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Streptomyces cattleya DSM 46488 is unusual in its ability to biosynthesise fluorine containing natural
products, where it can produce fluoroacetate and 4-fluorothreonine. The individual enzymes involved in
fluorometabolite biosynthesis have already been demonstrated in in vitro investigations. Candidate genes
for the individual biosynthetic steps were located from recent genome sequences. In vivo inactivation of
individual genes including those encoding the S-adenosyl-i-methionine:fluoride adenosyltransferase
(fluorinase, SCATT_41540), 5'-fluoro-5-deoxyadenosine phosphorylase (SCATT_41550), fluoroacetyl-
CoA thioesterase (SCATT_41470), 5-fluoro-5-deoxyribose-1-phosphate isomerase (SCATT_20080) and a
4-fluorothreonine acetaldehyde transaldolase (SCATT_p11780) confirm that they are essential for
fluorometabolite production. Notably gene disruption of the transaldolase (SCATT_p11780) resulted in a
mutant which could produce fluoroacetate but was blocked in its ability to biosynthesise 4-fluorothreo-
nine, revealing a branchpoint role for the PLP-transaldolase.
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1. Introduction

Fluorine is the thirteenth most abundant element in the earth’s
crust, and the most abundant halogen, however fluorinated natural
products are extremely rare [1]. By contrast fluorochemicals are of
huge commercial importance, and a large organofluorine industry
underpins the development of new products for the pharmaceuti-
cals, agrochemicals and organic materials sectors [2]. These prod-
ucts are all prepared by chemical methods and presently the
chemicals industry does not have any biotechnology approaches
for the generation of fluorinated intermediates or fine chemicals.
The mechanisms of biohalogenation, particularly for bromine and
chlorine, have been widely discussed [3]. Whilst a halide ion may
be used directly as a nucleophile, more commonly halogenases uti-
lise oxidative strategies removing either one or two electrons from
the halide ions to generate either a halide radical or halonium ion
equivalent. The actinomycete Streptomyces cattleya has the rare
ability to biosynthesise fluorometabolites, and can biosynthesise
fluoroacetate (FAc) and 4-fluorothreonine (4-FT) as illustrated in
Scheme 1 [4]. The fluorinase enzyme which mediates C-F bond for-
mation in this organism [5] catalyses the nucleophilic attack of a
fluoride ion to S-adenosyl-L.-methionine (SAM) to generate 5'-flu-
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oro-5'-deoxyadenosine (5’-FDA) [6]. 5'-FDA is then converted to
the toxin FAc and the antibiotic 4-FT. S. cattleya also has the capac-
ity to biosynthesise other antibiotics such as thienamycin [7] and
cephamycin C [8].

Previous in vitro investigations have established that five en-
zymes are involved in the biosynthesis of 4-FT (Fig. 1): Firstly,
the fluorinase (fIA) catalyses the reaction of S-adenosyl-L.-methio-
nine (SAM) and a fluoride ion to generate 5'-FDA and L-methionine
[5]. Then an adenosine phosphorylase (fIB) mediates nucleophilic
phosphate attack upon 5'-FDA to remove the adenosine base and
generate 5-FDRP (5-fluoro-5-deoxy-p-ribose-1-phosphate) [9].
The next enzyme catalyses a ring opening isomerisation which
converts 5-FDRP to 5-fluoro-5-deoxy-ribulose-1-phosphate (5-
FDRulP) [10]. 5-FDRulP is the product of an aldolase, and thus a re-
verse aldol reaction generates fluoroacetaldehyde, which is the last
common intermediate before a branch point in the metabolism.
Either a NADH*-dependent dehydrogenase oxidises fluoroacetalde-
hyde to fluoroacetate [11] or a pyridoxal phosphate (PLP)-depen-
dent transaldolase catalyses the cross condensation reaction of
fluoroacetaldehyde and L-threonine to yield 4-FT and acetaldehyde
[12]. Five proteins required for 4-FT biosynthesis have been ob-
tained directly by over-expression in Escherichia coli of the relevant
genes from S. cattleya (fluorinase, phosphorylase, isomerase and
transaldolase) or in the case of the aldolase, by acquiring a homol-
ogous surrogate enzyme from a related streptomycete. When the
combined over-expressed enzymes were placed in vitro and the
buffer supplemented with fluoride ion, SAM, L-threonine and PLP,
a complete synthesis of 4-FT was achieved in an NMR tube [13].
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Scheme 1. Biosynthetic pathway to the fluorometabolites, fluoroacetate (FAc) and 4-fluorothreonine (4-FT) in S. cattleya.

flE fID fic fie

fll fly fIK fiL

€ = —b = ——pop =G h PG

ORF Start/Stop (bp) Length (aa) Function/Homology

E 130-795¢ 222 DNA binding regulatory protein
D 857-1504¢ 216 Dehalogenase/Phosphatase

C 1845-3036 397 MFS permease

B 3057-3953¢ 299 §5'-FDA phosphorylase

A 4173-5069 299 5'-FDA synthase

F 5197-5751 185 DNA binding regulatory protein
G 5951-6652 234 DNA binding regulatory protein
H 6652-8052¢ 467 Na*/H* antiporter

| 8314-9780 489 Homocysteine lyase

J 9803-10195 131 DNA binding protein

K 10592-10176¢ 139 Thioesterase/acyltransferase

L 10700-11374 225 DNA binding regulatory protein

Fig. 1. The ‘Spencer’ 12 kb gene cluster of 2006 [16] which identifed the fluorinase gene (flA) and the adjacent PNP (fIB) gene. However the relationship of the surrounding

genes to the biosynthesis of the fluorometabolites is not clear.

Additionally the identity of the intermediate metabolites 5-FDA
[14], 5-FDRP [9], 5-FDRulP [10] and fluoroacetaldehyde [15] have
been established either in whole cell or cell-free studies. The first
two genes of the fluorometabolite pathway, encoding the fluorin-
ase (flA) and the adenosine phosphorylase (fIB), lie adjacent to each
other on the chromosome. This relationship was identified in 2006,
when a 12 kb fragment of chromosomal S. cattleya DNA was se-
quenced on either side of the fluorinase gene (fIA) [16]. FIA and
fIB were recently shown to share high homology to a related pair
of genes in the salinosporamide A biosynthetic pathway (sallL and
salT), a metabolite elaborated by the marine actinomycete Salinis-
pora tropica [17]. SalL expresses a chlorinase, an enzyme that catal-
yses a similar nucleophilic reaction with SAM to the fluorinase, but
using chloride ion rather than fluoride ion, to generate 5’-chloro-
5'-deoxyadenosine (5-CIDA) [11]. When the fluorinase gene was
used to replace the chlorinase gene in S. tropica, a hybrid antibiotic

fluorosalinosporamide was elaborated [18]. This demonstrated
that the fluorinase could be used to complement a different bio-
synthetic pathway and highlighted the future biotechnological po-
tential for novel fluorinated bioactive production by organism
engineering.

Twelve genes were identified in the 12 kb fragment of S. cattleya,
with fIA (fluorinase) and fiB (PNP) situated adjacent to each other,
but notably no other biosynthetic genes were obvious [16]. Of these
genes, fIK has subsequently been confirmed as a fluoroacetyl-CoA
thioesterase [19]. FIK appears to confers self-resistance of the host
to the toxin fluoroacetate by hydrolysing any fluoroacetyl-CoA
formed and therefore suppresses accumulation of fluoroacetyl-
CoA which is converted to fluorocitrate by citrate synthase. Fluoroc-
itrate is a potent inhibitor of aconitase and citrate transporting
proteins and shuts down the Krebs cycle [20]. The gene fIH has
homology to a Na*/H" antiporter. Its proximity to fIA suggested that
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Fig. 2. Genome sequencing of S. cattleya DSM 46488. The genome consists of a linear chromosome (6.3 Mb, 5222 genes) and a linear mega-plasmid (1.8 Mb, 1747 genes). The
genes involved in the biosynthesis of fluorometabolites are marked. The key genes knocked out in this study are highlighted in red. The data complement an earlier genome

deposition [21].

it may be involved in fluoride ion uptake into the cell, with neutral
HF crossing the membrane, and then the antiporter exchanging H*
for Na* ions, and securing NaF within the cell. The other biosyn-
thetic genes of the fluorometabolite pathway, such as the 5-FDRP
isomerase, 5-FDRulP aldolase and the PLP dependent transaldolase
were not located on this fragment, and thus further genome
sequencing was desirable to identify their locations. In general it
is emerging that the genes of most biosynthetic pathways in Strep-
tomyces are clustered. The fluorometabolite pathway has the appar-
ent complexity that only two biosynthesis genes lie adjacent to
each other. A full genome sequence of S. cattleya NRRL 8057 [21],
carried out during our study identified a genome consisting of a
large (6.28 Mb) linear chromosome and a smaller (1.8 Mb) linear
mega-plasmid. That analysis indicated that the remaining genes
encoding enzymes for the biosynthesis were distributed across
the large chromosome, and with the PLP-transaldolase located on
the mega-plasmid. We have also sequenced the genome of S. cat-
tleya (DSM 46488), to explore gene organisation and as a prelude
to gene knockout experiments.

2. Results and discussion
2.1. Genome sequencing of S. cattleya DSM 46488

The S. cattleya strain DSM 46488 genome was sequenced and
confirmed an almost identical genome to that of S. cattleya NRRL
8057 submitted recently [20]. This genome contains two replicons.
Specifically a linear chromosome of 6,282,967 bp (72.94% G+C con-
tent) and a linear mega-plasmid of 1,812,548 bp (73.27% G+C con-
tent). The general sequence features of the two replicons are
shown in Fig. 2 and in Table 1 of the Supplementary information.
The chromosome coded for 5822 putative proteins, 41.1% of which
were annotated as hypothetical. Six rRNA operons (16S-23S-5S), 63
tRNA and 1 tmRNA genes were also identified on the chromosome.
Interestingly, the mega-plasmid pSCATT (1.8 M) is one of the larg-
est linear plasmids to be sequenced. There was neither an rRNA,
tRNA or a tmRNA gene identified on the mega-plasmid; 1747 pro-
tein-coding genes were found, 38.9% of which coded for hypothet-
ical proteins.

The nucleoside sequence and annotated proteins of the chromo-
some and megaplasmid pSCATT have been deposited in GenBank

CP003219 (SCATT_00010-SCATT_58220 representing a total of
5822 proteins) and CP003229 (SCATT_p00010-SCATT_p17470 rep-
resenting a total of 1747 proteins) respectively. The data comple-
ment that of the genome of S. cattleya NRRL8057 deposited in
the EMBL (accession numbers FQ859185 and FQ859184) [21].

The previously sequenced 12-kb fluorometabolite biosynthesis
gene cluster, which contains fIA and fIB, is localised on the region
SCATT_41460-SCATT_41590 of the DSM 46488 chromosome. This
also locates the fluoroacetyl-CoA hydrolyse (FIK, SCATT_41470)
[19], fluorinase (FIA, SCATT_41540) and the 5’-fluoro-5'-deoxy-
adenosine phosphorylase (FIB, SCATT_41560) [16]. As previously
noted [19], BLASTp searches highlight that the other four genes in-
volved in the biosynthesis of fluorometabolites are found to be dis-
persed over the chromosome and the mega-plasmid, distant from
fIA. The 5-FDRP isomerase (SCATT_20080), the acetaldehyde dehy-
drogenase (SCATT_09460) and four aldolases (SCATT_10350,
SCATT_33160, SCATT_p05770, SCATT_p01080), one of which is
anticipated to be the relevant fluorometabolite aldolase, were
located on the large chromosome. The gene encoding the 4-FT
acetaldehyde transaldolase (SCATT_p11780) is located on the
mega-plasmid [21].

2.2. Generation of mutants by inactivation of genes clustered with flA
(fluorinase)

Genome sequencing of S. cattleya has revealed a cluster of three
genes (SCATT_41630-SCATT_41650) located seven genes
upstream of fIA. These were a homoserine kinase, a threonine syn-
thase and a homoserine dehydrogenase, a complement required
for -threonine biosynthesis. L-Threonine is a required substrate
for 4-FT acetaldehyde transaldolase involved in the last step in 4-
FT biosynthesis and the location of these genes proximate to fIA/
fIB suggests a role in providing an important precursor for 4-FT
biosynthesis.

2.2.1. Inactivation of flA (SCATT_41540, fluorinase)

In vitro studies have demonstrated that fIA encodes the fluorin-
ase, a 299 amino acid protein which combines fluoride ion (F~) and
SAM to generate 5'-FDA and L-methionine [5]. In order to establish
if exogenous 5’'-FDA supplementation would recover fluorometab-
olite production of a flA knockout mutant of S. cattleya, inactivation
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of flA was carried. This experiment was designed to explore if the
products of flA and fIB can operate independently, despite being lo-
cated adjacent to each other on the chromosome. Accordingly a
1386 bp apramycin resistance cassette from plJ773 (see Section
4) was inserted into an internal 900 bp fragment of flA (Fig. 3).
Sequencing validated that the apramycin resistance cassette had
inserted into fIA at the expected locus (see Supplementary data
S2). The flA knockout mutant was cultured in fluoride enriched
media and as expected it was unable to produce fluorometabolites.
However when 5’-FDA (2 mM) was added into a 5 d culture broth,
then this restored fluorometabolite production in the fIA mutant of
S. cattleya after a 48 h incubation, consistent with the metabolite
supplementation by-passing the fIA knockout and indicates that
the PNP enzyme is not reliant on a functional fluorinase.

2.2.2. Inactivation of fIK (SCATT_41470, fluoroacetate CoA hydrolase)
FIK has been over-expressed in E. coli and shown to be a 139
amino acid thioesterase able to catalyse the hydrolysis of fluoroace-
tyl-CoA to fluoroacetate [16]. The enzyme displays a remarkable
selectivity in that it is unable to catalyse hydrolysis of acetyl-CoA.
It has been suggested that the gene confers resistance to fluoroace-
tate toxicity. Indeed cloning of the gene into E. coli does increase the
tolerance of the cloned organism to wild type to fluoroacetate [19].
To further explore the role of this thioesterase the fIK gene was inac-
tivated by inserting the 1384 bp apramycin resistance cassette into
an internal fragment of fIK. Subsequent sequencing of PCR amplified
DNA showed that 1.4 kb of DNA was inserted into the expected lo-
cus on the chromosome (see Supplementary data S2). This fIK
knockout mutant was unable to generate any fluorometabolites
on incubation with fluoride ions, thus there may be some regulatory
aspect associated with fIK which shuts down the pathway when the
resistance gene is not expressed. In order to assess if the mutant was
now susceptible to fluoroacetate toxicity, it was grown in a media
supplemented with fluoroacetate, fluoroacetaldehyde and ethyl flu-
oroacetate up to concentrations of 20 mM. In each case the cultures
grew well, similar to wild type cultures, perhaps suggesting that S.
cattleya is unable to take up exogenous and toxic fluoroacetate.

2.2.3. Inactivation of fIB (SCATT_41550, 5'-fluoro-5'-deoxyadenosine
phosphorylase)

The fIB gene, which encodes the second enzyme, a 5'-fluoro-5'-
deoxyadenosine phosphorylase (PNP), on the biosynthetic
pathway, was inactivated. Accordingly the apramycin resistance
cassette was inserted into the fIB gene as described in Section 4.
As expected, after culturing and incubation with fluoride (2 mM)
the fIB gene had lost its ability to produce both FAc and 4-FT. The
inactivation was validated by PCR and subsequent DNA sequencing
(Supplementary data S2).

2.2.4. Inactivation of fIH (SCATT_41500 putative Na*/H* antiporter)
The fIH gene has homology to other bacterial Na*/H* antiporters.
Its location close to the fluorinase gene (fIA) indicated that it may
play a role in managing cellular fluoride ion uptake. In order to ex-
plore the influence of the fIH gene on fluorometabolite biosynthesis,
inactivation was carried out as described in Section 4. A 1401 bp
fragment internal to flH was substituted by the apramycin resis-
tance cassette. Appropriate primers were used to amplify chromo-
somal DNA of the fIH mutant as well as that of wild type S. cattleya.
DNA with the predicted insert size (1.5 kb) was amplified from the
mutant and subsequent sequencing showed that the apramycin
resistance cassette had indeed inserted into the expected locus of
the S. cattleya chromosome (see Supporting information S2).
Interestingly this mutant retained full competence in fluorome-
tabolite biosynthesis generating similar levels of FAc and 4-FT
(Fig. 2B), to that of wild type S. cattleya. Consequently flH is not

essential for fluorometabolite production, and does not have a sig-
nificant role in regulating fluoride ion uptake.

2.3. Generation of mutants by inactivation of genes not clustered with

fla

Genome sequencing [21] has enabled the identification of
genes, beyond the Spencer cluster, which may be associated with
fluorometabolite biosynthesis. These were the 5-FDRP isomerase
which converts 5-FDRP to 5-FDRulP, the aldolase which mediates
a retro-aldol reaction of 5-FDRulP to generate fluoroacetaldehyde
and then finally the PLP dependent 4-FT acetaldehyde transaldol-
ase involved in the last step of 4-FT biosynthesis. Candidate genes
were identified for these enzymes by a combination of prior puri-
fication and amino acid sequencing of the enzymes (PLP-transal-
dolase) or by homology to genes in Streptomyces coelicolor after
sequencing [20] (5-FDRP isomerase, 5-FDRulP aldolase).

2.3.1. Inactivation of a putative 5-FDRP isomerase (SCATT_20080)

A 5-FDRP isomerase gene (1161 bp) from S. cattleya has previ-
ously been cloned into E. coli and over-expressed, and then shown
to be able to convert 5-FDRP to 5-DRulP. The gene was identified
by its homology to a thiomethylribose phosphate isomerase from
S. coelicolor [13]. Full genome sequencing re-identified this gene
(SCATT_20080) and we set out to establish if it is the sole isomer-
ase in the S. cattleya chromosome competent to mediate the con-
version to 5-DRulP during fluorometabolite biosynthesis. Using
this isomerase gene as a DNA probe, a fosmid (29C1) was identified
from a genome library of S. cattleya, which harboured the gene.
Then, using the REDIRECT system [27] as described in Section 4,
an apramycin resistance and chloramphenicol sensitive strain of
S. cattleya was constructed in which the apramycin resistance cas-
sette was inserted into an 1161 bp fragment of the isomerase gene.
Insertion was validated by PCR and subsequent sequencing (see
Supporting information S2). This proved to be a healthy organism
when grown under standard conditions however the mutant was
unable to biosynthesise FAc or 4-FT, suggesting that this isomerase
is required for the isomerisation of 5-FDRP to 5-DRulP (Fig. 1).

2.3.2. Four putative aldolases

The fluorometabolite pathway requires an aldolase to catalyse
the cleavage of 5-DRulP to generate fluoroacetaldehyde [8]. To date
identification of the enzyme or gene for this aldolase has been
elusive. In the in vitro cell free reconstruction of 4-FT biosynthesis,
an aldolase from S. coelicolor (SCO1844) was over-expressed as a
surrogate, because the true aldolase gene in S. cattleya could not
be identified.

Full genome sequencing has however revealed four candidate
aldolases: SCATT-10350 (216 amino acids), SCATT_p05770 (230
amino acids), SCATT-p01080 (208 amino acids), SCATT-33160
(340 amino acids) (see Supporting information S1). Of these genes,
SCATT_p05770 is encoded by the S. cattleya mega plasmid shows a
high homology (35% amino acid identity) to the original surrogate
aldolase from S. coelicolor (SCO1844). To verify its putative role this
gene was inactivated. PCR and subsequent sequencing was able to
confirm the deletion (see Supporting information S2). However the
mutant was still able to elaborate both of the fluorometabolites
when incubated with fluoride ion (2 mM). This experiment sug-
gests that aldolase encoded by SCATT_p05770 is not the aldolase
involved in the conversion of 5-DRulP to fluoroacetaldehyde.

Another aldolase was purified de novo from S. cattleya. A cell
free extract was subjected to two sequential ammonium sulphate
precipitations. Purification by hydrophobic Phenyl-HP chromatog-
raphy followed by size exclusion and then anion exchange chro-
matography resulted in a homogeneous protein. Although this
aldolase could catalyse a reaction between fluoroacetaldehyde
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and dihydroxyacetone phosphate, 'F NMR analysis against
reference compounds indicated that the catalysis generated the
5-fluoro-5-deoxyfructose diastereoisomer rather than 5-fluoro-5-
deoxyribulose, and thus mediated a reaction by a different stereo-
chemical course to that required for fluorometabolite production.
Trypsin digestion and then Edman degradation analysis gave some
amino acid sequence; “Phe-Ala-Tyr-Pro-Ala-lle-Asn-Val-Thr-Ser-
GIn-Thr-Leu-His-Ala-Ala-Leu-Arg”. Genome scanning allowed
identification of this aldolase gene too (SCATT_33160), among
the four putative aldolases identified in the genome (see
Supporting information S1). The N-terminal sequence is now
reported as Met-Leu-Asp-Arg-Ala-Lys-Ala-Gly-Arg-Phe-Ala-Tyr-
Pro-Ala-lle-Asn-Val-Thr-Ser-GIn-Thr-Leu-His-Ala-Ala-Leu-Arg-
Gly-Leu-Ala-Glu-Ala-Glu-Ser. The underlined residues match
the Edman degredation sequencing and suggest that gene
SCATT_33160 is a fructose aldolase. One of the two remaining
aldolases (SCATT-10350 and SCATT-p01080) is likely to be in-
volved in the fluorometabolite pathway.

2.3.3. Inactivation of PLP-transaldolase (SCATT_p11780)

The PLP-transaldolase which encodes a 635 amino acids protein
in S. cattleya catalyses the reaction of fluoroacetaldehyde and 1-
threonine to generate 4-FT and acetaldehyde. The gene was previ-
ously identified by reverse genetics and the enzyme has been ex-
pressed [13]. The role of pyridoxal phosphate in mediating an
exchange of L-threonine and fluoroacetaldehyde with 4-FT and
acetaldehyde was confirmed with isotope labelled substrates
[22]. Genome sequencing locates the PLP-transaldolase gene
(SCATT_p11780) on the megaplasmid, and a gene knock out mutant
study was carried out to further explore its role on the pathway.
Firstly, the PLP-transaldolase gene was used as a DNA probe, and
a fosmid (15D8) was identified from a S. cattleya genomic library,
which harboured the transaldolase gene. Then, using the REDIRECT
system as described in Section 4, an apramycin resistance and
chloramphenicol sensitive strain of S. cattleya was constructed.
PCR and subsequent sequencing confirmed the correct insertion
(see Supporting information S2). The mutant was cultured in a
media containing fluoride ion (2 mM). F NMR analysis showed
that this mutant had lost its ability to synthesize 4-FT but had re-
tained the capacity to produce FAc at a comparable level to the
wild type strain (Fig. 3). This outcome is entirely consistent with

"E{'"H} NMR (376 MHz, 10% D,0 in H,0)

FAc 4-FT
Wild Type -217.48 -232.11
| I
Transaldolase
knock-out mutant
FAc
| | ! | |
-210 -215 -220 -225 -230 -235 -240

Fig. 3. 'F{'"H} NMR spectra of wild type production of the fluorometabolites FAc
and 4-FT, and the 4-FT-acetaldehyde transaldolase (SCATT_p11780) mutant which
only produced fluoroacetate.

the PLP-transaldolase operating as the catalyst for the last step in
4-FT biosynthesis and that it is operating beyond the fluoroacetal-
dehyde branch point on the FAc/4FT pathway.

A cell free study with cells of S. cattleya was carried out to estab-
lish if any intermediate metabolites accumulated in this mutant
strain. Accordingly the strain was grown without fluoride ion and
the mycelium collected after a 7 d incubation. After ultrasonic
treatment, the supernatant was incubated with SAM and fluoride
ion and the organic fluorine products were analysed by '°F NMR
after a 20 h incubation. Both 5-FDRP and FDRulP as well as FAc
were detected by '°F NMR in the cell free extract, indicating that
the mutant organism was otherwise competent in fluorometabo-
lite biosynthesis except for its disabled transaldolase activity.

3. Conclusions

An original identification of the fluorinase gene located a 12 kb
segment of genes (Spencer cluster) containing the fluorinase (fIA)
and the second biosynthetic gene (fIB) [16]. The surrounding genes
had no obvious candidates for the remaining biosynthesis genes,
thus it appeared that they were scattered on the genome and not
clustered like many other secondary metabolite pathways.

This study has benefited from full genome sequencing studies
[21] of S. cattleya, and set out to locate the biosynthetic genes and
confirm the role of key enzymes by knockout mutation. The first
two genes fIA and fIB were knocked out and both mutants lost their
capacity to biosynthesise the fluorometabolites as expected. Nota-
bly addition of 5’-FDA to the medium restored the ability of the flA~
mutant to produce FAc and 4-FT. The other biosynthetic genes in-
volved in 4-FT biosynthesis had to be identified after full genome
sequencing, and in turn the 5-FDRP-isomerase and 4-FT acetalde-
hyde transaldolase were located. Most notably knockout of the
transaldolase gene led to a mutant that lost the ability to 4-FT,
but retained the capacity to biosynthesise FAc. This is entirely con-
sistent with the transaldolase operating at a branch point of metab-
olism where fluoroacetaldehyde can be processed in two directions.
It is perhaps surprising that such a key gene in 4-FT biosynthesis is
located on the mega plasmid and significantly remote from the flu-
orinase (flA) gene. Genome sequencing revealed four aldolases. One
aldolase (SCATT_33160) was established as a fructose aldolase after
purification and assay. Edman degradation sequencing after trypsin
digest gave sufficient amino acid sequence to locate this aldolase in
the genome. Knockout of the aldolase (SCATT_p05770) with the
highest homology to that in S. coelicolor did not perturb the biosyn-
thesis of FAc and 4-FT. Thus the aldolase gene involved in the bio-
synthesis remains to be identified.

The flH gene, a putative Na*/H" antiporter, located close to the
fluorinase (flA) gene, was anticipated to play a role in fluoride
ion uptake. However a fI[H knockout mutant, resulted in a
healthy organism which was still able to produce FAc and 4-
FT, indicating that this gene is not obviously required for fluo-
rometabolite production. Knockout of the fIK gene, the putative
resistance gene to FAc toxicity, resulted in shutting down the flu-
orometabolite biosynthetic pathway. This gene expresses a fluo-
roacetyl-CoA hydrolase and perhaps the organism responds to its
inactivation, by triggering an arrest of the pathway to avoid flu-
oroacetate toxicity.

In conclusion it is a striking feature of fluorometabolite biosyn-
thesis that the genes are not clustered on the chromosome and
thus regulation of this pathway would appear to be more complex
than those of the clustered genes which are a feature of secondary
metabolites in Actinomycetes. Some other secondary metabolite
pathways in microorganisms are only partially clustered. For
example ansamitocin [23], moenomycin [24] and meilingmycin
[25] fall into this category. The fluorometabolite pathway joins this
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relatively rare grouping of secondary metabolites where the genes
are spread through the genome.

4. Materials and methods
4.1. Bacterial strains, culture conditions, and cloning vectors

S. cattleya DSM 46488 was used in this study. The S. cattleya fIA,
fIB, flH, fIK, isomerase, transaldolase, and the aldolase mutants were
generated in this work. E. coli DH10B (Invitrogen) was used as a
cloning host. E. coli ET12567 harbouring pUZ8002 was used as
the donor for intergeneric bi-parental conjugation between E. coli
and S. cattleya [26]. For sporulation, S. cattleya were grown on MS
medium [26], and for antibiotic production, S. cattleya was cultured
in a complex medium [4] (per litre): KH,PO4 (2.0 g), NH4C1 (1.5 g),
MgS04-7H,0 (0.5 g), NaCl (0.5 g), glycerol (10 g), inositol (0.4 g),
monosodium r-glutamate monohydrate (5.0 g), NaF (0.084 g), FeS-
04-7H,0 (0.025g), ZnSO47H,0 (0.01g), CoCl,-6H,0 (0.01g),
CaC05(0.25), p-aminobenzoic acid (0.0001 g). The pH of the med-
ium was adjusted to 7.0. Cosmid 8E11 and fosmid 15D8, 29C1 were
used as a source of S. cattleya genes for inactivation. The vectors
plJ2925 and p0J446 have been described in the literature [26].
When appropriate, antibiotics (thiostrepton, apramycin, kanamy-
cin and chloramphenicol) were supplemented to a final concentra-
tion of 25 pg/mL for resistance selection. Nalidixic acid (50 pg/mL)
was used for conjugation and 100 pg/mL ampicillin, kanamycin
were used for E. coli selection.

4.2. DNA manipulations, sequencing, and analysis

Total DNA isolation, plasmid, DNA preparations, restriction
endonuclease digestions, ligations, and other DNA manipulations
were performed according to standard procedures for E. coli and
Streptomyces [26]. Intergeneric conjugation from E. coli ET12567/
pUZB002 into S. cattleya was performed according to procedures
provided by the John Innes Centre [27]. The sequencing service
at Dundee University was used for DNA sequencing. Computer-as-
sisted database searching and sequence analyses were carried out
online using the frame-plot sequence analysis software and the
BLAST program.

4.3. Genome sequencing, assembly and annotation

Whole genome sequencing of S. cattleya DSM 46488 was per-
formed using 454 sequencing with the additional Solexa mate pair
data. First, 581,262 reads with an average length of 414 bp were
generated by using Roche 454 GS-FLX System (about 30-fold cov-
erage). This resulted in 363 contigs. Then, a genomic library with
3 kb inserts was constructed and a total of 1,805,657 paired reads
with an average length of 100 bp were obtained using the Illumina
GAIIx Solexa System (about 45-fold coverage), leading to 11 large
scaffolds. Finally, gaps were closed by sequencing PCR products
with ABI 3730. Sequences were assembled with Phrap [28] and
Consed [29]. The putative protein-coding regions were identified
by Glimmer 3.0 [30] and assigned to different families according
to the COG database [31]. The tRNA and rRNA genes were predicted
by tRNAscan-SE [32] and RNAmmer [33], respectively. The chro-
mosome and mega-plasmid sequences of S. cattleya DSM 46488
are available at GenBank under accession numbers CP003219 and
CP003229, respectively.

4.4. Gene replacement experiments

Gene inactivations, except for the aldolase, were carried out by
REDIRECT protocols provided by the John Innes Institute. In all

cases, the aac(3)IV gene from pl]J773 was inserted within the cod-
ing region of the gene to be disrupted and in the same direction
of transcription. The introduction of DNA into S. cattleya was
achieved through intergeneric conjugation from E. coli ET12567/
pUZ8002. After the introduction of the constructs into S. cattleya
by intergeneric conjugation, exconjugants, in which a double
crossover occurred, were identified by their resistance to apramy-
cin and susceptibility to kanamycin (for cosmid 8E11) or chloram-
phenicol (for fosmid 29C1 and 15D8).

To generate a mutant containing a deletion or an insertion
mutation, the following primers were designed: (i) Mutagenesis
of flA (fluorinase): fIA-FP: CGA GCG CGC CGA GGG CTC GTA CAT
CTA CAT CGC GCC CAA att ccg ggg atc cgt cga cc, fIA-RP: TAG
CCG TGC TCC TCC AGC ACG GTG GTC AGC AGC CCG TIG tgt agg
ctg gag ctg ctt c. (ii) Mutagenesis of fIB (PNP): fIB-FP: TCA GCC
GCG CCG GGC GAA CCC CTT GCG CAG CAG CGC CGG att ccg ggg
atc cgt cga cc, fIB-RP: ATG CGG GCA CGG AAA TCG GGG AAC GAG
CAG CGG AAC GCC tgt agg ctg gag ctg ctt c. (iii) Mutagenesis of
fIK (thioesterase): fIK-FP: CGG TGC CGA GGC TGC CCT CGC CGG
GTT CGA GGT AGG GCG att ccg ggg atc cgt cga cc, fIK-RP: TGG
TGG GGC TGA TGG AGT GGG CGT GCG TGC GGG CCA TGG tgt
agg ctg gag ctg ctt c. (iv) Mutagenesis of flH: fIH-FP: TCA TGC
GGT TTC CGC CTT TCG CCT GGT GGT CTC GGG GTC tgt agg ctg
gag ctg ctt ¢, fIH-RP: GTG TCC CTG ACA ACC GTC GAA CTC GCC
CAT GTC CTC ATC att ccg ggg atc cgt cga cc. (iv) Mutagenesis of
isomerase: isomerase-FP: ATG GGT GAT CAG TCC GTA CAG CCT
TTG GCC AAG GGC ACG att ccg ggg atc cgt cga cc, [somerase-RP:
TCA CGG CTG GGC GCG GAC GGG GCC GGG GCG GGC GGC CAG
tgt agg ctg gag ctg ctt c. (v) Mutagenesis of PLP-transaldolase:
transaldolase-FP: ATG CCG TCG TCC GTG AAC CGC ACC AGC CGC
ACC GAG CCC att ccg ggg atc cgt cga cc, tranaldolase-RP: TCA
GCC GGT GAT CCG GCG GAC GTC CTC GAT GAG GGC GAG tgt agg
ctg gag ctg ctt c.

The apramycin resistance cassette plJ773 was used as a tem-
plate throughout [26]. The PCR products were transferred into
competent cells of BW25113 (pIJ790, cosmid 8E11) for fIA, fIB,
flH, fIK or BW25113 (pIJ790, fosmid 29C1) for isomerase or
BW25113 (plJ790, fosmid 15D8) for PLP-transaldolase to isolate
apramycin-resistant and amplicillin-resistant E. coli colonies for
cosmid 8E11 or apramycin and chlorophenicol resistance E. coli
colonies for fosmids. These mutated cosmids (fosmids) were intro-
duced into ET12567 (pUZ8002) and then transferred by conjuga-
tion to S. cattleya DSM46488 to screen for apramycin resistant
and kanamycin-sensitive colonies. This resulted in AfIA, AfIB, AflH,
AfIK mutants. Or for the Aisomerase and APLP-transaldolase mu-
tants apramycin resistant and chloramphenicol sensitive colonies
were selected respectively.

4.5. Inactivation of the aldolase gene

Aldolase gene inactivation was carried out as follows. Two DNA
fragments at each end of the aldolase genes were amplified by PCR
from S. cattleya chromosomal DNA using the following primers;
aldolase-1 (TGGTGCGGAGCGAACAGG), aldolase-2 (CCGTGAAGGC
AGCCGTGAT), aldolase-3 (GAAGACACCGTGGCTGCG), and aldol-
ase-4 (CATGGGCACCTCGACCTG). The 1.7 kb PCR product (from
aldolase-1 and aldolase 2) and 1.46 kb PCR product (from aldol-
ase-3 and aldolase 4) were cloned into a PCR-BLUNT vector (Nova-
gen) followed by digestion with Kpnl+Xbal and Xbal + HindllIl
respectively and together they were ligated into Kpnl + HindlIII site
of vector plJ2925.

The apramycin resistance gene from plJ773 was inserted into
the above construct (5.8 kb) via a PCR-targeting strategy with the
following primers using the same method as described above.
Aldolase-FP: CGG TGC GGG CCA CGT CCT CGC ACA TCA CGG CTG
CCT TCA TGT AGG CTG GAG CTG CTT C, aldolase-RP: TCA CCG
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TTC GCC CGC GGT GCT CAT GCG CAG CCA CGG TGT GCT CAC GGT
AAC TGA TGC C. The ampicillin resistance and apramycin resis-
tance plasmid was then digested with Bglll and then ligated into
the BamHI site of the E. coli-Streptomyces shuttle vector pYH7
[34] to give a final construct for aldolase inactivation.

The above plasmid was then transferred into S. cattleya by con-
jugation and apramycin resistance and thiostrepton sensitive colo-
nies were selected and confirmed as aldolase mutants by PCR and
subsequent DNA sequencing.

4.6. Analysis of fluorometabolite production by 'F NMR [4]

S. cattleya DSM 46488 and the mutants were grown in 500-mL
flasks in a medium as previously described. After a 6 d incubation,
the cells were harvested and washed with Tris buffer (50 mm, pH
7.8) and then resuspended in the same buffer (0.1 g wet-cell
weight mL/1). Ultrasonication and centrifugation gave a superna-
tant that was used directly as the cell free extract. Biotransforma-
tions were initiated by supplementation of SAM (0.4 mM) and NaF
(10 mM) to the cell-free extract (3 mL), and the reactions were
incubated at 28 °C for up to 20 h [10]. For real-time analysis by
19F NMR spectroscopy, samples were prepared in the same manner
but D,0 was added (100 pulL) as an internal lock. '°F NMR spectra
were recorded on a Varian Inova 400-MHz NMR spectrometer.
FAc and 4-FT production was determined by reference to estab-
lished chemical shifts in °F NMR.
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