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Fluoroacetaldehyde is converted to fluoroacetate and
4-fluorothreonine in Streptomyces cattleya indicating that it
is the biosynthetic precursor of both of these secondary
metabolites.

Organic compounds containing a C–F bond are extremely rare
in living organisms; only about a dozen have been identified,
the majority in plants.1 Fluoroacetate (FAc) 1 is the most
widespread fluorinated natural product and its biosynthesis in
plants has been the subject of investigation and some specula-
tion for the past 50 years. Despite this interest little progress has
been achieved in elucidating the mechanism of fluorination or
the metabolic route involved.2 However the discovery that FAc
1 and L-4-fluorothreonine (4-FT) 2 are secondary metabolites of
Streptomyces cattleya has provided a convenient microbial
system in which to study the biosynthesis of the C–F bond.3

Our investigations into the origin of these metabolites in S.
cattleya4–7 have consistently shown that, in terms of magnitude
and regiochemistry, isotope incorporations into C-1 and C-2 of
FAc 1 always mirror those into C-3 and C-4 of 4-FT 2 from a
given isotopically labelled precursor. This finding suggests a
single fluorination enzyme in S. cattleya. As the possibility of
direct conversion of one fluorometabolite to the other has been
eliminated,4,5 each fluorometabolite must therefore arise by
further metabolism of a common fluorinated intermediate. We
now report results which indicate that this metabolic precursor
is fluoroacetaldehyde 3.

An aqueous sample of fluoroacetaldehyde 3 was prepared by
PDC oxidation of fluoroethanol in dichloromethane, followed
by distillation of the volatiles into water. The preparation
contained both fluoroacetaldehyde 3 and fluoroethanol (ratio
~ 1+3). The fluoroacetaldehyde was characterized as the DNP
derivative.8 Incubation of resting cells suspensions7 of S.
cattleya with the fluoroacetaldehyde preparation (2 mM with
respect to fluoroacetaldehyde in 50 mM MES buffer, pH 6.5,
containing 176 mg wet wt cells ml21) resulted in the efficient
and almost stoichiometric conversion of fluoroacetaldehyde 3
to FAc 1 over a 3 h period (Scheme 1). Analysis of the culture
supernatant by 19F-NMR indicated that only the fluoroacetalde-
hyde 3 was converted to FAc 1, the fluoroethanol remaining
unmetabolised. Previous studies have demonstrated5 that
fluoroethanol is metabolically inert in S. cattleya and this was
confirmed by control experiments with resting cells which did
not reveal any oxidation of fluoroethanol to fluoroacetate. To
further investigate the conversion of fluoroacetaldehyde 3 to
FAc 1 cell-free extracts of S. cattleya were prepared with a

French press. The extract oxidised fluoroacetaldehyde to
fluoroacetate only in the presence of NAD+ (NADP+ was
ineffective), demonstrating that an aldehyde dehydrogenase
mediated the conversion. The purified enzyme9 also oxidised
acetaldehyde, chloroacetaldehyde, glycolaldehyde and propio-
naldehyde (34, 79, 116 and 30% of the enzyme activity with
fluoroacetaldehyde respectively) indicating that S. cattleya
possesses a relatively non-specific NAD+-dependent aldehyde
dehydrogenase which efficiently converts fluoroacetaldehyde 3
to FAc 1.

Sanada et al.3 proposed that 4-FT 2 might arise by an aldol
condensation between fluoroacetaldehyde and glycine, such
that the latter contributes C-3 and C-4 of the amino acid.
However, in experiments using [1-13C]-, [2-13C]- and
[1,2-13C2]-glycine we have demonstrated7 that glycine is not the
condensing nucleophile as it is not incorporated directly into C-
1 and C-2 of 4-FT 2, so at present the origin of C-1 and C-2 of
4-FT 2 is unknown. Nevertheless fluoroacetaldehyde is an
attractive precursor for C-3 and C-4 of 4-FT 2. To establish a
role for this compound in 4-FT 2 biosynthesis, its effect on 4-FT
2 production by resting cell suspensions of S. cattleya was
measured by monitoring concentrations in culture supernatants
using an HPLC assay.10 The data from this experiment are
presented in Fig. 1. When resting cell suspensions were
incubated over a period of 6 h with the fluoroacetaldehyde–
fluoroethanol preparation (176 mg wet wt cells ml21 in 50 mM
MES buffer pH 6.5, 2 mM fluoroacetaldehyde, 6 mM
fluoroethanol), 4-FT 2 concentrations increased linearly with
time ultimately attaining 49 mM. In suspensions with no
supplementation or those incubated with 6 mM fluoroethanol
alone, concentrations of 4-FT 2 did not exceed 7 mM after 6 h.
Suspensions supplemented with 2 mM NaF (the optimal F2
concentration for fluorometabolite biosynthesis4) yielded 26
mM 4-FT 2 over the same time period. When 2 mM FAc 1 was

Scheme 1

Fig. 1 L-4-Fluorothreonine 2 concentration in supernatant of resting cell
suspensions of S. cattleya after addition of (a) fluoroacetaldehyde (2 mM)–
fluoroethanol (6 mM) (:); (b) NaF (2 mM) (-); (c) fluoroacetate (2 mM)
(5); (d) fluoroethanol (6 mM) (x); (e) no supplementation (—). Data
determined by HPLC analysis.10 Error bars indicate the SD of triplicate
samples.
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incubated with cell suspensions a slight enhancement of 4-FT 2
biosynthesis was observed (19 mM after 6 h). As previous
investigations involving incubation of [2H2]-fluoroacetate with
cell suspensions of S. cattleya had demonstrated no direct
conversion of FAc 1 to 4-FT 2, this increase can probably be
attributed to defluorination of FAc 1 and subsequent de novo
synthesis of 4-FT 2 from F2. Such cell suspensions are known
to have a limited defluorinating activity with FAc 1.5 Thus
fluoroacetaldehyde clearly stimulates 4-FT 2 biosynthesis in S.
cattleya almost doubling the rate recorded in suspensions
incubated under optimal F2 concentrations, an enhancement
which is not explicable in terms of metabolism via fluor-
oethanol or fluoroacetate.

The biosynthetic relationship between fluoroacetaldehyde 3
and 4-FT 2 was further investigated using [1-2H1]-fluoro-
acetaldehyde 3a, a synthesis of which was developed, by an
adaptation of a previously reported synthetic route for iso-
topically labelled ethanol11 (Scheme 2). The [1-2H1]-fluoro-
acetaldehyde preparation contained 5% [1,2-2H2]-fluoroacet-
aldehyde as an impurity. [1-2H1]-Fluoroacetaldehyde 3a was
administered as above to cell suspensions of S. cattleya and the
incorporation of deuterium into C-3 of 4-FT 2 was monitored by
GC-MS12 over time.

The GC-MS data presented in Table 1 show substantial
incorporation of a single 2H atom into (C-2+C-3+C-4) of 4-FT
2 after 7 h. This label can only reside on the C-3–C-4 fragment
of 4-FT 1 as there is no significant labelling at C-2. During the
same time period there was also a small but significant
incorporation (1.7%) of two 2H atoms into these positions of the
amino acid. It is revealing that the ratio of M+1+M+2 for (C-
3+C-4) directly reflects the ratio ( ~ 20+1) of 2H1+2H2 label in
the fluoroacetaldehyde administered to the cells. Similar results
were obtained for the samples incubated for 20 h. These
findings provide compelling evidence that fluoroacetaldehyde 3
is incorporated as an intact unit into C-3 and C-4 of 4-FT 2.
Interestingly the incubation of resting cell suspensions with
0.25 mM chloroacetaldehyde resulted in the detection in the
supernatant of small quantities of an amino acid with a mass
spectrum similar to that predicted for 4-chlorothreonine.13 This

observation provides further support for the participation of
fluoroacetaldehyde in an aldol condensation leading to 4-FT 2
biosynthesis.

In conclusion we have demonstrated that cell free extracts of
S. cattleya contain a fluoroacetaldehyde dehydrogenase which
efficiently converts fluoroacetaldehyde to FAc 1. Fluor-
oacetaldehyde also markedly enhances the biosynthesis of 4-FT
2 by resting cells of S. cattleya. Furthermore incubation of
resting cells with 2H-labelled fluoroacetaldehyde indicates
incorporation of the compound as an intact unit into C-3 and C-4
of 4-FT 2. These observations are consistent with a role for
fluoroacetaldehyde as the common intermediate in the bio-
synthesis of both fluorometabolites and it may emerge that
fluoroacetaldehyde is the immediate post fluorination product.
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Scheme 2 i. p-Phenylphenacyl bromide, 18-crown-6, acetonitrile–toluene
(1+1); ii. LiAl2H4, diethyl ether, 2-phenoxyethanol quench, distillation; iii.
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Table 1 2H Incorporation into 4-FT 2 after labelled fluoroacetaldehyde
([1-2H]-, 95%; [1,2-2H2]-, 5%) was incubated with resting cell suspensions
of S. cattleya. The data are corrected for natural abundances. Means and
standard deviations were obtained from 10 replicate analyses

2H-Incorporation (%)

(C-1+C-2) (C-2+C-3+C-4)

Incubation time (h) M+1 M+2 M+1 M+2
7 < 0.5 < 0.5 33.5 ± 0.09 1.7 ± 0.05

20 < 0.5 < 0.5 22.4 ± 0.10 1.2 ± 0.04
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