7), 9.72 (enol C7). 19F NMR (565 
MHz, CDCl3, CFCl3 = 0 ppm): δ -172.36 (d, J=4.3 Hz, enol), -205.96 (d, J=44.9 Hz, 2S keto), -
210.40 (d, J=45.6 Hz, 2R keto). 19F NMR (565 MHz, 10% D2O, 50 mM sodium phosphate pH 
4.5): δ -178.66. 19F NMR (565 MHz, 15% D2O, 85 mM Tris pH 7.5, 5-fluorouracil = -168.3 
ppm): δ -190.20. HR-ESI-MS [M-H]-: calculated for C8H10FO3, m/z 173.0619, found m/z 
173.0617. 

GC-MS analysis of F-TKL. Samples were dissolved in dichloromethane and BSTFA 
containing 1% trimethylsilyl chloride (Sigma-Aldrich, 0.1 volumes) was added. Samples were 
analyzed on a Trace GC Ultra (Thermo Scientific) coupled to a DSQII single-quadrupole mass 
spectrometer using an HP-5MS column (0.25 mm × 30 m, 0.25 µM film thickness, J & W 
Scientific). The injection volume was 1 µL and the oven program was as follows: 75°C for 3 
min, ramp to 25°C at 25°C min-1, ramp to 300°C at 50 °C min-1, hold for 1 min.  

Covalent inhibition assay for DEBSMod6+TE. Two triketide reaction mixtures (200 µL) 
were prepared as described above, one containing fluoromalonate (10 mM) and the other 
methylmalonate (10 mM). DEBSMod6+TE (10 µM) and NDK-SNAC (2.5 mM) were added to 
each and the reactions were incubated at 37°C for 18 h. The protein fraction was isolated from 
each mixture at room temperature by desalting on a Sephadex G-25 column (3 mL) using 400 
mM sodium phosphate, pH 7.5. Fractions were pooled by Bradford assay and concentrated to 
200 µL using Amicon Ultra spin concentrators (3 kDa MWCO). The isolated DEBSMod6+TE was 
assayed by adding TCEP (2.5 mM), methylmalonyl-CoA (1 mM) and NDK-SNAC (1 mM) to 
this mixture to give a final volume of 210 µL and incubating at 37°C for 3 h, then analyzed by 
HPLC as described above.  

Triketide lactone production using AT0 constructs. All assay mixtures contained 400 
mM sodium phosphate, pH 7.5, phosphoenolpyruvate (50 mM), TCEP (5 mM), magnesium 
chloride (10 mM), ATP (2.5 mM), pyruvate kinase (27 U/mL), myokinase (10 U/mL), 
methylmalonyl-CoA epimerase (5 µM) and NDK-SNAC (5 mM). Where appropriate, 
fluoromalonyl-CoA (1 mM), methylmalonyl-CoA (1 mM) or MatB (40 µM), fluoromalonate or 
methylmalonate or malonate (20 mM), CoA (1 mM) and DszAT (5 µM) were added. Reactions 
were initiated by addition of the appropriate DEBS+TE construct (Mod6 and Mod6/AT0, 10 µM; 
Mod3 and Mod3/AT0, 5 µM in reactions containing DszAT and 8 µM otherwise) and incubated 
at 37°C for 18-20 h. Aliquots were removed, quenched, processed and analyzed as described 
above. 

Tetraketide lactone production. All reactions contained 400 mM sodium phosphate (pH 
7.5 for the 2,4-dimethyl- and 2-fluoro-4-methyl-tetraketide lactone reactions and pH 6 for the 2-
methyl-4-fluoro-tetraketide lactone reaction), glycerol (20%), phosphoenolpyruvate (20 mM), 
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TCEP (10 mM), magnesium chloride (5 mM), ATP (2.5 mM), pyruvate kinase (18 U/mL), 
myokinase (10 U/mL), methylmalonyl-CoA epimerase (5 µM), MatB (20 µM), CoA (1 mM), 
methylmalonyl-CoA (100 µM), NDK-SNAC (1 mM) and reduced nicotinamide adenine 
dinucleotide phosphate (NADPH; 5 mM). 

The reaction to produce 2,4-dimethyl-tetraketide lactone also contained methylmalonate (5 
mM), DEBSMod2 (10 µM) and DEBSMod3+TE (2 µM). The reaction to produce 2-fluoro-4-
methyl-tetraketide lactone also contained fluoromalonate (5 mM), DEBSMod2 (10 µM), 
DEBSMod3/AT0 (2 µM) and DszAT (2 µM). The reaction to produce 2-methyl-4-fluoro-
tetraketide lactone also contained fluoromalonate (5 mM), DEBSMod2/AT0 (10 µM) and 
DEBSMod3 (2 µM). 

All reactions were initialized by the addition of DEBSMod2 or DEBSMod2/AT0 and incubated 
at 37°C overnight. Reactions were then saturated with sodium chloride and the aqueous layer 
was acidified by the addition of 0.1 volumes of 70% perchloric acid and extracted four times into 
2 volumes of chloroform. The chloroform layer was concentrated by vacuum centrifugation and 
the tetraketide lactones were resuspended in water for analysis. Tetraketide lactones were 
analyzed by LC-MS using a Phenomenex Kinetex XB-C18 1.7 µm 150 x 2.1 mm column with a 
mobile phase of ammonium acetate (50 mM) with a gradient from 0 to 60% acetonitrile over 15 
min and detected on an Agilent single quadruple mass spectrometer in negative ion mode.  

ESI-MS/MS analysis of tetraketide lactones. ESI LC/MS/MS spectra were collected using 
an LTQ FT (Thermo Scientific). Negative ions analyzed in linear ion trap mode. MS/MS spectra 
were collected with the following normalized collision energies: TKL 26, F-TKL 35, all 
tetraketides 26. 

4.3 Results and Discussion 
Chain elongation in polyketides and related fatty acid-based natural products relies on a 

separate pool of extender units formed by carboxylation of acyl-CoAs at the α-position. These 
malonyl-CoA derivatives are then used as masked enolates for C–C bond formation following 
decarboxylation. The fluorinated extender, fluoromalonyl-CoA, can be made through two routes: 
either a two-step activation of the biogenic fluoroacetate or by a direct ligation of CoA to 
fluoromalonate. We reasoned that the acetate kinase (AckA)–phosphotransacetylase (Pta) pair 
would be effective at fluoroacetate activation, as mutations in this gene locus have been shown to 
lead to fluoroacetate resistance in Escherichia coli [37]. The enzymes from E. coli were thus 
overexpressed and characterized biochemically, confirming that AckA and Pta serve as an 
effective activation system to rapidly produce both acetyl- and fluoroacetyl-CoA at near 
quantitative yield (Figures 4.2 and 4.3). Analysis of the kinetic parameters for these enzymes 
with respect to fluorinated substrates indicate that neither appears to be affected by the fluorine 
substituent beyond inductive effects that alter the nucleophilicity of the carboxylic acid (AckA) 
or electrophilicity of the carbonyl (Pta) [38]. Next, we purified the individual AccABCD 
subunits that make up the acetyl-CoA carboxylase (ACCase) from E. coli (Figure 4.2) and added 
these enzymes to the AckA–Pta system in order to carry out the carboxylation of fluoroacetate in 
a one-pot reaction to generate the fluoromalonyl-CoA extender unit (Figure 4.3). Under these 
conditions, the ligation of CoA with AckA–Pta to produce the acyl-CoA is rapid and production 
of the carboxylated product is limited by the ACCase. Although the rate of conversion is 4.5-fold  
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Figure 4.2. Enzymes used in extender unit biosynthesis. (1, AckA; 2, Pta; 3, AccA; 4, AccB; 5, AccC; 6, AccD; 7, MatB; 8, 
methylmalonyl-CoA  epimerase). 
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Figure 4.3. Enzymatic synthesis of extender units from acetate and fluoroacetate. (A) Formation of fluoroacetyl-CoA (left) 
fluoromalonyl-CoA (right) monitored by RP-HPLC. (B) Extent of reaction from 500 µM CoA and either acetate (left) or fluoroacetate 
(right), utilizing AckA, Pta and ACCase. 
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Figure 4.4. Kinetic parameters for malonate activation (MatB, malonyl-CoA synthetase). 

slower for fluoroacetate compared to acetate, the overall extent of reaction is similar for both 
congeners and suggests that covalent inactivation of the ACCase by fluoroacetyl-CoA is not 
significant (Figure 4.3). In addition to the route from fluoroacetate, we also tested a malonyl-
CoA synthetase (MatB) [39] for coupling CoA directly to fluoromalonate (Figure 4.2). Although 
MatB greatly prefers malonate over the fluorinated congener, fluoromalonyl-CoA is still 
produced at reasonable efficiency (Figure 4.4). Both of these systems also provide in situ 
regeneration capacity that can amplify product yields from polyketide synthases, which may be 
particularly important for less hydrolytically stable systems involving fluorine. 

We next turned our attention to utilizing the fluoromalonyl-CoA monomer for downstream 
chain elongation reactions. To start, we examined the behavior of a simple polyketide synthase 
system with regard to one cycle of chain extension and ketoreduction, which is a key 
functionality of larger multimodular systems with regard to controlling downstream cyclization 
and rearrangements within the polyketide backbone [3, 14]. We constructed a synthetic gene 
encoding NphT7 from Streptomyces sp. CL190 [40] and isolated the heterologously-expressed 
enzyme for biochemical characterization (Figures 4.5 and 4.6). NphT7 appears to be a free-
standing ketosynthase that is related at the structural level to the 
ketosynthase domain of more complex polyketide synthases (Figure 
4.7), Using a coupled assay with an R-specific acetoacetyl-CoA 
reductase (PhaB), we found that NphT7 is competent to catalyze the 
formation of acetofluoroacetyl-CoA using an acetyl-CoA starter and 
fluoromalonyl-CoA extender with only a five-fold defect in catalytic 
efficiency (kcat/KM) derived from a drop in kcat with the fluorinated 
substrate (Figure 4.6D). This lower turnover rate observed with the 
fluorinated substrate is possibly related to the reduced reactivity of 
the enolate species, which would be stabilized by the fluorine 
substituent. However, the overall yield was comparable for both 
fluorinated and nonfluorinated substrates, which shows that a 
decarboxylative Claisen condensation with fluoromalonyl-CoA can 
take place at a similar extent of conversion compared to malonyl-CoA. Furthermore, these 
experiments also show that the 2-fluoro-3-keto motif produced with the fluoromalonyl-CoA 
extender can be accepted by ketoreductases, as PhaB is capable of efficiently reducing the 
acetofluoroacetyl-CoA substrate (Figure 4.6B). The 1H and 19F NMR spectra of the reduced 
product indicate that both diastereomers are produced in this reaction (Figures 4.6C and 4.8),  
 

Figure 4.5. Heterologous 
expression of NphT7 
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Figure 4.6. Chain extension and keto reduction with a fluorinated extender. (A) Reactions catalyzed by NphT7 and PhaB. (B) 
Steady-state kinetic parameters for NphT7-catalyzed C–C bond formation measured using a coupled assay with PhaB. (C) HPLC 
trace of 2-fluoro-3-hydroxybutyryl-CoA isolated from enzymatic reaction mixtures (m/z = 872). (D) 19F NMR of the product shows 
that both diastereomers are produced. 
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Figure 4.7. Structural alignment of NphT7 and a DEBS ketosynthase domain. The NphT7 structure was predicted using Phyre2 [42] 
and based on a type III 3-oxoacyl-(acyl-carrier protein) synthase from Burkholderia xenovorans (PDB ID 4EFI). Despite low 
sequence identity (<20%), the predicted structure overlays well with the KS domain from DEBSMod5 [43]. Active site residues (C119, 
H334 H374 (N in NphT7); DEBS numbering) are highlighted.  
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Figure 4.8. 1H-19F HMBC NMR analysis of enzymatically synthesized 2-fluoro-3-hydroxybutyryl-CoA. Based on data from other α-
fluoroalcohols [44], the 19F resonance for the anti configuration of the fluorine and hydroxyl groups should be found upfield of the 
syn and was assigned as the major product. If PhaB maintains is native selectivity as an R-specific acetoacetyl-CoA reductase, the 
anti product is (2S, 3R)-2-fluoro-3-hydroxybutyryl-CoA. 
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which may result either from lack of stereochemical preference of NphT7 with respect to the 
fluorine substituent or to racemization of the product prior to reduction by PhaB. Although PhaB 
does not appear to show diastereoselectivity with respect to the fluorine group, the polyketide 
synthase ketoreductases are known to be selective with regard to their native α-substituent and 
could potentially carry out the stereochemical resolution of the fluorine modification upon 
reduction [41].  

With this information in hand, we sought to extend our biosynthetic method for fluorine 
introduction to more complex polyketide synthase systems, which use the chain elongation 
reaction for the biosynthesis of many bioactive and clinically important natural products, such as 
erythromycin and rapamycin [3, 14]. Of these, the 6-deoxyerythronolide B synthase (DEBS), a 
multimodular polyketide synthase responsible for production of the erythromycin precursor, is 
likely the most well understood [45]. We therefore focused on studying chain extension by the 
sixth module of DEBS, including the terminal thioesterase (DEBSMod6+TE) (Figure 4.9) [28]. 
Using a diketide substrate (NDK-SNAC), DEBSMod6+TE can elongate the chain with its native 
methylmalonyl-CoA extender unit and cleave the tethered product to form the methyltriketide 
lactone (TKL) product (Figure 4.10, R= CH3) [27]. Interestingly, we found that DEBSMod6+TE  
 

 
Figure 4.9. Enzymes used in the production of model polyketides. (1, DEBSMod2; 2, DEBSMod2AT0; 3, 
DEBSMod3+TE; 4, DEBSMod3AT0+TE; 5, DEBSMod6+TE; 6, DEBSMod6AT0+TE; 7, DszAT). 

is also able to accept the fluorinated monomer to catalyze chain extension to form the 2-fluoro-2-
desmethyltriketide lactone (F-TKL) and incorporate fluorine into the polyketide backbone 
(Figure 4.10, 1-4). The identity of the F-TKL was established by comparison to an authentic 
synthetic standard by reverse-phase HPLC monitored by ESI-MS and further confirmed by 
characterization of the isolated compound by high resolution MS, GC-MS, and 19F NMR 
spectroscopy (Figure 4.11). The F-TKL can also be produced directly from fluoroacetate using 
the AckA–Pta/ACCase activation system in either a telescoped (Figure 4.10, 5-6) or single-pot 
reaction (Figure 4.10, 7-8) with DEBSMod6+TE at a similar yield to the MatB reaction, which 
allows us to connect fluorinated polyketide production directly to the biosynthetically available 
fluorinated building block (Figure 4.1A, Scheme 4.1). 

In contrast to the chain extension reaction catalyzed by NphT7, DEBSMod6+TE does not 
incorporate fluorinated extender units into the triketide lactone product as efficiently as its native 
methylmalonyl-CoA extender. Preliminary studies indicate that the reduced efficiency of  
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Figure 4.10. Production of a fluorinated polyketide using DEBSMod6+TE. Chain extension by DEBSMod6+TE to form triketide lactones 
monitored by HPLC (TKL, m/z = 169; F-TKL, m/z = 173). CoA, ATP, and ATP regeneration system are included in all in vitro 
reactions. Data are normalized with respect to the TKL peak. Methylmalonate and MatB (1), synthetic F-TKL standard (2), 
fluoromalonate and MatB (3), co-injection of 2 and 3 (4), fluoroacetate, AckA–Pta, ACCase, and MatB were incubated before 
filtering through a 3 kD MWCO membrane and adding DEBSMod6+TE and NDK-SNAC (5), co-injection of 5 and 2 (6), one-pot 
reaction using conditions from 5 (7), co-injection of 7 and 2 (8).  
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Figure 4.11. GC-MS and 19F NMR analyisis of F-TKL. (A) Comparison of EI mass spectra of the standard (tR = 8.51 min) compared 
to the enzymatic product (tR = 8.56 min). (B) Comparison of 19F NMR spectra in CDCl3. Please note that the keto form is dominant at 
this concentration. 
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Scheme 4.1. Hydrolysis and regeneration reactions for F-TKL synthesis. Reaction scheme showing enzymes present in F-TKL 
forming reactions including observed non-productive hydrolysis reactions (red) and the ATP regenerating system (blue).  

 

 

 

 

 

 

 

Figure 4.12. Test for covalent inhibition of DEBSMod6+TE by fluoromalonyl-CoA. DEBSMod6+TE was incubated for 18 h in a F-TKL or 
TKL reaction. The enzyme was then isolated by Sephadex G-25 and tested for its ability to produce TKL.  
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 v0 (µM min-1) Relative rate 
Methylmalonyl-CoA 1.36 ± 0.05 1.0 
Fluoromalonyl-CoA 3.5 ± 0.3 2.6 
Malonyl-CoA 6.1 ± 0.4 4.5 

 

Table 4.1. Rates of acyl-CoA hydrolysis by DEBSMod6+TE. Steady-state hydrolysis rates were measured using 1 µM DEBSMod6+TE 
and 500 µM acyl-CoA. Values are reported as the mean ± s.d. (n = 4). 
 

 

 

 

 

 

 

 
 
Figure 4.13. 19F NMR analysis of F-TKL forming reaction with DEBSMod6+TE. 19F NMR analysis of the reaction mixture of 
DEBSMod6+TE with MatB indicates that the major pathway for loss of fluoromalonyl-CoA appears to be hydrolysis rather than 
unproductive decarboxylation. In addition, no detectable defluorination was observed. (IS, 5-fluorouracil, 50 µM)  
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DEBSMod6+TE with the fluorinated extender is not due to covalent inactivation of the enzyme 
(Figure 4.12), but rather to the more complex biochemistry of polyketide synthases with regard 
to monomer selection [46]. In fact, the acyltransferase domains of DEBS have been shown to be 
extremely selective for methylmalonyl-CoA, exhibiting a 100- to 1000-fold selectivity for their 
native substrate over malonyl-CoA [47]. The molecular mechanism underlying this selectivity 
remains an outstanding question, however, hydrolysis of incorrect extender units has been 
implicated as being involved [46]. Indeed, we observe extender unit hydrolysis even for the 
native substrate at a rate comparable to that of product formation (Table 4.1). This hydrolysis 
appears to limit fluoromalonyl-CoA incorporation, since substantially less F-TKL is observed 
using fluoromalonyl-CoA in the absence of MatB and ATP, and fluoromalonate remains the 
major organofluorine species even in their presence (Figure 4.13). However, it is interesting to 
note that the fluoromalonyl-CoA extender is incorporated at higher efficiency than malonyl-CoA 
(R = H), which is reported to be naturally excluded by DEBS [47].  

Having observed incorporation of a single fluorinated extender unit we sought to explore the 
possibility of site-selective incorporation of a fluorinated monomer. Site-selective fluorine 
incorporation would allow us to engineer the production of fluorinated natural products with 
particular fluorination patterns. We decided to take an approach based on the activation of the 
fluoromanlonyl-CoA thioester over that of methylmalonyl-CoA. The fluoroacetyl-CoA specific 
thioesterase FlK has been found by our lab to exhibit a 10,000- fold increase in kcat for the 
hydrolysis of fluoroacetyl-CoA over acetyl-CoA by exploiting difference in reactivities induced 
by the presence of a fluorine substitutent [48, 49], suggesting that this route may be feasible.  

We initially turned to mutations in the histidine-serine catalytic dyad of the DEBS 
acyltransferase domains. Studies have shown that a related malonyl-CoA:ACP malonyl 
transferase harboring a serine to alanine mutation has only a seven-fold reduction in kcat as the 
reaction is still able to proceed through an acyl-histidine intermediate [50]. However, the 
analogous mutation in the DEBS acyltransferase domain dramatically curtails activity for its 
methylmalonyl-CoA substrate. We reasoned that the more electrophilic carbonyl-carbon of 
fluoromalonyl-CoA may be more susceptible to nucleophilic attack by the histidine and the 
smaller size of the fluorine substituent may reduce any steric clashes that may exclude a 
methylmalonyl-histidine intermediate. We examined the incorporation of methylmalonyl- and 
fluoromalonyl-CoA using DEBSMod6S2107A+TE (DEBSMod6AT0+TE), DEBMod3S651A+TE 
(DEBSMod3AT0+TE), and DEBSMod2S2652A (DEBSMod2AT0). Interesting, the DEBSMod6AT0+TE 
mutant reduced methylmalonyl-CoA incorporation by 145-fold while increasing fluoromalonyl-
CoA incorporation 5-fold with respect to the wildtype enzyme. DEBSMod3AT0+TE exhibited a 
similarly dramatic decrease in methylmalonyl-incorporation (327-fold), but also exhibited a 2-
fold reduction in fluoromalonyl-CoA incorporation. DEBSMod2 and DEBSMod2AT0 lack the 
thioesterase domain and as such production of TKL and F-TKL rely on uncatalyzed 
lactonization. This situation makes quantitative comparison of TKL and F-TKL production 
difficult as these two compounds likely have different rates of lactonization. However, 
qualitatively it appears that methylmalonyl-CoA incorporation is not impacted while 
fluoromalonyl-CoA incorporation is increased roughly 2-fold.  

Based on these studies it appears that using a less active acyltransferase domain has the 
potential to both dramatically lower methylmalonyl-CoA incorporation as well as increase 
fluoromalonyl-CoA incorporation. However, these changes appear to be dependent on the 
particular acyltransferase being mutated. A more transferable approach may be using a  
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Figure 4.14. Production of fluorinated tetraketide lactones. Production of 2,4-dimethyl tetraketide lactone (m/z-H: 227), 2-fluoro-4-
methyl tetraketide lactone (m/z-H: 231), and 2-methyl-4-fluoro tetraketide lactone (m/z-H: 231). Chromatograms were collect by 
LC/MS by single ion monitoring in the negative channel. Mass spectra of the tetraketide lactones were obtained using LC/MS/MS on 
a LTQ-FT instrument in negative mode. Fragments that differ by 4 AMU, corresponding to a F for methyl substitution, are labeled A - 
D 
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standalone acyltransferase (or trans-acyltransferase) from an acyltransferase-less polyketide 
synthase. If we were able to engineer fluorine selectivity into an enzyme from this family we 
would be able to potentially incorporate fluoromalonyl-CoA at any position with an inactive cis-
acyltransferase, bypassing issues with different behavior of various acyltransferase domains. The 
standalone acyltransferase from the disorazole synthase (DszAT) has been characterized and 
shown to acylate the DEBSMod3 and DEBSMod6 acyl carrier proteins using malonyl-CoA [24, 51].  

Using DEBSMod6AT0+TE and the DszAT we observed a 3-fold increase in F-TKL titers 
while TKL titers were not impacted by the presence of the DszAT, demonstrating the selectivity 
of DszAT against methylmalonyl-CoA. Likewise with DEBSMod3AT0+TE we observed a 13-fold 
increase in F-TKL titers in the presence of DszAT with unchanged TKL titers. However, we did 
not observe a change in F-TKL titers in the presence of DszAT using DEBSMod2AT0. As these 
results could be due to uncatalyzed lactonization being rate limiting, we assayed DEBSMod2+TE 
in the presence and absence of DszAT. Again, we did not observe an increase in F-TKL titers 
suggesting DszAT may not acylate the DEBSMod2 acyl carrier protein efficiently.  

With these results in hand we attempted to site selectively incorporate fluoromalonyl-CoA 
and methylmalonyl-CoA. To do this we used a dimodular system comprised of DEBSMod2 and 
DEBSMod3+TE, which in the presence of NDK-SNAC can carry out two extensions producing a 
tetraketide lactone [25]. Using a system comprised of DEBSMod2, DEBSMod3AT0 + TE, the 
DszAT we are able to produce the expected 2-fluoro-4-methyl tetraketide lactone (m/z-H 
calculated: 231.1038; measured: 231.1039). Likewise, using DEBSMod2AT0 and DEBSMod3+TE 
we were able to produce the expected 2-methyl-4-fluoro tetraketide lactone (m/z-H calculated: 
231.1038; measured: 231.1041). As these two molecules have the same molecular formula, we 
sought to further characterize them by LC/MS/MS. The two molecules do indeed exhibit 
different fragmentation patterns, suggesting they are in fact region-isomers (Figure 4.14).  

4.4 Conclusions 
To close, we have demonstrated that we can expand the fluorine chemistry of living systems 

using engineered pathways to use simple biogenic organofluorine building blocks for 
constructing more complex fluorinated small molecule targets. To our knowledge, nature has not 
devised a strategy for generation of the fluoromalonyl-CoA building block or its utilization as a 
metabolic precursor for biosynthesis of complex natural products. Here, we show that the 
fluorinated extender unit, fluoromalonyl-CoA, can be produced enzymatically and used for 
downstream chain elongation reactions by polyketide synthases and that, at least in one case, 
subsequent α-ketoreduction is not inhibited by incorporation of a fluoroacetyl unit. Because of 
the modular nature of the biosynthetic pathways used to produce polyketides and related acetate-
derived natural products, these findings open the door to general strategies for exploring the 
fluorine synthetic biology of complex natural products. 
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Table 1. Plasmid constructs (A) and oligonucleotides (B) used in Chapter 2. 

A 
Name No. Primers Restriction sites Method Description 

pET16b-His10-MRI1.Scat TBD MRI1.Scat F/R NdeI/BamHI Ligation methylthioribose-1-phosphate 
isomerase 1 from S. cattleya 

pET16b-His10-MRI2.Scat 363 MRI2.Scat F/R NdeI/BamHI Ligation methylthioribose-1-phosphate 
isomerase 2 from S. cattleya 

pET16b-His10-MtnK.BS TBD MtnK.BS F/R NdeI/BamHI Ligation methylthioribose kinase from 
B. subitilis 

C6-1-∆mri2::AmR TBD MRI2 LR F/R  Λ-RED 
Replacement of MRI2 on 
cosmid C6-1 with AmR/oriT 
cassette 

pCR2.1-TOPO-∆mri2::AmR TBD MRI2 UF/MRI2 
DR  TOPO 

∆mri2::AmR
 from C6-1-

∆mri2::AmR with 2 kB flanking 
regions 

pIJ10701-∆mri1::HmR-(+) TBD MRI1 UF/R 
MRI1 DF/R 

Upstream region: 
NotI/SpeI 

Downstream region: 
HindIII/ClaI 

Ligation 

2 kB upstream region of 
MRI1 was inserted first. Then 
2 kB down stream region was 
inserted 

pIJ10701-∆mri1::HmR-(-) TBD MRI G UF/R 
MRI G DF/R 

Upstream region: 
XhoI 

Downstream region: 
NotI 

Gibson 

2 kB upstream region of 
MRI1 was inserted first. Then 
2 kB down stream region was 
inserted 

pRS316-∆flk::AmR TBD 
flk UF1/R1 
flk DF1/R1 

flk KF1/KR1 
KpnI 

In vivo 
homologous 

recombination 

2 kB upstream from flk, 2 kB 
downstream from flk and the 
AmR/oriT cassette from 
pIJ773 were combined 

pUZ8002 406    
Paget, M. S. B. et. al. J. 
Bacteriol. 1999, 181 (1) 204-
211. 

 
B 

Name Sequence 
MRI1.Scat F aaggagatatacatatgggtgatcagtccgtacagcctttggccaagggcacgg 
MRI1.Scat R attggatcctcacggctgggcgcggacggg 
MRI2.Scat F gagatatacatatgccccggcgtgccaccaccccgtcgctcacctgggacg 
MRI2.Scat R attggatcctcatccggtcaccccggggccggcggcgtccagggcgagctg 
MtnK.BS F gacatatgatgatgatgggagtcacaaaaacacc 
MtnK.BS R gtgaattctcatgaatagatcattcctttagaag 
MRI2 LR F cgctcgccgcgaccttcgccgacccacggaggccccatgattccggggatccgtcgacc 
MRI2 LR R1 tgtaggctggagctgcttcggtgtctcctcttcgtcgccgggcgcgcggtcccgg 
MRI2 UF attggatcccgaggccctggtggccgtcatggccagctccgtcaactacaac 
MRI2 DR attaagcttagccgctcgatgttgcgtgcgaacaccgcgaagacctcctc 
MRI1 UF ttaatgcggccgcaatcagacgattccccggaccccgccctcttt 
MRI1 UR attaactagtccgtgcccttggccaaaggctgtacggactgatcaccgat 
MRI1 DF attaaagcttcccgtccgcgcccagccgtga 
MRI1 DR tatatatcgattgaccttcatccgttcctggaggaggccgtc 
MRI1 G UF tatatactttagattgattatcaagcttgggcccttcgggaggctcttcccagcggagag 
MRI1 G UR cgactcaggtaccgggccccccctcgaggggaccccgtgggagagtaggacgccgccg 
MRI1 G DF ctggagctccaccgcggtggcggccgcccgcggccatccgcaccggggtgac 
MRI1 G DR ctgcagcccgggggatccactagttctagacggcctcgacggtcgtcatccgccgcc 
flK UF1 aggaattcgatatcaagcttatcgataccgtcgacctcgagggggggcccccgtccggatcgccgtaccgggcggtgg 
flK UR1 aacttcgaagcagctccagcctacagggccactcctcactggtgccggggcgaag 
flK DF1 ctgcaggtcgacggatccccggaatgcggatccggccccggcccgcgcc 
flK DR1 tacgccaagctcggaattaaccctcactaaagggaacaaaagctgggtacccgtctccgggtggagttcgcggggcgtt 
flK KF1 ccccggcaccagtgaggagtggccctgtaggctggagctgcttc 
flK KR1 ggggcgcgggccggggccggatccgcattccggggatccgtcgacct 
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Table 2. Plasmid constructs (A) and oligonucleotides (B) used in Chapter 3. 

A 
Name No. Primers Restriction sites Method Description 

pET16b-His10-ACS.EC 303 ACS.EC F/R NdeI/BamHI Ligation Acetyl-CoA synthetase from 
E. coli 

pET16b-His10-GltA.EC 301 GltA.EC F/R NdeI/BamHI Ligation Citrate synthase from E. coli 

pET16b-His10-AckA.EC 719 AckA.EC F/R NdeI/BamHI Ligation Acetate kinase from E. coli 

pET16b-His10-Pta.EC 731 PTA.EC F/R NdeI/BamHI Ligation Phosphotranacetylase from 
E. coli 

pET16b-His10-ACS.Scat 309 ACS.Scat F/R NdeI/BamHI Ligation Acetyl-CoA synthetase from 
S. cattleya 

pET16b-His10-AckA.Scat TBD AckA.Scat F/R NdeI/BamHI Ligation Acetate kinase from S. 
cattleya 

pET16b-His10-Pta.Scat TBD PTA.Scat F/R NdeI/BamHI Ligation Phosphotransacetylase from 
S. cattleya 

pET16x-His10-Cit1.Scat 743 Cit1.Scat F/R NdeI/SpeI Ligation Citrate synthase 1 from S. 
cattleya 

1b-His6-Cit2.Scat TBD    
Citrate synthase 2 from S. 
cattleya. Cloned by the UCB 
macrolab 

pET16b-His10-CitA.Sco TBD CitA.Sco F/R Nde/BamHI Ligation Citrate synthase from S. 
coelicolor 

 
B 

Name Sequence 
ACS.EC F ggaattccatatgagccaaattcacaaacacaccattcctgccaacatcgc  
ACS.EC R attggatccttacgatggcatcgcgatagcctgcttctcttcaagcagc  
GltA.EC F ggaattccatatggctgatacaaaagcaaaactcaccctcaacggggatacagc 
GltA.EC R ttggatccttaacgcttgatatcgcttttaaagtcgcgtttttcatatcctgtatacagc 
AckA.EC F aaggagatatacatatgtcgagtaagttagtactggttctgaactgcggtagttcttcactg 
AckA.EC R attggatcctctagatcaggcagtcaggcg 
ACS.Scat F ggacatatgagctatgccctgggacaaatggcaacacccgaggg 
ACS.Scat R attggatccgtaacgcctcgctcacccgcccggggtcagtcctcgctg 
AckA.Scat F attcatatgaccgcgccccgtcccgccccgaaggagacc 
AckA.Scat R attggatccttatccctcgcggacggaatgggacgacgtacgaacgagcg 
PTA.Scat F ggacggagcaggcatatggacgcgcagcgtgtacataaccg 
PTA.Scat R attggatccgacggggcgcggtcatcgggcgtcgccctc 
AckA.EC F ggagatatacatatgtcgagtaagttag 
AckA.EC R attggatcctctagatcaggcagtcaggcg 
PTA.EC F attcatatgtcccgtattattatgctgatc 
PTA.EC R attctcgaggagggtaccgacgtcttac 
Cit1.Scat F attcatatgagcgacaactctgtagtactgcggtacggggacggcgagtacagctacccg gtggtcgagagcaccgttgg 
Cit1.Scat R attaactagttcagcgggcctctacggggacgtagtcgc 
CitA.Sco F gatatacatatgagcgacaactctgtagtactgcggtacggcgacggc 
CitA.Sco R ataggatcctcagcgctcctcgacggggacgaagtcg 
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Table 3. Plasmid constructs (A) and oligonucleotides (B) used in Chapter 4. 

A 
Name No. Primers Restriction sites Method Description 

pET28a-His10-MatB 905 MatB.Sco F/R NdeI/XhoI Ligation malonyl-CoA synthetase from 
S. coelicolor 

pET28a-His10-Epi 803 Epi.Sco F/R NdeI/XhoI Ligation methylmalonyl-CoA 
epimerase from S. coelicolor 

pSV272-MBP-DEBSMod2-
His6 

TBD MBP-M2 F/R SfoI/HindIII Gibson 
N-terminal MBP fusion of 
DEBSMod2. pBP19 as 
template 

pSV272-MBP-
DEBSMod2AT0-His6 

TBD 

MBP-M2 
F/MBP-

M2ATnull R 
MBP-

M2ATnull 
F/MBP-M2 R 

SfoI/HindIII Gibson 

N-terminal MBP fusion of 
DEBSMod2 with S2652A 
mutation. MBP-M2ATnull 
primers harbored the 
mutation and the 2 fragments 
were assembled at once. 

pET16b-His10-NphT7 988 NphT7 G F/R NdeI Gibson 

Synthetic NphT7, 
acetoacetyl-CoA synthase 
from S. sp. CL190 (primers 
for assembly are given in 
Table 3B) 

pRSG54 926    
DEBSMod6+TE from Wu, N., 
et. al., J. Am. Chem. Soc. 
2000, 122 (20) 4847-4852. 

pAYC138 1045    
DEBSMod6AT0+TE from Wong, 
F. T., et. al., Biochemistry 
2009, 49 (1) 95-102. 

pRSG34 1123    
DEBSMod3+TE from Gokhale, 
R. S., et. al., Science 1999, 
284 (5413) 482-485. 

pAYC136 1150    
DEBSMod3AT0+TE from Wong, 
F. T., et. al., Biochemistry 
2009, 49 (1) 95-102. 

pFW3 1186    

Disorazole Trans AT from 
Wong, F. T., et. al., 
Biochemistry 2009, 49 (1) 95-
102. 

 
B 

Name Sequence 
nphT7 R1 aaacgaacgtcggtcatggtg 
nphT7 F1 caccatgaccgacgttcgttttcgtatcattggcacgggt 
nphT7 R2 gctccggcacgtacgcacccgtgccaatgatacga 
nphT7 F2 gcgtacgtgccggagcgtattgtgtccaacgacgaggt 
nphT7 R3 accagccggcgcacccacctcgtcgttggacacaatac 
nphT7 F3 gggtgcgccggctggtgttgatgatgactggattacccgt 
nphT7 R4 cgttgacgaatgccggtcttacgggtaatccagtcatcatcaac 
nphT7 F4 aagaccggcattcgtcaacgtcgttgggcggcggac 
nphT7 R5 tcggaggtcgcttggtcgtccgccgcccaacga 
nphT7 F5 gaccaagcgacctccgacctggcaaccgcggcg 
nphT7 R6 tcaacgccgcacgacccgccgcggttgccagg 
nphT7 F6 ggtcgtgcggcgttgaaagcagcgggtattacgcc 
nphT7 R7 gcaataaccgtcagttgctccggcgtaatacccgctgctt 
nphT7 F7 ggagcaactgacggttattgcggtcgcaacgtccaccc 
nphT7 R8 ggctgcggacggtccggggtggacgttgcgacc 
nphT7 F8 cggaccgtccgcagccgccgacggcggcctac 
nphT7 R9 cgcccagatgatgttgcacgtaggccgccgtcggc 
nphT7 F9 gtgcaacatcatctgggcgcaaccggcaccgcggc 
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nphT7 R10 tgcacacagcgttaacatcaaatgccgcggtgccggttg 
nphT7 F10 atttgatgttaacgctgtgtgcagcggcacggtttttgct 
nphT7 R11 ccgccacgctggacagagcaaaaaccgtgccgc 
nphT7 F11 ctgtccagcgtggcgggcacgctggtgtatcgtgg 
nphT7 R12 caatgaccagtgcgtaaccgccacgatacaccagcgtgc 
nphT7 F12 cggttacgcactggtcattggtgccgatctgtattcccgta 
nphT7 R13 ggtccgccggattcagaatacgggaatacagatcggcac 
nphT7 F13 ttctgaatccggcggaccgcaagaccgttgttctgtttgg 
nphT7 R14 cgcacccgcgccgtcaccaaacagaacaacggtcttgc 
nphT7 F14 tgacggcgcgggtgcgatggtgctgggtccgac 
nphT7 R15 acccgtacccgtgctggtcggacccagcaccat 
nphT7 F15 cagcacgggtacgggtccgatcgtccgtcgcg 
nphT7 R16 caaacgtgtgcagggcaacgcgacggacgatcgg 
nphT7 F16 ttgccctgcacacgtttggtggtctgaccgacctgatt 
nphT7 R17 cacccgccggcacacgaatcaggtcggtcagaccac 
nphT7 F17 cgtgtgccggcgggtggcagccgccaaccgct 
nphT7 R18 tccaagccatccgtgtccagcggttggcggctgc 
nphT7 F18 ggacacggatggcttggacgcgggtctgcaatacttcg 
nphT7 R19 cctcgcgaccgtccatagcgaagtattgcagacccgcg 
nphT7 F19 ctatggacggtcgcgaggtgcgtcgttttgttaccgaac 
nphT7 R20 cctttaatcagttgcggcaagtgttcggtaacaaaacgacgca 
nphT7 F20 acttgccgcaactgattaaaggtttcttgcacgaggcggg 
nphT7 R21 gctaatatctgccgcatcgacacccgcctcgtgcaagaaa 
nphT7 F21 tgtcgatgcggcagatattagccattttgtgccgcaccaagc 
nphT7 R22 cgtccagcatgacaccgttcgcttggtgcggcacaaaatg 
nphT7 F22 gaacggtgtcatgctggacgaggtctttggtgaactgcacc 
nphT7 R23 atggtcgcacgcggcaggtgcagttcaccaaagacct 
nphT7 F23 tgccgcgtgcgaccatgcaccgtaccgtcgaaacc 
nphT7 R24 cgcacccgtattgccgtaggtttcgacggtacggtgc 
nphT7 F24 tacggcaatacgggtgcggccagcattccgattacgatg 
nphT7 R25 tgcacggactgctgcatccatcgtaatcggaatgctggc 
nphT7 F25 gatgcagcagtccgtgcaggtagcttccgtccggg 
nphT7 R26 gccagcaggaccagttcacccggacggaagctacc 
nphT7 F26 tgaactggtcctgctggcgggttttggtggtggcatg 
nphT7 R27 gcgcgaagctcgctgccatgccaccaccaaaaccc 
nphT7 F27 gcagcgagcttcgcgctgatcgagtggtaagtcagcc 
nphT7 R28 acccgctctagccgtcaggctgacttaccactcgatca 
nphT7 F28 tgacggctagagcgggt 
NphT7 G F aatttcacacgagctcggtacccgggaggagatataccatgaccgacgttcgttttcg 
NphT7 G R gcgctgggtcattatatatctccttttcttaccactcgatcagcgcgaag 
MatB.SCo F tcgattgcacatatgtcctctctcttcccggccctct 
MatB.SCo R atcggatagctcgagtcagtcacggttcagcgcccgctt 
Epi.SCo F atcccgaatcatatgctgacgcgaatcgacca 
Epi.SCo R ttagtctggctcgagtcagtgctcaggtgactcaa 
MBP-M2 F gggatcgaggaaaacctgtattttcagggcatgagcggtgacaacggcatgaccgagg 
MBP-M2 R gcttgtcgacggagctcgaattcggggatcctcagtggtggtggtggtggtgctcgagtg 
MBP-M2ATnull F gttatcggtcacgcgcagggtgaaatcgcggccgcggtggtggcgggagcgttgtcgctg 
MBP-M2ATnull R cgcgatttcaccctgcgcgtgaccgataacggccgaaggaacggcaccgcaggcacgcca 
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